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Abstract

Abstract

Current industrial fabrication and automation systeare faced with the challenge
of achieving fine manipulation over a large workspaFixed industrial arms offer high
accuracy, but can only operate on a limited workep®n the other hand, mobile robots
equipped with a manipulator, do not possess th&i@aoisg accuracy required for fine
manipulation. This dissertation introduces SCALA:S&€Alable modulLar multi-Agent
robotic system that navigates on ad-hoc pathwaysafiltomation in large spaces. It is
based on the application of ad-hoc mobile agerasjgating over specially designed
modular passive pathways with integrated high regsmi localization systems. Modular
pieces of the pathway can be installed verticatiharizontally and connected to form a
bi-dimensional scaffold. This allows fast, prece&s®l repeatable coverage of a vast and
scalable bi-dimensional work grid with a low costdascalable system. Then, one, or
several reconfigurable parallel manipulators camidéen by the mobile agents and used
to reach the tri-dimensional workspace. This paratianipulator is the first of its kind,
combining three different strategies for workspas¢ension, including reconfiguration,
translation of the base and extension of the dsivahges. With these tools, SCALA is
capable of offering precise coverage of a largelitiensional workspace, thus fulfilling

the gap between existing industrial solutions.

SCALA has applications in several fields, insiderefeuses and factories. By
adapting a gripper to the SCALA manipulator, on@& «od automation and material
handling. By using a laser or a plastic filamertt@der, one can do digital fabrication. The
SCALA 2D agents can also be used for indoor andamirtactive surveillance in places
such as shopping centers, airports, and stadiunas 8D tracking tool for motion capture
labs. Original contributions to knowledge can bdeegled to three distinct domains:

Introduction of a novel architecture for autonomausti agent systems; Introduction of a
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novel reconfigurable parallel manipulator architeet and development of a design
methodology for parallel machines, based on geoca¢fparameter selection for a desired
performance set; Introduction of a system for aggpions without "physical contact", as in

the field of computer vision;

This dissertation covered the whole cycle of concdpvelopment, design,
implementation and testing of the SCALA system. iUrgaching the last prototype,
several mechanical and mechatronic solutions vested virtually and physically. A scale
test bed was implemented for the testing and detrasims of the SCALA prototype.
Demonstrations of three different applications hf tsystem including pick and place,
digital fabrication and active autonomous survaitly, were shown. These demonstrations
served the purpose of validating not only the cphadf SCALA, but also its actual
implementation. The results are presented and sksclin detail, and future developments

of this platform are proposed.

Keywords: Automation Systems, Multi-Agent Systems, Fine-Manipulation, Rail based
Systems, Digital Fabrication, Parallel Manipulator, Industrial Robotics.
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Resumo

Resumo

Atualmente, os sistemas de automagcéo e fabricadi@striais enfrentam o desafio
de obter uma elevada precisdo num grande espactvadalho. Os manipuladores
industriais fixos sdo capazes de atingir uma elvarcisdo, mas apenas num espago
limitado. Por outro lado, robots moveis que tenlastalados bragos robéticos industriais
ndo possuem a precisdo de localizacdo necesséaigapafas de manipulacdo precisa. Esta
dissertacéo introduz o SCALACAIable moduLar multi-Agent robotic system on ad-h
pathways for automation in large spaces,em portugués, Sistema robético multi-agente,
escalavel e modular, em estruturas especificaa, agomacéo em grandes espagos. Este
sistema consiste na aplicagdo de agentes méveeseuiuras especialmente concebidas,
modulares e passivas, e que possuem sensoresatieap&o integrados. Os componentes
modulares desta estrutura podem ser instaladogsaleou horizontalmente, para formar
uma estrutura de suporte bi-dimensional. Isto permima cobertura rapida, precisa e
fiavel de uma vasta grelha de trabalho bi-dimeradjarom um sistema de custo reduzido e
escalavel. Depois, um, ou varios manipuladoreslglagreconfiguraveis, atuados pelos
agentes moveis, podem ser usados para aceder agoespdimensional. Este tipo de
manipulador paralelo é o primeiro do seu génerpazade combinar trés estratégias
distintas para a extenséo do seu espaco de trabathondo reconfiguracao, translacao da
base e extensdo do alcance dos atuadores. Confesshmsentas, o SCALA oferece uma
cobertura precisa de um vasto espaco tri-dimensigmaenchendo assim a lacuna

existente nos sistemas industriais atuais.

O SCALA tem aplicacbes em vérias éareas, na in@lstleé automacdo,
armazenamento e fabril. Ao instalar uma garra noipudador, é possivel fazer transporte
e manipulacdo de materiais. Da mesma forma, ao wsalaser ou um extrusor de

filamento de plastico, € possivel fazer fabricad@tal. Os agentes moveis do SCALA
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podem ser usados como sistema de videovigilandi® &m espacos domésticos e
publicos, como centros comerciais, aeroportos &des. Outras aplicacdes na area da
viséo incluem, por exemplo, a reconstrucao tridsm@mal de uma cena, para laboratorios
ou estudios de captura de movimentos. A contriloudgEste trabalho para o estado de arte
pode, desta forma, ser estendida a trés dominstintds: introdugdo de uma nova
arquitetura de sistemas multi-agente; introducdo ude novo manipulador paralelo
reconfiguravel e desenvolvimento de uma metodoldgigrojeto para maquinas paralelas,
baseada na correta selegcdo dos parédmetros geawétpie assegure o desempenho

desejado do sistema; sistemas para aplicacdetiadiégs na area da visdo computorizada.

Esta dissertacdo abrange todo o ciclo de projetsdel ao desenvolvimento do
conceito, implementacdo e teste do sistema SCALAriag solugcbes mecanicas e
mecatronicas foram virtualmente e fisicamente tlestaaté chegar ao ultimo prototipo.
Foram depois demonstradas trés aplicacdes distiltasistema proposto, sendo elas a
manipulacdo de objetos, fabricacdo digital e vidigdancia ativa e autbnoma. Estas
demonstraces tém como objetivo validar ndo stoeaito do SCALA, mas também a sua
implementacédo. Os resultados obtidos sdo apreseneadiscutidos em detalhe, e por fim

sao propostos futuros desenvolvimentos nesta platat

Palavras-chave: Automacdo Industrial, Sistemas Multi-Agente, Manipulacdo de
Precisdo, Locomocdo em Rail, Fabricacdo Digital, Manipulador
Paralelo, Robdtica Industrial.

X FCTUC 2017



Contents

Contents

LIST OF FIGUIES e e XV
LISt OF TADIES ...ttt e et e a et e e e e e n e e e XXiii
53V ¢a]0e] (oTe) VA= 1o o AN o ] 0 )Y, o 1 1 TP XXV
(&4 gF=T o] (=] g R [ Vi f0 o [T £ o o ISP 1
1.1 Impact and MOLVALION ........uuiiiiiee i ieeeee e e e e et ee e e e e s e ee e e e s eesenreeeneaeeseenns 2
I O o =X 11 =2 ST 6
IR S |V =1 o o (o] [T | 6
1.4 CONIIDULION 1ottt et e et e e e e ereee s 10
L5 OULING ettt e e 11
Chapter 2 - Novel Multi-Agent System for Fine Maulgtion over Large Workspaces ................ 13
2.1 State-of-the-art Automation and Fine ManipulatigfstBms..........ccccceeeviiiciiiireeneennnnns 4.1
2.2 CONCEPLUAI DESION ..ooeeeeieiiiieeie e et smmeeeete et e e e s e ee e e e e e e e s s st eeeeeenessneeeeeeeeeeannnes 28
221  G0als & INNOVALIVE TEALUIES ........uiiiiiieeeeeeee ittt et e e reeeee s 28
2.2.2  System building BIOCKS .......ceeeiieiiiee e 30
P22 T Y o] o] o= 11T 1= PSSR 32
2.3.1  Automation and fine manipulation............ceeeeeveeeveeeeieeirieeierieirier . 32
2.3.2  Vision and SUrVeIllanCe .........cueeiiiiis et 35
N B 1= = 1 B 1= T [ PSSR 41
2.4.1  System architecture and evaluation.. P PPRP” & |
2.4.2  Control, communication and Iocallzatlon mechanlsms ..................................... 56
2.5 System Benchmarks and COmMPAariSON ..........cccueeeeeieiiieeereeiiriiieeer e e e e seseiieeeeae e e 58
2.8 SUMMIAIY iiiiii oot e e ettt e te e ettt s benenaene 63
Chapter 3 - Novel Reconfigurable Parallel Manipofat.............ccovvveeeiiiiiiieiiee e 65
3.1 Introduction to Parallel MaChiNgS ...........cccceiiiiiiiiiiii e 66
3.1.1  Comparison between serial and parallel robotS.............evvvivviviiiiiiiiiiiiiii. Qa9
3.2  State-of-the-art on Reconfigurable ManipulatOrS...............uvvvviiiiiiiiiiieiiiiiiiieieenee.. 72
3.3 SCALA Reconfigurable Manipulator ............cccceeiiiiiiiiieeeee, 74
3.3.1  Parallel arChiteCtUIE..........ccoi ittt e e 76
3.3.2  KiNematic MOUEI .......cooiiiiiiiiii et 85

Carlos Xavier Pais Viegas Xi



Scalable Modular Multi-Agent Robotic System on AakHPathways for Automation in Large Spaces

3.3.3  DYnamiC MOEl .......coooiiiiiiiiiii et 93
3.3.4  SINQUIAITIES [OCH....cciiiiiieii e e ernane 100
3.4  Multi PKM Property Evaluation based Design Meth@dyl...........ccccccoeevviviireniennnns 103
3.4.1  Existing PKM design methodologies ..........ccceeeeiuiiiniiiiinrss e 103
3.4.2  Novel PKM design methodology .......cc.uvveiimemreeiiee e 105
3.5 Workspace and Property Evaluation ..........ccccceeiiiiiiiiiiiee e eeeeeeen e 117
3.5.1 Manipulator design and parameter ChoICe...ccoevvvvviviiiiiiiiiiiiiiieeeeeeeeeee 117
3.5.2  Property workspaces and analySiS ..........ucceeeeeeiieiiiieiiiiiiieeeeeeee e 122
3.5.3  Workspace extension through reconfiguration.............cccccceeeviiiiiiieineeie e a2
B8 SUMIMAIY ittt e eeee ettt et e e e e et e bbb e e e e e e eeeatbba s aaaeaeeaeeeeenbaaaaaaaaes 136
Chapter 4 - IMPIemMENTALION............iiiiiieeeeeereiitir s s aasaeeesseseeeeseesrererrennes 139
N B TV o] oL To I = 10] (0] Y 61T 139
4.1.1  Generation ONE .........ouiiiiiiiiii e nree e 140
4.1.2  Generation TWO .....oocuuiiiiiiiie ettt emme et e et e e e e e e sabb e e e e e s eseeeeees 142
4.1.3  Generation THREE .........oooiiiiiiiiit ettt 144
4.2  Reconfigurable Manipulator ProtOtype ........ccceeeieiieiieie e eeee e e 146
4.2.1  LINKS @nd JOINTS .ooiiiiiiiiioiiieee et e aranres 146
4.2.2  End-effector and tOOIS .........coocuiiii e 150
o T o (0011 o1 PP PPPPPPPPPI 153
4.3  System Electronics and CONIIOl ............. commumerrerrererimierienrsierinrrrierrerre e 154
4.3. 1 DIIVE IMOTOIS ..cci i ittt e e e e et eeeeeie s ee e e e e e e e s saar b e e e e e e e e s s bbb b beeeeanassbeneeeaaans 154
4.3.2  Agent 10calization SYSEM.......cciiiiiiiiieeee e 155
4.3.3  POWET e 157
4.3.4  Control and COMMUNICALION ........uuiiiiieeiiiiiiee e e e e e et eeee e e e s e sneereeeeeaeenes 158
4.3.5 Graphical User iNterfaCe...........uuuviie i 162
OV 1S To] TS 1 (=] o PSSP 164
A 4.1 SENSOE SEIUP .. iiiiititi e e e et emmmmac e e e ee ittt e e e e e e eeeetbaaeeaaeeebsbemn e aaaaaaeees 164
4.4.2 Mobile camera COOrdiNALION ...........uiiiiiieieeie i eeens 166
4.5  Multi-Agent Path Planning on Grid Map ........ceeceeviiiiiiiiiiieeee e 169
4.6  SCALA Bill of Material (BOM) ANAIYSIS .....coeeeceiiiieiieeeeeeee e 172
4.6.1  Individual COMPONENT COSE ....uuuuuiiiiiiiereeee ettt reeeee s 172
I S 1< (1] o I o0 L AP PPPPPPPPP 174
A7 SUIMMEATY oeeiiiiiiiieeietieeeiieeeeeeeeeeee s aeaaaeesteteatettetataettt et ttttet et e et ittt et e taaaaaraasaaaasaaaasaaaaes 179
Chapter 5 - Results and DemMONSIFALIONS .......cccuvieiiiiieees it e ere e s ee e e e e e e e ees 181
5.1 SCALA TESE-DEA ....coiiiiiii ittt ettt ettt e e eer e e nbee e 181
5.2 COmMPONENt TESHNG ..ociiiieiiiiieiieee e cmmmeeee e e e e e s e s sttt e e e e e e e s sne e ee e e e s esenreeeaeeeeesans 182
5.2.1  Mobile agent locomotion effiCiENCY..........uuuuruiriiiiiiiiiiiiiiiiiiieiieiiieere. 183
5.2.2  Mobile agent localization aCCUIACY ..........covuivvrriiieiieeeiiiiiieie e e s eeiieeeees 184
5.2.3  Parallel manipulator StatiC @CCUIACY .......comeeeiiiiiiiiiiiiiiiieireieeieirereeeeeeeeeeens 188

Xii FCTUC 2017



Contents

5.2.4  Parallel manipulator path following aCCuracy .........ccccoceveviiiee, 191
5.2.5  Parallel manipulator reconfiguration.........cccc...eeueeeemii e 193
B5.2.6  DISCUSSION ...evtiiiiiiiiiiiitiiee ittt e mmeeem ettt ettt ettt e e st e e e st e e s ebe e e e s saneeeas 195
LR T o ol Q= g o N = Vo = PP 195
LRG0 A |V 1= g T To (o] oo )RR 195
B5.3.2  RESUIES ..oiiiiieieiie et e e e 197
LR T T I T[Tt U =1 o ) o 198
5.4  Digital FADICALION.......ccoiiiieiiii i cemee s s s e e rnnne 199
T 5 A |V = g T To (o] e )RR 199
B.4.2  RESUIS .ot paara e 201
L 0 T I T[T ot U =1 o ) o U 204
5.5  Target FOIHOWING .....coiiiiiiieee ettt e e e e e e e s semnne e e e e e e s nneenees 205
ST A |V = g T To (o] oo )RR 205
B5.5.2  RESUIES ..ottt et e e 207
5.5.3  DISCUSSION ...vviiiiiiiiiieiiitee e ettt mmemem sttt ettt e e s it e e et e e s ebe e e e s nareeeas 213
104 gF= T (=T 0 S T @0 [od 111 o PO PRRRR 215
L0 R T o= L =Y o F= 1 TR 215
8.2 OULIOOK. ...ttt e 220
6.3  Published Scientific OULPUL.............oi i e e s e e 221
L] (=] €= o = PSP PP 223
AppeNndix A - ProtOtype DIaWINGS ............ o errrreereeeeseaitenneerereesesaanseeeersssssssssmeereeeeesannes 241
P o] oL aTo [bq = I (o o] 110 1 < U 255
Appendix C - Complementary TablesS..........coccceiiiiiiiiiiiiiiiiieeieeieieeieeie s rrrerre e e e e eeaeeee e 259
ANNEX - DAA SNEEIS ....cciiiiiiiiiiieie e 263

Carlos Xavier Pais Viegas Xiii



Scalable Modular Multi-Agent Robotic System on AakHPathways for Automation in Large Spaces

Xiv FCTUC 2017



List of Figures

List of Figures

Figure 1-1 - From Industry 1.0 to Industry 4.0. At from[3] . .......ovviiiiiiiiiiee e 3
Figure 2-1 - The KUKA KR 1000 titan handling a dtahaft in a heavy-duty diesel engine
FACIONY 2] oo ————— 14
Figure 2-2 - Adept Quattro™ s650HS high speed fnalanipulator[22]. ........ccccccvvvveeiiiiiceens 15
Figure 2-3 — Few examples of different AGV typesork left to right, towing vehicle [25], load
transfer vehicle[26] and forklift VENICIE[27].......c.vvvviieiiee e 16
Figure 2-4 — KIVA material handling SyStemM[24]..........ouviviieoiiiiieiieeeee e 16
Figure 2-5 FraunhoferMIMROex robot inspecting a process plant durirgydfitest on the topside
(o) = o] F= U1 {0 1 ] 22 = ] PP 17
Figure 2-6 - The Sensabot Inspection Robot, deeeldgy the group NREC/CMU [29]............... 17
Figure 2-7 — KUKA youBot platform for scientistscaresearchers [30]. .......ccvvvvvvvvveeees o 18
Figure 2-8 — Hangbot with a crane unit for cargmsiport operations[33].........cccccvevvveeccceee. 19
Figure 2-9 - Feed-support SyStem Of FAST[36]ccccaerrurrrrrrrriiieiiiiiiiiiiiieiieriiieiiimereerereereerereeeens 20
Figure 2-10 - The Acroboter cable hanging robad\gesal components [38]...........coovevevvieee 21
Figure 2-11 — The conCEILrge robot SYStem [39]..cce..evveiiiie e e s 22
Figure 2-12 — One of the Amazon Prime Air prototypeing tested[40]. .......cccccevvmrnmrnrnnennnns 23
Figure 2-13 — Air Drones from ETH Zirich's Instéubor Dynamic Systems and Control building a
6 meter tall tower, autoNOMOUSIY[AL]. ....cciieeieeiiiiiiieeeeeeeeeeeee e e 23
Figure 2-14 — Air Drone making a cable-net StrugiB]. .............uuvvvrurreririmiieiiiieiere.. 24
Figure 2-15 - ARTIS robot with 5 modules and matapar arm, and the robot moving on a
7= 1 SRR 25
Figure 2-16 — The Building Wall Maintenance RObOY[5............cccoeeeiiiiiiiiiiiie e, 26
Figure 2-17 - Lucas Robotics System relying on mipéal 3D scaffold[51].........cccccvvveeeeiiiannns 26
Figure 2-18 — General view of the Perfect Pickirgjyon motorized 2D scaffold[53]. On the right,
detail of actuation mechanism on Perfect Pick Ri@bh[52]..........ccccoovvvviiiiiiiinnnnen. 27.

Figure 2-19 — The Autostore warehouse automatietery moving on passive 2D horizontal grid
Lo = V1 1 PP 28

Carlos Xavier Pais Viegas XV



Scalable Modular Multi-Agent Robotic System on AakHPathways for Automation in Large Spaces

Figure 2-20 - SCALA goal features place it abovéstaxy systems concerning accuracy and

WOTKSPACE SIZE. ..eiiieeeiiiieiiiieeie e e e e st e s ekttt e e e e e e e e s enatbae e e e eeeesaannneeeeeseeassnnaeeeeens 29
Figure 2-21 - Modularity Of the SCALA QQENTS. weereeeeeeeiiiiiieiirieees st e e s eessieeeeeeee s e e e 31
Figure 2-22 - Project Escher parallel additive nfaawring concept, by Autodesk[56]. ......... 32.
Figure 2-23 — NASA's vision for a 3D printed coloag the Moon[57]. ..........oevvvviiiiiiiiiiieeeens 33
Figure 2-24 — Engineers at the 3D Print Canal H@ase concrete in 3D printed molds[62]....... 34
Figure 2-25 - Scale down prototype of WASP Deltadrhause printer in action[63]............... 34.
Figure 2-26 - Two possible applications of SCALAamtomation and construction. .............. 35..
Figure 2-27 - Possible SCALA application as a gneerise automation system. .................... 35..
Figure 2-28 - Motion capture studio with multipledd cameras[9]. ...........ccccocvvvieieeeereeeeeins 36
Figure 2-29 - Advanced IP CamTrack Security andvé&ilance Robot from Revolutionary
0] 0] o= <12 PR 38
Figure 2-30 - SCALA surveillance system in a langgehouse............cccccceeeeeeriiceevvvccmmnmn 39
Figure 2-31 - Examples of environments where SCAditomated surveillance system can be
applied: airports, car parks, stadiums, SHOPPIMYETS. ........uvvvrrereririiiiiiieereeees s 40
Figure 2-32 - SCALA as a home surveillance, suppod assistance system......................... 40
Figure 2-33 — Different rail cross-section shapasstdered for the SCALA system. ..............4L
Figure 2-34 — Slider placement (black square) ia Wtinity of a rail junction, showing the
discontinuity in the slider support (hashed areas)........ccccccceeevviiviiiiiiie e, 42
Figure 2-35 - The different architectures considexed tested for the SCALA system........... 43..

Figure 2-36 - System architectures with 3D agemts3D scaffolds: a) continuous rail with 3D
curves; b) perpendicular planar scaffolds with BrasS. ..........ccovvveiviiiiriieeniiiiiiee 43

Figure 2-37 — Mobile agent concept fojunction passing. a) approaching rail corner; b) rotating
sliders and switching rail attachment; ¢) movingyMard on perpendicular rail. ............. 44

Figure 2-38 - Trainbot prototype for 3D scaffoldsconnection link; 2- module plate; 3-wheel
module frame; 4- slider; 5- slider connection; ldes servo connector; 7- potentiometer.

................................................................................................................................ 45
Figure 2-39 - The. junction passing procedure, from a) to e), of the firsti@nge of mobile

agent, tested for 3D SCAffOlAS. ..........ci e, 45
Figure 2-40 - Trainbot performingandL junctionCroSSING. ...........uuueevirerimrerierenrnrmmmmneeeeeeenne 46

Figure 2-41 - Novel concept, based on the premiideawing always two contact points between
the slider and the rail (in red) and at least ometact point between the wheels and the

(= VI (LI | =11 o) RSP 47
Figure 2-42 - Slider profile determination for tlsecond prototype of mobile agent, for 3D

o= 1110] [0 KT O ST PP PP PP TOPPPTTPPPRPOR 48
Figure 2-43 - Slider design for the Cambot protetyfior 3D scaffolds.........cccccceovvvvvvvcmnmnnenn. 48
Figure 2-44 - Cambot prototype for 3D scaffolddNdw slider for continuous contact during L

junction passing; 2- Spring; 3- Linear shaft.............cccccciiiiiiiiiiiiieeeeeeeeeee, 49

XVi FCTUC 2017



List of Figures

Figure 2-45 - System architectures with 2D agemt®D scaffolds: a) single agent fitted with a
serial arm; b) parallel manipulator driven by 3@ge...........c.cvvevieeeriiiiiiieeee e e 50

Figure 2-46 - Railbot prototype for 2D scaffolds.Slider; 2- Big gear for the motor orientation
control; 3- Anti-backlash gear for the motor orggian control; 4- Motor responsible for

switching the driving motors’ orientation; 5- Dnng gear; 6- Driving motor.................. 51
Figure 2-47 — Drawing and 3D model of Railbot, sirathe fixture mechanism used for precise

positioning of the agent in the center of the JIOTCL.............ooocc i, 52
Figure 2-48 - Railbot | prototype of mobile agehg junction, and the rails. ............ccccceeee.... 52

Figure 2-49 - Railbot | prototype passingXajunctionon the 2D scaffold, placed horizontally
upward. a) agent approaching the junction, b) agenthe junction, c) Changing the
movement direction by rotating the driving motad$, movement on the perpendicular
= 1| P PP PT TR PPPPPPPPPUPPN 53

Figure 2-50 — Railbot | prototype passing gunctionon the 2D scaffold, placed upside down. a)
agent approaching the junction, b) agent on thetjom, c) Changing the movement
direction by rotating the driving motors, d) moverhen the perpendicular rail. ........... 53

Figure 2-51 - Railbot | prototype passinganjunctionon the 2D scaffold, placed vertically on a
wall. a) agent approaching the junction, b) agemttloe junction, ¢) Changing the
movement direction by rotating the driving motad$, movement on the perpendicular
=11 T SO P TP PP P PTPPPRN 54

Figure 2-52 — Junction crossing sequence, hightighthe engaged gears at each time: a) agent
approaches the junction (only one gear is engagéuki rail rack), b) agent in the middle
of the junction (all four gears are engaged in4fperpendicular racks). At this point the
mobile agent can switch its direction of movemend go to the transversal rails, or
continue its longitudinal movement and proceed Ytowhere it is shown leaving the

junction (only one gear €NgAged)..........ovecccurrriiieree s eriiieeer e e e e s e e e ens 55
Figure 2-53 — Detail view of the side gears engadime perpendicular rails during junction

crossing. The big arrows shows the direction oftizbile agent movement. ................ 55
Figure 2-54 - Path planning of SCALA agents on fnitie@ary 3D scaffold. ..........ccccooviiiiineeee. 57
Figure 2-55 - SCALA System DreakdOwWn. ... .eeeeeeiiieeiiiciieir e eeee e e e e eee e e e 58
Figure 2-56 - Detail of the SCALA warehouse autaomaByStem. ...........coooeecvvvivieeeeeesieeeeennn. 59
Figure 2-57 - SCALA as a 3D digital fabrication M8, .........cccoeiiiiriiiiriiieries e e e 60
Figure 3-1 - Traditional types Of JOINTS[O7]. cerr i ee e e 67

Figure 3-2 — Cartesian robot architecture. On it ra gantry manipulator from Festo[98]. ...7. 6
Figure 3-3 - Serial architecture and the UR5 radrot from Universal Robots[100], on the left.

Parallel architecture and the hexapod BREVA frorm8lie[101], on the right............ 68
Figure 3-4 - Parallel manipulator driven by 3 mekibents on a rail grid. ...........occccuvvieeeeee.. 75
Figure 3-5 - New composite joints proposeddayng Gao et al97]...........cocccvvveveeeeie i, 16

Figure 3-6 - Above, the P"UR limb maintains the sa#bOF whether it is moving on x or y
direction. On the other hand, the CU" limb, showioty, gains 1 DOF when moving on
the x directionv represents the translations andre the rotations with respect to three
Euler's anglesg, B andy. .........r oo 78

Carlos Xavier Pais Viegas XVii



Scalable Modular Multi-Agent Robotic System on AakHPathways for Automation in Large Spaces

Figure 3-7 - PKM Kinematic structure and associagegph. For a clear representation, the third

limb (c) is not shown anchored to the mobile platf@enter. .............ccocccvevreennn. 79.
Figure 3-8 - 3 P"UR Manipulator architecture. Wase block shown with the different rails and
parallel manipulator's agents identified. ..., 81

Figure 3-9 - Assembly modes 1 and 2 are for finemimdation on a block, and possess several
variations when the rails on which the agents mareeswitched. Assembly modes 3 and
4 allow the manipulator to move to other blockshia rail grid. ........ccccoovvvciiiiineeennn 82

Figure 3-10 - Workspace enlargement strategy hygufie extension of the rails to the outside of
the work block (highlighted in yellow), thus extémgl the drives ranges. ..........ccccvvvnns 83

Figure 3-11 - Assembly Mode transitions inside @kl Above: singular transition from AM 1a to
AM 2a/b/c. The same procedure is used for AM1b M 2d/e/f. Below: non-singular
transition from AM la to AM 2d/e/f. The same progesl is used for AM1b to AM

2AUDIC. it e e e 84
Figure 3-12 - Alignment of all three agents on #ane rail, with samey distance, measured
between the center points of each agent.. . .o veeeeiieeiiiiiiiiiieeeeeeeeeiieeeeeneene. 84
Figure 3-13 - Assembly mode 1 referential and CIOBIES. ...............ccccoeviiiiiiiiieeiees e 86
Figure 3-14 - Assembly mode 2 referential and COBHES. .............ccccceevvviiiiviiieeiee s e, 87
Figure 3-15 - Assembly mode 3 referential and COBf@S. ..............cccceevvviivviiiieeee s e, 87
Figure 3-16 - Assembly mode 4 referential and CIBIES. ...............cccceoviiiiiiiiiiiiees e 88
Figure 3-17 — DynamicC CONLrOl PrOCEUUIE. ... srerrereeeeeiaaitieieeeeeessssseeeereeasssneneeaeeaeeessannes 99
Figure 3-18 - Singularities loci according to tyfa, AML. .......ccoooiiiiiiiiiiiiinee e 102
Figure 3-19 - 3D Manipulator Workspace generateM&TLAB (Assembly mode 1a, I=300mm,
agents range=400mm, WS volume=36.92)dM..............cccceerrrrrrrrresreereereeeeeeneas 106
Figure 3-20 - PKM design study parameters. Desiverkspace is represented by the yellow box.
Kinematic parameters to be determined are shovatum ................cccoceeeviiinnnnnen. 131

Figure 3-21 - Design algorithm running in serialsitle boxes shown in green; outside boxes
shown in red and purple; boundary boxes shown iitewbyan and yellow. Last image
shows the final result. Calculation times (from tefi to bottom right): Joint Range and
Singularity Constrains- 25.52s; Accuracy Constrait®.27s; Force Constraints- 6.50s;
Total calculation time- 50.29S........coo it 119

Figure 3-22 - Design algorithm running in paralleiside boxes shown in green; outside boxes
shown in red, purple and dark blue; boundary betesvn in white, cyan and yellow.
Last image shows the final result after intersectiGalculation times (from top left to
bottom right): Joint Range and Singularity Consisai25.52s; Accuracy Constrains-
3.00s; Force Constraints- 1.63s; Total calculdtiim®e- 25.52S........cccoevvvviiivneeennnne. 120

Figure 3-23 - Design Algorithm results for biseaoti@ule B(Hansen and Walster) amthssical
method Inside boxes shown in green; outside and bounBiames shown in white.

Calculation timesRule B 50.29sClassical Methoel84.39S.........ccocoovvevieiiivnieiinnenn. 112
Figure 3-24 - 3D Reachable Manipulator WorkspaaeAM1. Calculation time: 3375s, N. of
Intervals: 100000, Min. ReSOIUtION: 25MM........veieeeeeeeeee e e eeeeeeee e 123

Xviii FCTUC 2017



List of Figures

Figure 3-25 - 3D Reachable Manipulator WorkspaaeAM2. Calculation time: 3131s, N. of
Intervals: 100000, Min. ReSoIUtioN: 25MML..........ccc.cevevereeeereeieiceieeere e 123

Figure 3-26 - Workspace area on horizontal work@lat & height from manipulator base. ..... 124

Figure 3-27 — Left and right, reachable workspaoe AM1 and AM2, on planez=310,
respectively Calculation times: 22.1s and 20.4s, N. of Intexva086 and 1022, Interior

area: 0.171MaNd 0.079M1 ....c.oiviiiriiiiiiiiee ettt 124
Figure 3-28 - Accuracy Workspace for AM1, on plar810. Accuracy of 2mm, 1mm, 0.5mm and
0.15MIM WOIKSPACES. ...veviiieeeeiiieitiieeetmeeeeeeeaeeesssastetteeeeaeeesssnebbeeeeeeesaasnseeeaeesesanns 125
Figure 3-29 - Accuracy Workspace for AM2, on plar810. Accuracy of 2mm, 1mm, 0.5mm and
0.15MM WOIKSPACES. ..iiiiiiiiiiee i e e e e e e eeeeae ettt s be e b e e bbb rebrerrrnreeeseeeeeeeeees 126
Figure 3-30 - Force Workspace for AM1, on plane =3Payload of 0.5kg, 2kg, 3.5kg and 5kg
WOTKSPACES. ... eeeeeieieeeeeee ettt et e emmmmmms ettt ee e e e e e e e s saaste e eeeaeese s nseseeneannsnnsnseeeaaeeesannnes 127
Figure 3-31 - Force Workspace for AM2, on plane x3Payload of 0.5kg, 2kg, 3.5kg and 5kg
WOTKSPACES. .oiiiiieieieiieiie ettt ettt e eeeet ettt et et e et et e te e teae e te st eteeteseanenaeeaaaaaaeaeaaeaaaeenees 128
Figure 3-32 - Work block mesh with width and2d length. .............ccoooiiiieieii e 129
Figure 3-33 — Reachable work areas for horizon&agsz € [0, []. ....cccviviiiiiiiiiiiie e 130
Figure 3-34 — Reachable work areas representetdeowarkblock, for horizontal planes= 100,
200, 300, 310, 320 and .340mm, reSPECtiVElY. .......c..uveeiiieeei i 131
Figure 3-35 — Reference workspace coveragevfer 200mm, | = 400mm, d = 500mandm =
500mm The workplane i€ = 3L0MIML..........uuiiiiieeiiiiiiiir e errre e eee e 132

Figure 3-36 — Left and right, workspace coveragewo= 150mmandw = 250mm, respectively.
.............................................................................................................................. 133

Figure 3-37 — Left and right, workspace coverage fo375mmandl = 425mm, respectively134
Figure 3-38 — Left and right, workspace coveragaife 400mmandd = 600mm, respectivel§34

Figure 3-39 — Left and right, workspace coveragenio= 400mmandm = 600mm, respectively.

.............................................................................................................................. 135
Figure 4-1 — SCALA generation ONE ProtOtYPe. cccceeeiieeeiiiiiiiiiieieeee e e e eiiieie e esseseeeeeeee e 140
Figure 4-2 — First SCALA prototype agent model foeed in the junction center with the

Magnetic aligNMENt SYSEM. .. ... cceeee e e e e e eesr e eeeeeeeas 141
Figure 4-3 — Exploded view of the first SCALA protpe agent, showing its components. ........ 141

Figure 4-4 — SCALA generation TWO prototype, shaywihe mobile agent and custom made rails
and junction, made in @ CNC MaChine. ......ccccceeeiiiriiiiiiiiiiiiiieiiereereer e 142

Figure 4-5 — Custom made rail and slider profile tee SCALA system, with embedded drive,
power and localization solutions. Power solutiorswat tested. ............cccccvvvveeeeeenn. 314

Figure 4-6 - Exploded view of the second SCALA ptgpe agent, showing its components..... 144

Figure 4-7 - SCALA generation THREE agent prototypkowing the top and bottom of the
MODIIE AGENT. ... ettt bt rarrrranre 145

Figure 4-8 - Exploded view of the third SCALA protpe agent, showing its components. ....... 145

Carlos Xavier Pais Viegas Xix



Scalable Modular Multi-Agent Robotic System on AakHPathways for Automation in Large Spaces

Figure 4-9 — Manipulator types of joints considera§l 3D printed universal joint; b) industrial
cardan joint; c) rod end bearing; d) magnetic joiNt............cccvvviieeeie s 147

Figure 4-10 — Range of motion in the rotation ahduxis of the rod end bearing [235]......... 148

Figure 4-11 — Section view of a magnetic joint,\8mg its high range of motion.................. 149
Figure 4-12 - Exploded view of the SCALA manipulaémd-effector with gripper. .................. 115
Figure 4-13 - Exploded view of the SCALA manipulatmd-effector with the unibody extrusion
| PP PPPPPP PP 152
Figure 4-14 - Exploded view of the SCALA manipulaémd-effector with laser. .................. 152
Figure 4-15 —SCALA parallel manipulator prototype..........cccvvveiieieeeeiiiieeie e 153

Figure 4-16 —SCALA prototype details: 1— magnetiips 2— acrylic rack; 3— mobile agent; 4—
aluminum rail; 5- tension string; 6— carbon fibik]j 7— steel sphere; 8- magnet; 9—

o] T [Tt 0 o ] o o =Y 153
Figure 4-17 — Pololu micro motors used and theseasbly in the SCALA agents, with the driving
JEAIS COUPIBA. ..uvviiiiiiiiiiiiiiiiiiiiite s et et e et et et e et ettt e et e e et e ee et e eretaaaaaeaaaaaeaaeaaanaeaees 155
Figure 4-18 — AS5306 with Magnetic Multi-pole Stiipagnet for Linear Motion Measurement
22 PO PPPUPPPP O 155
Figure 4-19 - Encoder placement scheme on the magkent slider. The arrows indicate the
1104 1] T o L1 £=Tox 1 o] o RSO 156

Figure 4-20 - Section of the rail showing the alitcalibration system. Gaps 1 and 2 are smaller
than gap 3, meaning they are located before zesiigmm On the other hand, the gap 4 is

bigger, meaning it is located after zero position...........ccccccveeviiicciiiiirie e 156
Figure 4-21 - Arrangement of the magnetic stripgnsure there is always one encoder working
AUrNG JUNCLION CrOSSING. ...eiiiiiieeeee et e s eeebeebeeeebebeebebeabeseabeseesssssensnneeseesesensesnes 157
Figure 4-22 - Power supply solution being develofigdSCALA, with embedded powerlines in
TN FAUIS. .ot 158
Figure 4-23 - Custom made PCB for the SCALA moBAeNts. ..........ccooeeevviieeeeeee e, 158
Figure 4-24 — Control architecture for the SCALABIG agents. ........cccccovviiiiiiiiieiieiineeeens 159
Figure 4-25 - Mobile agent individual closed logmtrol scheme. ............cccciiieiiiieeeen.. 160
Figure 4-26 - High level centralized control SCheme...............uovvviviiiiiiiiiiiiiiiiiniene e 161
Figure 4-27 - Graphical user interface designedrfolti-agent control. ..............ccocciiiennennes 162
Figure 4-28 - GUI for the manipulator reconfiguogticontrol. .............cccccceeviiiiiiiiivieeeeeeeeeen 163
Figure 4-29 - GUI for the task performing CONtrol..........cooooveiiiii e 164
Figure 4-30 - GUI for the vision applications C@ir.............cccoeeeeeeeiiee e, 164
Figure 4-31 — Exploded view model of SCALA sunemilte agent, showing its several
(of0] 1] 0 0] 01=] 0| K= TP PP PPUP PRSPPI 165
Figure 4-32 — SCALA surveillance agent ProtOtyPe. . ....eeciicreieiiieeee e e reeeeeeeeeee e 165
Figure 4-33 - Definition of camera field of visiamd viewing range. .........ccccccceeevvviiviveen... 166
Figure 4-34 - Target; following by mobile cameras andca. .......cvvevevveeeiiiiiiiiiieie e, 167

XX FCTUC 2017



List of Figures

Figure 4-35 - Grid map example for a rail-based ifeaiobot environment. ...................... o 170
Figure 4-36 - Virtual simulator for the SCALA muklgent path planning...........ccccvvveverimeenss 171

Figure 4-37 - Case study of a SCALA setup, for congmt fabrication and assembly, in a
20x10x2m room with 4 distinct areas: assembly,agfer 3D fabrication and transit.... 176

Figure 4-38 — Comparable setup using existing aatimm solutions: 4 robotic arms, 4 delta 3D

printers and 3 AGV’s equipped with a robot arm..c.......cooeeiii e, 177
Figure 4-39 — Scala setup cost shares for each@oamp type. .........cccvveevveeeriiiiiiieieeeeen, 178
Figure 5-1 - Small scale test-bed built for the $8Awith a parallel manipulator and three mobile
210 (] 0| TSP TPPTPR 182
Figure 5-2 - Performance tests conducted. Images feft to right show the movement of the
=0 =7 o 1 PP PP PP PPPPPPPPPIN 184
Figure 5-3 - Setup for the Polhemus System in gpengaccuracy/precision tests. 1- Sensor; 2-
Source; 3- Mobile agent; 4- ABS SUPPOIT......cuummeeeereereeeererierereereermriererrermsmeeen 186

Figure 5-4 - Average results with range for 10 lizegion accuracy trials, for each of the 5
displacements on a single rail segment. The avemgar of all displacements is
represented by the horizontal blue dashed line..................cccccceee, 186

Figure 5-5 - Average results with range for 10 lizedion accuracy trials, for each of the 2
displacements, with a junction crossing. The aweragor of all displacements is
represented by the horizontal blue dashed line..................cccccce, 187

Figure 5-6 - Setup for the Polhemus System in thkka@curacy/precision tests. 1- Sensor; 2-
Source; 4- ABS support; 5- Parallel manipulatQr..............ccevvvvviiviiiiieiieieiiiiiiiennes 188

Figure 5-7 - Average results with range for 10istaicalization accuracy trials, for each of the PM
mobile platform 5 random points in its workspacéeTaverage error of all points is

represented by the horizontal blue dashed line..................cccccce, 189
Figure 5-8 - Static accuracy range determinedHerRM mobile platform, for 6 positioisalong
they axis, in a horizontal plarne= 3L0MML..........cccciiiiiiieee e 190
Figure 5-9 - Average results with range for 10istmicalization accuracy trials, for each of the PM
mobile platform 6 positions along the y axis, ihaizontal planeg = 310mm........... 190
Figure 5-10 - Manipulator carrying a payload of &00...........cccoiiiiiiiiiiiee e 192
Figure 5-11 - Platform path-following accuracy gesPlot of desiredvs actual trajectory
(dimensions in meters) for no load (left) 8@D gload test (right). ..........cccveveeren 921
Figure 5-12 - Different test scenarios involvingglkel manipulator translation or reconfiguration
in the small scale test-bed: a) AM switching; b) Bihslation. .............cc.ccccovnnnnen. 931
Figure 5-13 — PM translation from one work bloclatwther, viewed from the front. ............. 941
Figure 5-14 - PM translation from one work bloclatwother, viewed from the side. ............ 194
Figure 5-15 — Task sequence implemented in the staichine, for autonomous pick and place
L€2 5] O PP PP TP PP PUOPPPPP 196
Figure 5-16 — Video captures during pick and placgine of the SCALA system. ................. 981
Figure 5-17 — Digital fabrication from original soe file to final output. ...................c ... 199

Carlos Xavier Pais Viegas XXi



Scalable Modular Multi-Agent Robotic System on AakHPathways for Automation in Large Spaces

Figure 5-18 — Digital fabrication task one demoasbtn, by drawing on a white board. ......... 012

Figure 5-19 - Digital fabrication task one demoastn, using the laser, on a planar and concave
S0 7= Uo] =T O PP PO PP PUPPPP 202

Figure 5-20 — Negatives of the results from theedasngraving demonstration on the planar
surface. The desired shape is shown in red whdenthrks show the laser engraving/cut

] 010 ] £ T U 203
Figure 5-21 — SCALA 3D printing demMONSIFatiON..uuu . .uvuureeririieiiiiiiesesssmnseeeeeenenes 204
Figure 5-22 — Parts 3D printed by SCALA. ...ttt e 204
Figure 5-23 - Scheme of the test bed setup, shoeganteras 1 and 2 and the target in their starting

position. The target diagonal trajectory is alsokad. ...........ccccceevviiiiiiiiniee s 206

Figure 5-24 - Video captures from experience tagjeto: at the trajectory start, tracked by static
cameracs; b) target tracked by both andc; c) target at the end of trajectory, tracked by
Lo T PP PP PP OPPPPPRPPPRP 208

Figure 5-25 - Video captures from experience 2taajjeto; at the trajectory start, tracked by
mobile camera;; b) target tracked by both andcy; c) target at the end of the trajectory,
LU= 108 =0 [ o) oS S 208

Figure 5-26 - Video captures from experience 3taajeto; at the trajectory start, tracked by
mobile camera; b) target leaves camera FOV andoroceeds to change axis; c) target

at the end of the trajectory, trackeddayon a different axis. ...............cocevvvvmmeeeeen. 209
Figure 5-27 - Target position tracking results gdwo static cameras andcs. ...............c.o...... 209
Figure 5-28 - Target position tracking results ggiwo mobile cameras andco..............vvvenee. 209
Figure 5-29 - Target position tracking results gsime mobile camem. ...................ccoeeeeeeen. 210
Figure 5-30 — Absolute distance to camera restiliseothree experiments. .............ooee s 210
Figure 5-31 — Distance to 2 mobile cameras, iINKYABXIS. .......vereiriiiiriiiiiiiies s simmmmmr e 212
Figure 5-32 - Distance to 1 mobile camera, in X RBOLIS. ...........uurvurimimiiiiiiinmmnmee e e e e 212

XXii FCTUC 2017



List of Tables

List of Tables

Table | - Comparison between state-of-the-art systeand SCALA Railbot Il concept. ............... 60
Table Il — Comparison between different types olbior mobile robots. ..........ccccoooeiiiiiiceeeee. 64
Table Ill - Feature comparison of serial and patahbotS[126]..............eevvvvvveiiiiiiiimmmnnneninnenn, 72
Table IV — Possible variations of the two main adsly modes. .............ooeeeeeeeieiii e, 82
Table V — Parallel manipulator geometrical paramsetensidered for the analysis. ............. 122
Table VI — Effect of variation on end-effector WA, ..o 133
Table VII — Effect of variation on link lenglh..............ooooii e 133
Table VIII — Effect of variation on rails 1 and @nigthsd............cccooovce e 134
Table IX — Effect of variation on rails 3, 4 andeBigthsm. ..........ccccoviiii s 135
Table X —Link material properties, taken from vasananufacturer catalogs. ...................... 147
Table XI — Comparison between joint variations useparallel machines. ............ccccccvvvnen. 150
Table XII — SCALA manipulator component dimensi@msl mass values. ........................... 154
Table XlIl — Mobile agent component and total COSL..........cuuviiiieeiiiiiie e 172
Table XIV — Rail component and total cost per meter...........ccceeeeeee e, 173
Table XV — Parallel manipulator component and tOta. .............oocciuviiiiieieriniiies e 174
Table XV — SCALA tOOIS COSL. ....uuiiiiitiii ettt ettt rmne e e b 174
Table XVII — SCALA case study setup component aeltCOSt. ...........ccevveeeiiiiiieieeers s 177
Table XVIII — Characteristics of the developed PLPPeS............ccevvvveviiiiiiiiiiiiiiiiiareeee e, 179
Table XIX — Results from the mobile agent locOMOUOSLS. .........ccvvvvvivieeeiiiieeeeeee e, 183
Table XX — Comparison between the expected andr@utd®M accuracy..........ccccccevveerennnnes 191
Table XXI — Results for SCALA accuracy and repesitgfldests. ........cccccvvvvvviviiiiriiriiv e, 195
Table XXII — Results from SCALA vision demONnStraif)...........ccevieiiiiiiriiiieieeees e e 208
Table XXIII — technical specifications of the demeéd SCALA prototype........ccccvvveeeeeeeesvmn 219
Table XXIV - Characteristics of industrial serialampulators from ABB[266], Fanuc[267] and
KUKALZB8]. ..ottt etttk emm ettt ettt st et e e s st e e e s rne e e e snb e e s aabbeeeeaa 259
Table XXV - Characteristics of industrial parallelanipulators from ABB[266], Fanuc[267],
Adept[269] and SYMELIE[270]. .....uvvvreeee s e e eeeeeiitte e e e e e e e e s st e e aee e s e s enerneeeeeeans 260
Table XXVI — Spatial parallel manipulator configtices and their complexity level............ 260

Table XXVII — Main technical specifications of titemmercial components used in SCALA. .. 261

Carlos Xavier Pais Viegas XXiii



Scalable Modular Multi-Agent Robotic System on AakHPathways for Automation in Large Spaces

XXiv FCTUC 2017



Symbology and Acronyms
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Symbology

Cambot geometrical parameters

a — rotation angle of the car when passing gunction
R — drive wheel radius;

d — half length of the slider;

r — slider wheel radius;

Manipulator geometrical parameters

O - fixed Cartesian reference frame origin;

Qo — fixed Cartesian reference fram@d, X, y, Z);

Q, — moving Cartesian end-effector reference fra¥g, &,,, y,, z,);
X(x,y,z)}- coordinates of the end-effector relativeds

g — set of agentcoordinates relative Qo;

A — attach. point of limbto ageni relative toQo;

B — attach. point of limbto end-effector relative tQo;

bi — attach. point of limibto end-effector relative tQy;

li — link Lj length;

w — distance betwedn andb, (end-effector width);

xa— distance between two agents Al and A3, or A2ABdvhen in the same ralil;
d — distance betwegnoriented rails;

m— distance betweenoriented rails;

v — translations along the 3 cartesian axis;

o — rotations with respect to three Euler’s angles;

a, B andy — Euler’s angles;

M — mobility (of a mechanism);

fi — independent motion parameters of the joint thwil, ..., k;

r — number of joint parameters that have lost timelependence after loop closures;
R — operational space;

E — leg or limb;

S— spatiality;

Rr— rotation matrix;

Fi — constraints equations;

J«— parallel jacobian matrix;

Jy— serial jacobian matrix;

Jinv— iNverse jacobian matrix;
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Dynamic model

AS— displacement;

T — time period;

t — time instant;

Xo — initial manipulator position;

I3 — 3 x 3 identity matrix;

M — mass matrix;

V — vector ofCentrifugalandCoriolis terms;
G —vector of gravity terms;

T — vector of joint efforts;

g — joint velocity vector;

g — joint acceleration vector;

X — robot’s end-effector velocity vector;

X — robot’s end-effector acceleration vector;
m; — mass of the links;

m, — mass of the actuators (agents);

m, — end-effector mass;

Mpayloaa — Manipulator payload;

Ma— overall mass of the actuators;

M, — overall mass of the end-effector and payload,;
g —gravity acceleration vector;

oW — virtual work;

or — virtual displacement;

F — external forces acting on the manipulator;
L — Lagrangian;

K — kinetic energy balance;

U — potential energy balance;

p — generalized coordinate vector;

Q — generalized external force vector;

A — Lagrange multiplier vector;

75; — friction force on joint i;

fs; — Coulomb friction parameter on joint i;
fv; — viscous friction parameter on joint i;

Interval analysis

[x] — interval real;

[x] — interval vector;

[M] — interval matrix;

x or inf([x]) — infimum;

x or sup([x]) — supremum;

6 or rad([x]) — radius;
wid([x]) — width/diameter;

X or mid([x]) — midpoint/center;
oor [[] — interval approximation of the solution set;
m — inner box;

k — bisection direction;

D - diagonal matrix;

Ci — constraint i;
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Symbology and Acronyms

det()— determinant;

[p] — geometrical parameter interval vector;

[q4] — joint range interval vector;

W — workspace for theperformance property;

W, — workspace for a given property set;

[6q] — actuated joints accuracy interval vector;

[Ax] — end-effector positioning error interval vector;

[Ax4] — desired end-effector positioning error intervettor;

[7] — joint forces interval vector;

[F] — external wrench exerted on the environmentvaievector;
[D] — set of kinematic parametery which form a family of certified PKM’s;
L — list of boxes;

Control and path planning

Gc—controller block;
Ga-— actuactor block;
Gp- system block;
Gs-— sensors block;
u— control input;

e— control signal;

a —actuator command;
ni— grid map node;
h(s,t)— cost of g path, fromstot;
f— evaluation function;
g— direction cost;

~

h — sum of the number of horizontal and verticale®bkft to target node.

Vision
G — camera,
o — target;

FOV; - field of vision of camerg

I'Veioj — Viewing range;

o — inclination angle of the line segment connecthgcameracenter to a point in the border
of the camer&QV, and passing by thearget center;

dcioj(t) or DTC — relative distance between camexad targey;

p — position;

Vi andv; — absolute and relative velocity, respectively;

Ji andd; — absolute and relative heading, respectively

wgq — priority value of targef

acioj(t) — camera/targetj utility function;

At — reference time period;

i — camera movement direction;

j — direction perpendicular to camera movement toec

¢ — occlusion factor;

Experimentation

n — number of trials;
S — standard deviation;
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Acronyms

ABS — Acrylonitrile Butadiene Styrene

ACO — Ant Colony Optimization

AGC — Automatic Gain Control

AGV — Automated Guided Vehicle

AM — Assembly Mode

AMS — Austria Micro Systems

CAD — Computer Aided Design

CNC — Computer Numeric Control

CW — Clockwise

CCW — Counter Clockwise

DDM - Direct Dynamic Model

DOF — Degree of Freedom

DTC - Distance To Camera

DXF — Drawing Exchange Format

ETH — Eidgendssische Technische Hochschule (Svedsril Institute of Technology)
EU — European Union

FAST — Five-hundred-meter Aperture Spherical raditescope
FCTUC — Faculdade de Ciéncias e Tecnologia da Wsitlexde de Coimbra
FDM — Fused Deposition Modeling

FK — Forward Kinematics

FOV — Field Of Vision

FPS — Frames Per Second

GA - Genetic Algorithms

GPS — Global Positioning System

GUI — Graphical User Interface

IDM — Inverse Dynamic Model

IK — Inverse Kinematics

II0T — Industrial Internet of Things

IR — Infrared

ISO — International Organization for Standardizatio

ICT — Information and Communication Technology

LIP — Laborat6rio de Instrumentacéo e Fisica Expenital de Particulas
MP — Mega Pixel

PID — Proportional—Integral-Derivative

PKM — Parallel Kinematic Machine

PLA — Polylactic Acid

PM — Parallel Manipulator

PSO — Particle Swarm Optimization

PWM — Pulse-Width Modulation

SCALA - SCAlable moduLar multi-Agent robotic systéon automation in large spaces
SLA — Stereolithography

SLS — Selective Laser Sintering

STL — Stereo Lithography

TC — Technical Committee

TS — Tabu Search

USB - Universal Serial Bus

VGA - Video Graphics Array
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Chapter 1 - Introduction

Chapter 1
Introduction

This chapter introduces the overall framework & tiovel paradigms arising from
the new industrial revolution. As technology andisty evolve, so do all economic sectors
related to them, including the industrial and mauwtiiring areas. The need for flexible and
smart industrial systems is raised, and this caes the motivation behind this work.
Current automation and manufacturing robotic systéediver impressive performance in
terms of accuracy or space coverage. Robotic mige and Automated Guided
Vehicles (AGVs) have been used in industry sineefifies and sixties. While the former
are used for tasks that require a high positiomioguracy and repeatability over a limited
workspace, the latter are mainly applied for tasksch require navigation over a large
workspace, but with lower accuracy or repeatabiiyuirements, compared to the former.
Fine manipulation over large workspaces is stilthallenge. In the last decade, some
solutions have been sought, in the form of comligiran articulated arm with a mobile
ground robot. Still, such solutions fail to progithe necessary precision, repeatability,
flexibility or range needed for applications suchl@arge scale digital fabrication, pick and

place or autonomous surveillance.

In this work, a novel framework, capable of achigvihigh positional accuracy
over a large workspace is introduced. It is cormgias a modular concept, made from
specially designed ad-hoc rails and junctions whodmstitute a reconfigurable and
scalable mesh, as dedicated pathways. A numbeiobflenagents can then navigate over

this 2D mesh, with an excellent positional accuracy
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This platform can be used for robotics applicatisdtich do not require physical
contact, such as 3D reconstruction or object tragkor surveillance. By extending the
reach of the system to the tri-dimensional spas&gua manipulator driven by the same
mobile robots, one can perform tasks such as pickace or digital fabrication. This
framework presents novelties on several areas, epding the fields of mobile robots,

reconfigurable parallel manipulators and also @pibns with no physical contact.

In the next sections of this chapter, the currewt expected economic growth and
impact on society of each of the proposed system&n areas of application, are
discussed. The work challenges, objectives and adetbgy are hereby presented and
defined considering the approach to the problemnftioe awareness to the comprehension
of the new requirements for the next generationufaturing and automation systems. To
facilitate the readability and comprehension ofttiesis, the structure and the main topics

addressed in each chapter are presented as well.

1.1 Impact and Motivation

The manufacturing industry is, and will continueb®in the future, one of the main
wealth generators of the world economy [1]. Accogdito a report elaborated by the
European Commission [2], which makes a vision & thanufacturing sector for 2020,
there are 26 million enterprises in the Europeait/gEU). Of these1l0% are related to
the manufacturing domain and represent approxim&2? of the EU National Gross
Product. This data clearly reflects the importaoicthe manufacturing activity in Europe’s
and world’s economy, and explains the attentioroteV to the adequacy of methods and

technologies to improve the productivity and contpeness vectors.

In the last centuries, technological advances tedhe birth and constant re-
invention of the industrial paradigm, as illustdhta Figure 1-1. The 18th century saw the
advent of mechanical production, powered by water steam. In the end of the 19th and
beginning of the 20th century, electricity revotutized the industry. Through division of
labor and introduction of assembly lines, mass pectidn was accomplished. The

development of electronics, programmable logic dlers and ICT, further automated
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production in the 1970s, reconfiguring the industnya third time. Currently we are in the
dawn of a new industrial revolution. Digital Indiys4.0 sets out to shift once again the

paradigm in as fundamental a way as its precutsors.

o occcccccccsscccccce eececrcsncncsccncscs(Decoccncsccncsccncnes
18th Century 20th Century 70s
Industry 1.0 Industry 2.0 Industry 3.0 Industry 4.0
Mechanical Mass production Electronics and IT for ~ Cyber physical
production powered powered by further automation production systems
by water and steam electricity of production

Figure 1-1 - From Industry 1.0 to Industry 4.0. Adapted from [3].

The core of Digital Industry 4.0 is highly intelégt connected systems that create a
fully digital value chain, enabled by the Indudtiiaternet of Things (lloT). Through the
[loT and the cloud, smart devices are able to iflerthemselves and communicate

between each other. In a factory, machines cak""tal products and other machines,
delivering decision-critical data, which is thenopessed and distributed in real time,
resulting in profound changes to the entire indalsecosystem. These systems transform
traditional plants into smart factories, where ittea of mass production and uniformity is
changing to a more intelligent, scalable, adaptaieividual and custom-tailored
production paradigm. This imposes new requirementsnanufacturing systems, namely

in terms of quality, response, agility, efficierayd adaptability [4].

The areas of application covered by this work rafrgen digital fabrication to

surveillance, pick and place, factory and wareh@ugemation.

Additive manufacturing is one of the major techmgotal advancements behind this

new digital fabrication. As opposed to subtractimethods such as CNC machining,
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additive manufacturing, often referred to as 3Dngimgg, allows the creation of three-
dimensional objects by deposition or fusion of mate layer by layer. Recent studies
indicate that worldwide spending on 3D printing lwise from $1.6 billion in 2015 to
around $13.4 billion in 2018 [5], while McKinsey][@stimates the potential economic
impact of additive manufacturing to be in the range30 billion to 550 billion dollars,
per year, by 2025. This makes it one of the mosn@ing market rises in the near future.
While still mostly used for manufacturing small lecproducts, large scale construction is
also possible with this technology, with severalaadages over traditional construction
methods, making it extremely attractive to bothhéects and civil or environmental
engineers. Contrary to using standardized elem8btgrinted designs can be customized
to fit the user's needs and taste. This technosdgy eliminates waste, by going straight
from the raw material to the final product. There ao transport costs, as designs can
simply be transferred digitally and printed localiysing materials available on site, thus
eliminating the local production cost variationsdditive manufacturing redesigns the
supply chain around the customer, offering a bigdeiv of opportunities for innovative

business models.

Today there are several systems for flexible wawsboautomation and digital
fabrication, as companies are willing to invest dmes of millions of dollars to improve
their workflow and efficiency. As a well-known exata, Amazon invested over 775M$
for acquiring KIVA, an autonomous material handlisgstem [7]. Such systems often
consist on automated guided vehicles (AGVs) whiah aapable of moving large loads,
such as entire shelves, from one place to anoff@Y. systems have been developed and
employed in large factories and warehouses fotastefifty years, and this industry is still
growing. By delegating these tasks to mobile robote can optimize the space usage
inside warehouses and factories, not needing toerarabout human access or safety. It
also becomes more efficient in terms of produgtjviand less prone to errors than

employing human workers.

Nowadays, many different types of vehicles and retdgies exist with the
possibility to address almost all needs for an @tdal environment. Still, the main

limitation resides in the fact that you can eitget a mechanism, such an AGV, capable of
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moving in an entire complex, while relying on anragr of sensors and guiding
mechanisms, or you can get a fixed base manipuleagoerform fine manipulation and
precision work. However, you cannot get both. Tikistill a challenge that has only been

briefly addressed by engineers and researchers.

Surveillance and video monitoring is another impottfield of research for several
reasons. Recent estimations point out that the mgrlge population in the EU will
decrease by 48 million, representing a 16% redncbetween 2010 and 2050. Meanwhile,
the elderly population will increase by 58 millioa, gain of 77% [8]. This means an
imbalance will arise between the number of eldgdypple and that of the caregivers.
Automation of processes to provide the necessawg aad support to the increasing elder
population is then necessakideo monitorings a commonly-used tool for domestic and
public surveillance. However, considerable humaouwece is required in order to monitor
activities in large areas with multiple camera egst. In the case of home surveillance and
assistance to elder or disabled people, the vafdmuse rooms and occluding objects
demands for distribution of a large number of camehroughout the house. An automated
system, relying on multiple surveillance robots king symbiotically, could replace
existing systems with clear advantages. Tri-dimamdi scene and human kinematics
reconstruction is another potential applicationsoth a system, as setting up a human
motion analysis laboratory is currently one of thest solicited research setups in the
robotics and vision communities. Optical motion tcap technologies were first used in
biomechanics research studies in the late 1970sarig 1980s. Current biomechanical
applications include gait analysis, ergonomics amébn factors studies, orthopedic
evaluations, and a wide range of sports performatadies. Optical motion capture
technology is also used quite extensively in compainimation work for video games,
television shows, and Hollywood movies. A typicagdtioal motion capture system will
consist of a large number of fixed cameras in comion with a computer and system
controller software to automate the data collectidhe number of cameras required for an
application is dependent upon the number of subjeeing recorded as well as the desired
capture area. The more subjects and/or the lahgecdpture area, the more cameras will

be needed for the laboratory or studio [9], andntioee expensive the system becomes.
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1.2 Objectives

The goal of this work is to propose and developolt®n in the form of an

autonomous robotic system, capable of exploringliflnéations of existing ones. This

system,

called SCALA, SCAlable modulLar multi-Agerdgbotic system on ad-hoc

pathways for automation and surveillance, obeyssdweral requirements, defined as

follows:

Capable of performing fine manipulation over a éaP workspace in a fast,
safe, reliable and repeatable fashion;

Be scalable and modular, allowing to easily setaugustom configuration for
each application;

Be simple, low cost and efficient, with a reducedmier of sensors and

actuators.

The potential application areas of this platformiunle:

Warehouse and factory automation;
Digital fabrication;

Video surveillance and 3D reconstruction;

1.3 Methodology

This research work involved the development fromnoeptual stage, to

demonstration and validation of the SCALA prototyféne main tasks of this research

work included:

1.

o o M N

State-of-the-art research;

Conceptual and detail design;

System implementation;

Multi-robot control and planning;

Parallel manipulator design and implementation;

Demonstration 1: Material handling;
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7. Demonstration 2: Digital fabrication;

8. Demonstration 3: Vision application.

Each task is briefly described in this section.

State-of-the-art research

The background on existing industrial systems adtiens is the basis of all the
research work. Their study is important to knowirthienitations and where there exists
room for improvement. In particular, a detailed lgsiz of the state-of-the-art in the
domains of automation and vision systems relyingnuuitiple mobile robots, parallel
manipulator design and reconfigurable mechanismas warried out. This included
analysis of published scientific work, patents,edd, press communications, devices
catalogs and manuals, and other available media Jtage set the requirements and
standards for the proposed system, ensuring ittitotesl a step forward over existing

systems and a valid contribution to the industry.

Conceptual and detail design

Conceptual design involved research and developrmoénnechanisms for the
SCALA components. This was followed by detail daesigshen all components were
virtually conceived, assembled, tested and optichipethe largest extent possible prior to
actual implementation. The 3D design stage in CAlltwsare Solidworks 2014-2016
student version [10], allowed to perform structueadalysis, virtual motion analysis,
assembly testing and other simulations. Severabpyees were also produced until the

final design, as a means of concept testing angmé@sprovement.

System implementation

This stage included the system integration, tedtvatidation of all components of

the SCALA system. In this task, all design aspexdtshe whole mechatronics system
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(mechanical setup, actuation, electronics) were-fimed. The developed prototypes were

tested on a small scale test-bed, for rapid andclust development.

Multi-robot control and planning

This task involved low level and high level trajgt planning for the distributed
mobile robots on the rail mesh, through the impletaton of multi-platform
communication and cooperation mechanisms and #hgesi This was challenging,
considering that synchronization and coordinatibrihe mobile robots movements, in a
mesh which can be heavily loaded with several agpatforming distinct missions (i.e.
material handling, fabrication, surveillance, pHing, etc...), needs to be accomplished to

fulfil requirements of some specific collaboratiasks.

An intuitive GUI (Graphical User Interface) was @ldeveloped in Visual Studio
2015 [11], to allow the user to control individuadents or assign missions to a group of

agents. It also controlled the system functioniogrdy the demonstrations.

Parallel manipulator design and implementation

SCALA agents are able to navigate on a bi-dimeradispace. Extending the bi-
dimensional workspace of the multi-agent systena ttri-dimensional workspace, can
highly increase its range of applications. To aehi¢his, an innovative reconfigurable
parallel manipulator, driven by multiple SCALA agersimultaneously, was designed and

implemented.

Parallel manipulators require careful kinematthg)amics and workspace analysis
during project and design stage. When not availabteel design methodologies are
developed for the conception of the system compsnenhis was the case of the
reconfigurable parallel manipulator, which due t® movel features, required specially
developed design and testing algorithms, for prypanalysis, workspace determination
and correct geometrical parameter selection. Thesel design algorithms ran in Matlab

R2014-16 environment [12], using special packagelstaols, when necessary.
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Demonstration 1: Material handling

This demonstration used the parallel manipulataiak® advantage of the full tri-
dimensional workspace of the SCALA prototype. Hus tdemonstration, a gripper was
mounted on the parallel manipulator end-effectave®al objects scattered around the
robot workspace were picked and placed in a basket,by one. This sets to validate the

claim of SCALA as a large scale material handlipstesm for factories and warehouses.

Demonstration 2: Digital fabrication

The second demonstration involved showing digigddrication operations. A 3D
printing extruder was fit to the manipulator taamhd several models were fabricated. A pen
and a laser were also fitted to the manipulator-efifettor, to draw/cut predefined
patterns, thus demonstrating the capability ofsystem to perform precise trajectories in
the same horizontal plane, which is required inliappons such as laser cutting,

engraving or soldering.

Demonstration 3: Vision application

The goal of this demonstration was to show onehef many applications of
SCALA for tasks that do not require physical intti@n of the robot with objects or
humans. Applications include surveillance, targeasing, as well as 3D reconstruction,
and are mostly based on robotic vision systems. SJGALA mobile agents were fitted
with cameras and an existing vision algorithm wapleyed to detect a moving tag, fixed
on a ground moving mobile robot. Then, the SCAL/tg followed the moving target
and tracked its precise trajectory, using the Vigyauts and their own precise localization
mechanism. This could be used in applications saghautonomous surveillance, and

replace systems relying on fixed or 1D cameras.
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1.4 Contribution

In the context of my previously developed work owohbite climbing robots for
industrial inspection [13][14][15][16][17], and nmaster thesis work entitled “Design and
implementation of an omnidirectional climbing robfatr inspection of ferromagnetic
structures” [18], this proposed work explores nepliations in this field of mobile and

service robots.

The development of the system includes challenges tonceptual design to its
implementation. This dissertation involves sevelelties in the conceptual and detailed
design of various system components, as well aeerdomain of parallel manipulators.

Contributions of this work over the state of thecan be divided to three main domains:

1. Design and implementation of a novel modular magdfent system for fine
manipulation over large workspaces. This includebiie agents and 2D ad-hoc
rail grid, built from modular elements, which cae imstalled at any arbitrary
angle, i.e., the same set of rails and agents eruded in both vertical,
horizontal or over-hanging scenarios;

2. A reconfigurable parallel manipulator based on S8Ahulti-agent system: to
extend the 2D workspace of the agents to the 3Des@anovel reconfigurable
parallel manipulator was designed and implemenfEais manipulator is
specially designed to take advantage of the highilityof the robots driving it
and employs several novel strategies, includingmguration, to achieve not
only an excellent workspace to installation spat®y but also improve its static
and dynamic performances throughout said workspace;

3. Progress over state of the art systems for apitatvithout "physical contact":
taking advantage of the mobile robots high locgiliraprecision achievable by
the proposed system, one can use a few cameragedonm the mobile robots
to perform several tasks in the area of computsionj which previously

required a large number of fixed cameras;
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1.5 Outline

This chapter introduces the objectives and motweti of this work, while
providing a brief insight on both the potential bggttions of the proposed system and its
challenges. Furthermore, the expected outcomei®fnbrk and its scientific contribution

are discussed.

Due to the variety of subjects covered in this aliggtion, the state-of-the-art on

each subject is presented in the related chapter.

The second chapter is dedicated to the SCALA asvalmulti-agent system for
large spaces. A state-of-the-art on the existirdpsirial systems is presented and their
strong and weak points are discussed. Then, ttdafoantal concepts behind SCALA are
presented and developed. The conceptual and detadsign solutions for the system
components, are discussed in detail. Its sevestdsfiof application are also presented,

including automation, digital fabrication and visio

The third chapter is dedicated to the design amgldpment of the reconfigurable
parallel manipulator driven by mobile agents toeexk the workspace of SCALA to 3D. A
state-of-the-art review on both parallel machinasd atheir design methodology,
reconfigurable robots and kinematics and dynamiagwsanipulators, is presented. Then, a
detailed study of the main aspects of the choseallpbharchitecture, as well as a novel

design methodology and the study of the manipulatorkspace are performed.

The fourth chapter details the concept implememtatshowing the developed
prototypes, the mechanical, electronical and céstlutions adopted and the development
of the test-bed for the demonstrations. It alsot@ios a cost analysis of the proposed

system.

The fifth chapter contains the results from the@yscomponent testing and from
the demonstrations, and their discussion. The dasipter concludes this dissertation,
emphasizing this research work main contributiamd achievements and proposing future

developments on the SCALA platform. The scientiorks produced and published by
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the author in peer-reviewed international journals,the subject of this thesis, are also

listed.
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Chapter 2
Novel Multi-Agent System for

Fine Manipulation over Large

Workspaces

This chapter is dedicated to the conceptual devedop of the SCALA system for
applications which require high accuracy and presi®ver a large workspace. It is an

extended version of the published paper [19].

Today, there exist numerous warehouse automatitutiaes, each with its own
characteristics and designed to suit very spec#iguirements or tasks. There isn't,
however, a adaptable and scalable system capalolendfining the best features of each
automation solution, offering high accuracy, speed safety over a large workspace,

using several units which can work simultaneously.

In the first sections of this chapter, the mosh#igant developments and systems
in this field are reported and discussed in defdié goal is to characterize the state-of-the-
art and identify the current challenges in thitdfi@hese systems present valid solutions to

some of the industrial challenges mentioned, whilesessing limitations in other criteria.

The SCALA system concept is then built on the psemof improving current
system capabilities. This conceptual design isudised in the following sections of this
chapter. From the set objectives to the desigmtisols for the SCALA components, every

development stage is the subject of detailed aisadysl discussion.
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2.1 State-of-the-art Automation and Fine Manipulation

Systems

Fixed base manipulators

Fixed based manipulators are tools whose base merstatic and fixed to the floor
or a structure. In this way, their workspace isitéd by the maximum extent of their
drives or links. Robotic articulated arms fall ihist category of machines. Serial
manipulators have been used for almost six decaddise industrial environment[20].
They constitute the largest share of industriabtstand are an indispensable tool in any
modern production line. They possess several liodmected by articulated passive or
active joints, which link their base to their erfteetor or tool. Decades of design and
control improvement has led to modern systems whacd capable of delivering
impressive performance in terms of precision, spgayload and repeatability. As an
example, KUKA’'s KR 1000 Titan, the strongest sixsadustrial arm in the market and
shown in Figure 2-1, is capable of manipulatingdeaip to1300kgwith a position
repeatability o0.1mmand a reach &.6m[21].

Figure 2-1 - The KUKA KR 1000 titan handling a crankshaft in a heavy-duty diesel engine factory[21].

Another type of fixed-base manipulators are thalpglrmanipulators. Contrary to
serial arms, some parallel manipulator architestwan take advantage from the fact that
their actuators are fixed to their static basesTaduces the amount of moving masses and

enables excellent performances in terms of spedgeatision. Parallel machines such as
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the Delta type Adept Quattro s650H shown in Figa# offer maximum speeds dOms!

and accelerations of more thahg with a position repeatability & 1mnfi22].

Whether a serial articulated arm, or a parallel imaator, repeatability and
positional accuracy of these manipulators makedfix@se manipulators the perfect
solution for applications such as welding, paintimick and place and component
assembly. However, since they are not able to naweand, their workspace is limited,

even with geometrical parameter optimization[23].

Figure 2-2 - Adept Quattro™ s650HS high speed parallel manipulator[22].

Ground robots

For applications which require a large workspacebite robots, such as automated
guided vehicles (AGV’s), were developed. Groundotshkconstitute the biggest group of
mobile robots and have been used in industry farentlean 50 years [34]. They are often
used to autonomously transport various materiat8uding pallets, rolls, racks, carts, and
containers, across large factories and warehousttsspeed and efficiency. For different

tasks, there are several vehicle types, as showigure 2-3.

One recent example is the KIVA AGV system [24]nfrdAmazon Robotics, for
autonomous handling of shelves in a warehouse (Eiged). It relies on multiple agents
to transport entire shelves between distant aressda a warehouse, by moving under them

and attaching to their base.
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Figure 2-3 — Few examples of different AGV types. From left to right, towing vehicle [25], load transfer
vehicle[26] and forklift vehicle[27].

One of the main limitations of AGV’s, including thdVA system, is the lack of

access to elevated areas.

Figure 2-4 — KIVA material handling system[24].

Some solutions which include a serial arm attacteed mobile base have been
proposed, such as tli@aunhofer mobile robot called MIMROex [28], shown in Figure
2-5. This wheeled robot, designed to work on offshplatforms, can move through its
environment autonomously and is designed to perforomitoring and inspection tasks,
such as gauge reading and monitoring of gas coratimts, using its multi-DOF robotic

arm.
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Figure 2-5 - Fraunhofer MIMROex robot inspecting a process plant during field test on the topside of a

platform[28].

Another example is the Sensabot Inspection Rol®@f, [@eveloped by the group
NREC/CMU (National Robotics Engineering Center fr@arnegie Mellon University) in
2012. This robot is equipped with driving camenasgrophones, vibration, temperature
and gas sensors, as well as a 7DOF serial robotic @nabling the accomplishment of
multiple inspection tasks and also operation of/es control switches, electrical panels,
doors or gates. Figure 2-6 shows Sensabot perfgrimspection on an offshore plant

during a field test and its new manipulator arm.

Figure 2-6 - The Sensabot Inspection Robot, developed by the group NREC/CMU [29].

KUKA, one of the world’s largest industrial robotsolutions provider, has also
launched a mobile manipulator for research and aéut called KUKA youBot [30],

shown in Figure 2-7. This solution resembles, isnaaller scale, the above mentioned
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Sensabot and MIMROex. Even though the integratibraro articulated arm over the
mobile base of an AGV can solve, to some extertptioblem of the limited workspace of
fixed base manipulators, this highly reduces thgitimmal accuracy of their tool. In fact,
small errors in the position of the base can lealdrige deviations of the manipulator end-
effector from the desired pose.

Figure 2-7 — KUKA youBot platform for scientists and researchers [30].

Because AGV’s move in unrestricted space with iaatibn systems mostly based
on sonar or vision, relying on multiple measures arfvironment references and
triangulation of the obtained results, the assediaérrors are in the range of a few
centimeters[31][32]. While this is acceptable ie tontext of mobile robots, a serial arm
whose base location accuracy is in this rangerabgbly unable to perform any high
precision task without the help of exteroceptivetegns or external observers which can
correct such error. Moving on the ground has amdihetation, since they require a flat
ground to operate, and also places them in direnflict with other mobile or static
obstacles and workers in the factory. This may eagevere problems in case of collision
avoidance system’s malfunction. Due to this higredh to safety and security, most
AGV’s are filled with an extensive array of coltsi avoidance sensors, which makes them
complex, bulky and expensive. Another limitatiomas from the fact that they require the

installation of mechanisms, such as forklifts dsatic arms, to access the vertical space.
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Robots moving on walls and ceiling

To make better use of the vertical space and atlmdcrowded ground space,
engineers have developed robots moving on the \&alisceiling. This not only separates
the robot work area from the space humans usepwimy speed and work efficiency, but
also allows reaching high shelves and storage campats. Many designs and concepts

have been proposed but with limited capabilitied applications.

A simple solution consists in having a ceiling ggntobot to cover all the
warehouse space. However, this solution does noiv aimultaneous work of several
independent units. Depending on the workspace size,may also need large motors to
drive the large and heavy moving parts of suchesygstResearchers from Japan recently
proposed a system, shown in Figure 2-8, which gadie several individual units moving
on the ceiling and using inchworm locomotion onfpted metal[33]. These units move
slowly between anchor points, using actuated haoka complex hanging mechanism.
Then a crane is employed to reach the vertical espdbus achieving full 3D
manipulability.

Ceiling plate

Horizontal hﬁiﬁg:_g'iﬁl
locomotion actuators
actuator

Figure 2-8 — Hangbot with a crane unit for cargo transport operations[33].

While localization accuracy can be high, the maiawback is the slow docking
procedure and, consequently, slow locomotion. THRDORO, a window cleaning robot
for domestic use [34], uses one actuated wheel@édmoving on one side of the glass,
connected through magnets to another unit on tipoe side of the glass. While it

improves the locomotion speed, its main limitatianslude the risk of the payload
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exceeding the capacity rate and the magnets faitirgupport the robot and the fact that
the load is distributed by a single agent.

Cable hanging robots

Cable hanging robots are another type of mobil®tolvith good 3D reach. The
most recognizable example is the Spidercam, usedininst every sports arena to closely
follow the action in the large fields, while shawji pictures or recording videos[35].
Another similar example is the four-cable-drivengtiel manipulator, developed for the
orientation of the feed in the five-hundred-meteerdure spherical radio telescope (FAST)
[36]. This system consists on a mobile translafigriatform suspended by four cables.
These cables are attached to four towers, whichgdssess a winch mechanism to control
both the length and tension of the cable, thusrotimyg the mobile platform position. A
Stewart platform is mounted on the mobile platf@onit can provide proper pose angle of

feed to track celestial bodies, as shown in Figugée

N Feed
‘ mechansim

Feed cable

mechanism Ig/\

‘ A-B
Slc\\'z platform

platform
\ /

Figure 2-9 - Feed-support system of FAST[36].
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However, general limitations of cable hanging systenclude the fact that they
can only bear tension and not compression of thdesaand are also susceptible to
uncontrolled pendulum motion swinging effects whmaoving cargo at high speeds or
when exposed to adverse exterior conditions, ssatoHisions or wind gusts. Adding to
this, with fixed anchor points, it becomes veryfidiflt for several units to work on the
same workspace, due to the problem of cable emamggit [37]. Cable hanging robots
with mobile attachment points have been proposech ss the Acroboter[38], shown in
Figure 2-10. This service robot is suspended dmeoceiling by a single cable, which is
driven by a winding mechanism on a mobile ceilitatform. The mobile ceiling platform
possesses two drives and is able to move from oeequsly placed anchor point to
another. The swinging unit is equipped with dudtdactuators that provide a free motion

inside a conic volume.

attachment ﬁ motion module ﬁ
M —
module = e

—»

bl

anchor points _~=

30'
1ducted fan - ]

actuators

@ swinging unit

Figure 2-10 - The Acroboter cable hanging robot’s several components [38].

In other words, the robot can fly around the susfmemnpoint, while the ducted fan
system is also used for fine positioning and far #tabilization of the robot’s motion.
However this design also presents limitations réigaraccuracy of the movement, due to
its non-rigid nature. Autonomous manipulation ofpayload by an overhead crane is
difficult, due to the pendulum motion swinging effe and the requirement to do so in
three dimensions simultaneously. It is importardttthe payload is transported in a

trajectory and that the load oscillations are sepped as quickly as possible. This non-
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linear behavior raises issues of performance afetysauch as: damage to the payload or

to the surrounding environment, and injury to huseracting with the robot.

Another similar concept was introduced by thakahiro S. et al.with his
conCElLrge robot[39], shown in Figure 2-11. Thisstgyn relies on several overhead
travelling units, which move above the ceiling graksess a crane mechanism to pull a
cable linked to a moving platform. Instead of usthgcted fans, they move the overhead
travelling units and control the length and tensidrthe cables to move the suspended
platform. However, this still has the same limiag as the Acroboter. Even with a good
distribution of the load by several agents and @dgension control on the cables, moving
large loads in suspended platforms is always a ®skecially in indoor and crowded
environments. Also, the position control and prieciof the platform is not good enough

to allow tasks such as assembly or fine manipuiatio

Base of ceiling Overhead traveling robot

Ceiling panels Pay load

Figure 2-11 — The conCEIlLrge robot system [39].

Unmanned air vehicles

Recently, there has been some studies and efforts $cientists and engineers to
harness the potential of Unmanned Air Vehicle (UAW) drone technology for

construction and industrial automation.

Probably the most well-known example of large s¢ednsportation using drones is
the Amazon Prime Air[40]. This future delivery ssst from Amazon is currently
undergoing testing phase and is designed to sgilypackages into customers' hands, in

30 minutes or less, using small UAV'’s, as showRigure 2-12.
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Figure 2-12 — One of the Amazon Prime Air prototypes being tested[40].

In 2011, a team of roboticists from ETH Zirich'stltute for Dynamic Systems
and Control, offered a glimpse of what might be gilme with this technology. The
researchers presented a 6-meter tall tower comstrutom 1500 polystyrene bricks,
shown in Figure 2-13, every one of which neatlyeaslsled without any assistance from a
human hand[41]. One by one, a fleet of flying rabdtopped the pieces into place, guided
by mathematical algorithms that took digital desilgia and translated it into flight paths.

Figure 2-13 — Air Drones from ETH Ziirich's Institute for Dynamic Systems and Control building a 6 meter

tall tower, autonomously[41].

This solution presents an advantage to crane sgstsimce it has the ability to
reach any point in space. However, it still has esdimitations, regarding payload limits
and safety concerns. To be able to work in an inégmyironment, close to humans, the
size of the drones must remain small, thus limittegange, duration of flight and payload
capacity. This is something scientists have begngrto improve ever since, with new

materials, lighter and more powerful batteries, enefficient motors and drone designs,
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among other solutions. In the meantime, the ingastn is also focusing on lightweight
construction systems, particularly in the fabricatof tensile structures such as cable-net
structures and three-dimensional suspension stagtinat could not be built with other
fabrication methods [42], [43], as shown in Fig@r&4.

Figure 2-14 — Air Drone making a cable-net structure[43].

Another limitation is their flight accuracy. Withbwany external sensing and
localization solutions, current UAV systems usingboard localization mechanisms
relying on vision and multi-sensor fusion, are ocdyable of positioning accuracies in the
range of a few decimeters[44][45]. Although engmsebave been addressing all these
issues, and drone technology has been evolvingnexpially in the last five years[46],
there is still a long way to go before we can seeliable industrial system based on air

drones.

Robots moving on rails

To address the limitations of systems based onnst@ined mobile robots, rail
based systems have been proposed. These systesfg bem accurate positioning, as
their movement is restricted by the single dimemgiails. Furthermore, high precision
localization sensors can be embedded on both eait robots. The ARTIS robot,
developed by DFKI Robotics Innovation Center andwah in Figure 2-15, is a modular

rail guided robot that moves on a rectangular csessioned rail, and performs inspection
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and maintenance tasks in ballast water tanks[4fi¢ Dbot has a polyurethane traction
wheel, driven by a motor, on the upper surfacehefrail and guide wheels on the sides
and the bottom faces of the rail. Modules are cotatkusing couplings composed of two

ball joints and a rod.

Other very similar robots include the DORIS - Maonihg Robot for Offshore
Facilities[48] and the Simple Redundant Space RfydSpace Station operation[49]. To
be able to access 3D spaces, engineers used 3Dwithl bends and curves. However,
these rail structures are always continuous andeniada closed loop, not possessing
intersections or junctions. This means that, in glex 3D environments, the shape of the
rail mesh must be very well studied, and that idifficult for multiple units to work

simultaneously in the same rail mesh without irtenfy with each other.

Figure 2-15 - ARTIS robot with 5 modules and manipulator arm, and the robot moving on a rail[47].

To address this problem, several strategies weopoged. The Building Wall
Maintenance system[50], developed by researcheisoeta University and shown in
Figure 2-16, relies on several horizontal and wgattiunits moving on a 2D rail grid,
applied on the facade of the building. The horiabuoiits perform the maintenance work
and are carried up and down by the vertical uiStsveral magnets distributed along the
rails, serve as localization and navigation medrasifor the units. This robot is capable
of moving large loads in a safe and precise mara®emRpposed to current cable driven
solutions. However, the complex docking procedemmbined with the need of having
different units for moving horizontally and vertilya makes this system not as flexible as

desired.
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Carrier System 1

!

Figure 2-16 — The Building Wall Maintenance Robot[50].

Another adopted strategy was to use a rail mesh wibtorized rail sections, to
change the movement direction of the agents. LRmdmtic System[51], shown in Figure
2-17, relies on several mobile units moving on iadimensional mesh of rails, which
possesses translational or rotational segmentseTdéow the mobile units to change their
heading direction in the rail scaffold. While oneohand, the scaffold high automation
level effectively increases the mobility and flaktlp of the system, on the other hand it
also increases its complexity and cost, since quires at least one actuator per each

junction.

Figure 2-17 - Lucas Robotics System relying on motorized 3D scaffold[51].
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The Perfect Pick, shown in Figure 2-18, sharesghise limitation [52], [53]. This
system used for flexible storage in warehousdsased on mobile robots which move on a
planar rail grid. This grid possesses multiple soids with a linearly displaceable piston,
to change the tracks configuration at junctions amtkct the agents moving direction
(component 186 in Figure 2-18). While the scaffaldomation complexity is inferior to
the one employed by Lucas, it is still not optinmalterms of cost and simplicity. The
workspace is also discrete, as the robots’ worktiposis in the middle of each grid cell

and there is no arm to enable access to positieivgelen the cells.

4
TT1LLL

Figure 2-18 — General view of the Perfect Pick relying on motorized 2D scaffold[53]. On the right, detail of

actuation mechanism on Perfect Pick Rail Mesh[52].

Autostore, shown in Figure 2-19, is an warehouderaation system relying on
multiple wheeled robots, which move on a bi-dimenai passive grid mounted above
storage compartments[54][55]. By using a craney ttan grab containers stored in these
compartments. The advantage of this system istkieastorage compartments or shelves
can be fully compacted in a block, as the accessmide from above, and are fully passive.
The main problem is that the workspace of suchesyss not continuous but discrete. The
tool used for accessing the 3D space, which ieithee, can only be used when the mobile
robot is in the grid cell, and not in positionshietween. Also, each time the robots need to
switch moving direction, they need to move to thenter of a work cell, stop their
movement and switch the driving wheel set for teeppndicular one. This process takes
valuable time and negatively affects the workfldwr this reason, this system cannot be

used for flexible fine manipulation or digital fadmation.
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Figure 2-19 — The Autostore warehouse automation system moving on passive 2D horizontal grid of

rails[54].

2.2 Conceptual Design

In this section, the SCALA concept for fine mangtion over large workspace is
introduced, with a discussion of the objectives aguisites for such system. Four specific
conceptual designs are introduced, the TrainbetGaAmbot and the Railbot | and.IThe
obtained solutions are compared in detail amongngleévesand to the state-of-the-art
systems presented previously. The best fitting ephéor the objective of SCALA is then

selected.

2.2.1 Goals & innovative features

In the previous section, the main capabilities Bmditations of current automation
systems were identified. While it is possible tovédnasystems which offer very high
precision and repeatability, and others which offdarge area of work and flexibility, the

main challenge is still to find a single systemaialp of delivering both, with speed and

! The author of this thesis collaborated in the tigwment of the Trainbot, Cambot and Railbot I, the
researcher responsible for their design was Lugig8a. They are included here as they are pathef
development of SCALA and their testing contributed the development of the Railbot Il and next
generation prototypes designed and developed byhasis author.
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efficiency. The proposed automation system in digsertation work proposes to address

the shortcomings of the previous systems, by fufjifour main design objectives:

Al - Fine manipulation over a continuous large vepdce;

A2 - High operation speed;

A3 - Several agents working simultaneously;

A4 - Take full advantage of the vertical space height in a site.

To pursue these mentioned goals, the vision for [SCas to have autonomous
mobile robots or agents, operating on specificdéigigned pathways, in the form of a rail

mesh, made of rails and passive junctions. Foretlsgstem elements, four optimization

objectives were considered:
B1 - Mobile robot simplicity;
B2 - Rail mesh cost;
B3 - Modularity;
B4 — Scalability.

These features place SCALA above existing systamslustrated in Figure 2-20.

Accuracy

Parallel
Manipulators

Serial Arms

Ra\l Robots |
emng Robots
Ground Robots j 3!:
Drones

[
>

Workspace Size

Figure 2-20 - SCALA goal features place it above existing systems concerning accuracy and workspace size.
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2.2.2 System building blocks

Using several autonomous mobile robots moving atifipally designed pathways
was the adopted solution, since it fulfills all maiesign objectives. The pathways are built
by two modular elements, rails and junctions. Tbhgetthey form a mesh of rails where
the mobile agents move, allowing to cover a largerkapace with high speed and
precision (main design objectives A1 and A2), doedntegrated localization and power
solutions. The rail junctions enable the robotstramsit between collinear, parallel or
perpendicular rails, thus allowing several unitsvtrk simultaneously and collaboratively
(main design objective A3). The rail mesh can becedl on the walls, ceiling or even
inclined surfaces, allowing to separate the robowirenment from the human
environment, thus avoiding any conflicts and insmneg@ work efficiency (main design
objective A4). In the design of the scaffold compots, the adopted approach was to make
only a couple of modular components which can tlieen connected in arbitrary
configurations, just like construction blocks, torh the scaffold mesh, thus fulfilling both

B3 and B4 optimization objectives.
Rails & Junctions

The main components of the scaffold are the ral& junctions are the connecting
elements of the rails. They can join two perpendicuails, thus allowing the agents to

switch the movement direction.

For the sake of scalability, and to make the invesit feasible for a wide range of
applications, the designs should be optimized grepto reduce the cost of the scaffold
system and instead integrate any required compitanto the agent. To do so, the
scaffold components are totally passive (no actuao active sensor and no power). By
using a custom-made aluminum extruded profile Herrails, one is able to produce a large
amount of these rails at a reduced cost (B2 opditiim objective), with a considerable
low initial investment (for the extrusion mold m&jr A custom-made design also enables
fine-tuning of all the necessary embedded elemé@ihgs.rail junctions constitute the most
expensive part of the rail mesh, since they nedifgher fabrication precision to avoid

problems when the agents want to change their tthreof movement. However, lower
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prices might be achieved when producing large dtiesit Also, one of the criteria which
can be implemented when designing the rail mesb isd the minimum optimal number

of rail junctions.
Agents

The mobile agents constitute the work force of #3@ALA system. They possess
some degree of intelligence, enough to send amdveesignals to a central control station,
drive its motors and receive and interpret the agfrom its embedded sensors. They are
also modular designed (B3 optimization objectiva&),the same base can accommodate
several different tools for different tasks, such acamera for surveillance or a joint
module to support a manipulator, as shown in Figgs2l. Since they continuously
communicate their task and position to a centratrod unit, the system knows in real time
the position and state of all agents. It can themdghem commands and tasks, or attribute
trajectories to better optimize the workflow andawoid conflicts between them. This
means that little processing power is required fribra individual agents, and also no
collision avoidance sensors are needed, thus makerg a simple and affordable solution

to acquire, run and maintain (B1 optimization objex).

<l P

Base SCALA Agent

Camera Module Jomt

Surveillance Agent PM Agent

Figure 2-21 - Modularity of the SCALA agents.
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2.3 Applications

2.3.1 Automation and fine manipulation

The SCALA platform primary application is automatigick and place and 3D
digital fabrication.

While current 3D printing systems can offer a véigh printing resolution and
object detail, current limitations include relatiwslow build speed and limited object size.
In an effort to improve the fabrication speed, liglvelocities and accelerations were
employed, up until the precision limit of both serssand actuators. Recently, parallel
additive manufacturing strategy has been testetl, thve Project Escher, by Autodesk[56].
In this system, multiple independent extruders wairkultaneously on the same part, as
shown in Figure 2-22, thus reducing the fabricatiiome. Still, this concept has a large
limitation in the fact that the extruder movemennbt truly independent, but its range is
restricted by the movement of the subsequent extsudVhen the first printing head wants
to move to the end of the production line, all otlpeinting heads must also move
backward and stop production.

Figure 2-22 - Project Escher parallel additive manufacturing concept, by Autodesk[56].

Even though these 3D printer architectures ardyessalable, most printers are
limited to small workspace volumes. However, thisralso great potential in large scale

3D printing. Printing an entire house or infrasture quickly and efficiently, without hard
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human labor, using the resources available onitb@sd generating no waste, may be the
solution in sub-developed countries, catastrople@aios, war zones or even establishing

future colonies on other planets[57], as shownigufe 2-23.

o

45

Figure 2-23 — NASA’s vision for a 3D printed colony on the Moon[57].

Construction is still an area where the level otomation is very low in
comparison with current technological advances[3Byme effort has been made to
develop automation solutions in this field [59]]6kut there is still a need for flexible
intelligent systems for the next generation comstom industry. The 3D Print Canal
House project [62], shown in Figure 2-24, propdaseluild a Canal House in the heart of
Amsterdam to demonstrate the potential of 3D prmtiechnology when applied to
construction. Italian social business WASP[63],aleped a full size portable 3D printer,
shown in Figure 2-25, which prints bio-architecthmises using mud. In many parts of the
world where affordable housing shortages are a ig@wroblem, mud remains the most
affordable and widely available raw material. Hoee\building with it is an arduous and
labor-intensive process. WASP prototype, consistiiga three armed, 6 meter high
portable 3D printer, which can be assembled onlsitewo people, is capable of printing
structures up to 3 meters high, in two hours. Theesanples show the potential of current

3D printing and fabrication technologies.
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Figure 2-25 - Scale down prototype of WASP Delta mud house printer in action[63].

SCALA, as a system capable of fine manipulationr@/éarge space, can also be
employed in large scale construction applicatignesforming tasks such as brick laying,
tool carrying or welding, with multiple agents worg simultaneously, thus largely

improving the tasks’ speed and efficiency, as showFigure 2-26.
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Figure 2-26 - Two possible applications of SCALA in automation and construction.

SCALA can also be used in agriculture, inside gneeises, to attend large crops in
a fully automated fashion and throughout all itag#s, from the seeding, to the watering,
pruning, disease detection by visual means, rengovirweeds and fruit collecting (Figure
2-27).

Figure 2-27 - Possible SCALA application as a greenhouse automation system.

2.3.2 Vision and surveillance

SCALA characteristics make it an advantageous isoiUbr applications without
physical contact, relying on vision. Several tasles be performed by the proposed
architecture with superior efficiency, relatively texisting systems. This is also

investigated in this dissertation work, even thoiigk not SCALA’s primary application.
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Computer vision has become, in the last years, ainne most active research
fields, with many breakthroughs regarding the safewvand algorithms for accurate target
perception and identification. This research fidlds a wide range of applications,
including 3D reconstruction, surveillance, workwlanonitoring, inspection, automated

guidance, motion capture, among many others.

Optical motion capture technology has several bamfmanical applications,
including gait analysis, ergonomics or human facgiudies, orthopedic evaluations, and a
wide range of sports performance studies. It $® alsed quite extensively in computer
animation work for video games, television showsd &lollywood movies[64] (Figure
2-28).

Figure 2-28 - Motion capture studio with multiple fixed cameras([9].

For this reason, setting up a human motion analgbigratory is currently one of
the most solicited research setups in the robatickvision communities[65]. By having
multi-view images from a scene, one can extracth8an body parts, using any of the
extensive list of vision algorithms and methodsilatde today[66]. OptiTrack [67] is the
largest motion capture provider in the world amsdtypical system consists of at least 6 up
to 48 or more fixed cameras in combination with amputer incorporating system

controller software to automate the data collection
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The number of cameras required for an applicaodeijpendent upon the number
of subjects being recorded as well as the desaptlice area. The more subjects and/or the
larger the capture area, the more cameras willészled for the laboratory or studio[9].
This makes the whole system very expensive and bcaigd to set up and calibrate.
Riberto et. al.have analyzed several setups for setting up advdiinalysis Laboratory,
and described the many problems and challengekisnfield[68]. They showed that 8

cameras are required to cover an area of approsiyndx2x2m.

Multi-camera vision systems with the capacity oéntfication and extraction of
3D human body parts from a scene are also usefuidieo surveillance and elder care
which has an important social impact considering #geing of the population. Video
monitoring is a commonly-used tool for domestic gmablic surveillance. However,
considerable human resource is required in ordendoitor activities in large areas with

multiple camera systems.

There are already some tested and implementeditaigsr developed for elder
surveillance and specifically fall detection usiegmputer vision systems that have
achieved promising results[69], [70]. Yet theyllstequire a large number of cameras
distributed throughout the elevated points (i.elirgg of the facility to avoid object
occlusion, dead angles or aliasing effects wherctiveera-target distance overcomes the

non-ambiguity range[71], [72].

To overcome the limitations of vision systems nedyon fixed sensors, some works
involving cameras mounted on mobile robotic platferhave been developed. However
most of these systems use mobile robots movindgergtound to move the cameras [65],
[73]-[75]. This presents several limitations, whiaklude their low positioning accuracy,
inherited from errors of the introceptive and eataptive perceptual system, including
computer vision, GPS, wheel odometry or inertialdoile readings[31], [32], [76]. Even
though, by means of a complex fusion of multi-seymsdata, one may achieve a
positioning accuracy of few millimeters [77][78][[f9vhich is enough for navigation and

other tasks, the required sub-millimetric accurdoy a reliable multi-camera 3D
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reconstruction is not yet achieved. Other limitataf such systems is that, by moving on
the ground, they have to share their space witlplpeand static or moving obstacles, so
they need to possess complex collision avoidancehareésms[80], [81]. This not only
limits their work flow capability, but is also farom being an unobtrusive solution.
Ground mobile robots also struggle to overcome commbstacles found in indoor

environments, such as steps or path obstructinaiding doors or gates.

One of the most promising solutions was found tasieg robots moving on rails.
These possess several advantages over ground aial embots, including high
localization precision, thanks to the possibilifyemnbedding accurate localization sensors
in the rails; infinite energy autonomy, by usingadtified rails; discreet and efficient
solution which can be mounted on walls or ceiliagd consequently does not have to

overcome unexpected obstacles.

1D rail systems, such as the CamTrack [82], Sera&bfB3] and VideoRailway
[84] have been developed and commercialized fovesilaince in large warehouses and
supermarkets (Figure 2-29). However, their limgatito one dimensional movement
makes them useless in environments with severasgidins, obstacles and walls. It also
becomes difficult for several surveillance unitsfalow simultaneously different targets,

without getting in the way of each other.

Figure 2-29 - Advanced IP CamTrack Security and Surveillance Robot from Revolutionary Robotics[82].
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SCALA constitutes a step forward regarding theestatt the art mobile vision
systems, as it is capable of having multiple mobdbots moving in an obstacle free
environment, with high localization precision, ambdere multiple routes can be taken, thus
becoming more flexible to adapt to large and com@eenarios. This includes indoor
environments with several rooms, large warehous#s multiple aisles (as illustrated in
Figure 2-30), etc... It is worth mentioning thahabile camera system with a big overview
of the whole system, can provide significant infation for localization, path planning
and fault detection of the other agents scattenetieé rail mesh. This has been made for
instance in a work byavakoli et al. which involved cooperative multi agent mapping an

inspection of a 3D structure with a group of temiakand climbing robots[85].

Figure 2-30 - SCALA surveillance system in a large warehouse.

It is also advantageous as a video surveillanckitotarge and crowded public
spaces, as the ones illustrated in Figure 2-31reMie capability of moving to another rail
to get a better view of the followed target, midig invaluable to overcome current
problems with object occlusion or dead angles. Bgwking in real time the exact pose of
each camera and being able to move the cameragslitovfa scene, this system can
perform precise 3D reconstruction on big spacesgusewer cameras than existing
systems based on fixed sensors. This can be use8Dfadeconstruction, in animation

studios or for athletes in training facilities drygical rehabilitation.
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Figure 2-31 - Examples of environments where SCALA automated surveillance system can be applied:

airports, car parks, stadiums, shopping centers.

SCALA might also be used for personal support asgiséance. Not only it could
allow to reach objects on shelves, but it could gierform constant surveillance and
monitoring of old or disabled people and patieRigiire 2-32). By fitting the surveillance
agents with the state-of-the-art vision algorithoapable of detecting falls, faints, heart
attacks or other dangerous situations, it mightv@rto be a valuable tool in private

residences, clinics, hospitals and nursing homes.

Figure 2-32 - SCALA as a home surveillance, support and assistance system.
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2.4 Detail Design

In this section, different system architectures presented and, in some cases,
accompanied by a more detailed design and analysis. goal is to fulfill the main
objectives (Al1-4) and evaluate the performanceysfesn architectures, in regard with the
optimization objectives (B1-4). Each system araititee moves further towards the design
of the system building blocks (mobile robots, railsd junctions) which fulfills the set

objectives.

2.4.1 System architecture and evaluation

The main goal of the SCALA is to perform fine mangtion over a large
continuous 3D workspace. Moving robots on rails paty offers larger localization
precision, but also makes it possible to instadl slistem vertically or upside down. A rail-
based solution has one main function: conduct ti®ts’ movements between two
locations. To fulfill this, three design aspectyvédo be considered: guidance, drive and
navigation. The rail mesh is to be installed on ¢b#ding or on the walls, and the agents
move on the rails, while carrying some payload. Tdiesystems to fulfill these demands
have to be form-fit, because the expected weighhefrobotic system cannot be handled
safely in an upside down or vertical position byrenadhesion. The combination of rail
and slider design must ensure that the mobile dggnboth vertical and lateral support, as

shown in Figure 2-33.

Rail Cross Section
T

Other possible cross-sections:

%
- v | G

Slider

Figure 2-33 - Different rail cross-section shapes considered for the SCALA system.

For single rail systems, with no junctions or istmtions, several types of cross-

section shapes might be considered [47]. Howewethis case, due to the existence of
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junctions where the agent should be able to swikhmoving direction, the choice of

cross-sections was more limited. Different desigmsthe cross-section were evaluated
during this conceptual stage (Figure 2-33), throGdtD design and physics simulations.
The optimized design must offer reduced frictiortte movement by reducing the area of
contact between the rail and slider, while stifieahg good support to the mobile robot.
This is particularly critical in the rail intersémis or junctions, were due to the
discontinuity of the rail walls, as shown in Figte34, the slider/rail fit must ensure full

support to the robot and a good performance irctbgsing of the junction.

The optimal design was found to be the C-shapedsesection. This shape also
facilitates the placement of the power and locébza solutions. In the rail base,
counterbores are made to allow rail fixation to ¢tleding, thus avoiding problems such as

rail bending and deformation.

—

Front view

Bottom view

Figure 2-34 - Slider placement (black square) in the vicinity of a rail junction, showing the discontinuity in

the slider support (hashed areas).

3D Workspace System

Mobility on two dimensions limits the range of SCALlapplications to simple
transportation tasks or applications with no contacich as vision. To achieve fine
manipulation or to perform digital fabrication, oneeds to have a system with a full tri-

dimensional workspace. This section is dedicatethéosolution adopted to extend the
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SCALA workspace from 2D to 3D. To accomplish ttgeyeral strategies can be adopted,

as illustrated in the schematic Figure 2-35.

Rails and curves
3D < :| 3D Agents
System Architecture < Rails and L junctions
2D — Rails and X junctions :l 2D Agents

Serial Arm

Agents (2D & 3D) <:

Parallel Structure

Figure 2-35 - The different architectures considered and tested for the SCALA system.

3D Scaffold Architecture

In a system where mobile robots run on rails, ttés1 be accomplished by
designing a continuous rail with 3D curves, as shawFigure 2-36 a), which allows the
agents to get to the desired areas in the worksgdie was the solution adopted by the
ballast water tank inspection robots [47]. Theibabruns on a continuous rail, which
passes through all the critical points of the wedek walls. The goal here was not to reach
the whole workspace volume but just its boundafes.this reason, it is possible to make

a scaffold which allowed the robot to reach allessary points.

Figure 2-36 - System architectures with 3D agents on 3D scaffolds: a) continuous rail with 3D curves; b)

perpendicular planar scaffolds with 3D agents.

However, in applications where one needs to actesswhole volume of the

workspace, the complexity and cost of the rail mesjuired would render this solution
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obsolete. It also constitutes an obstruction towbek environment and makes it difficult
for multiple agents to work simultaneously witharitering in conflict or getting in the
way of each other. Due to the fact that it is atiomous rail with no branches, if one of the
robots stops working, the whole line is compromiasdther robots cannot pass over this
robot. Thus, both A1 and A3 design objectives arteaccomplished with this architecture.

One solution to address mobility on 3D scaffolds,td build separate planar
scaffolds and place them perpendicular to eachr ddseone in the wall and one on the
ceiling), while havingL shaped junctionso connect them, and junctionsin the planar
scaffolds, as shown in Figure 2-36 b).

Several concepts were envisioned for this solui@me concept was to use a robot
with tracks and two movable and rotating slidetsiswould allow the robot to switch to a
perpendicular rail in ah shaped junctionThe process is illustrated in Figure 2-37, and
starts with the robot approaching the perpendiaaigrwith the slider aligned with the gap
on the rail, so that it can enter inside it (Fig@r87 a)). When the robot is in the corner of
the two perpendicular rails, it rotates both skgeo that the slider holding the robot to the
previous rail aligns with the gap on the rail artbases the robot. On the other hand, the
slider on the perpendicular rail, rotates in oreattach the robot to the rail (Figure 2-37

b)). The robot can then continue its movement erpigrpendicular rail (Figure 2-37 c)).

Figure 2-37 — Mobile agent concept for L junction passing. a) approaching rail corner; b) rotating sliders

and switching rail attachment; c) moving forward on perpendicular rail.

However, this concept was not developed furthex thuthe complexity of the

mobile agent and its locomotion principle.

Another concept was explored, called Trainbot, showFigure 2-38.
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Figure 2-38 - Trainbot prototype for 3D scaffolds. 1-connection link; 2- module plate; 3-wheel module

frame; 4- slider; 5- slider connection; 6- slider servo connector; 7- potentiometer.

For this concept, two differential drive modulesthaa slider which goes inside the
rail, were connected through a link. Each drive nlegpossessed two drive motors and a
servo motor to adjust the distance between thersidd the wheels, through a screw-nut
mechanism. This enabled active traction force abnby pushing the wheels against the
rail and increasing their normal force. It was alsed durind- junctionpassing, where the
slider must keep a distance from the wheel in otdevoid hitting the rail, as can be seen
in Figure 2-39.

LOCKED

g
i e T T ——

Figure 2-39 - The L junction passing procedure, from a) to e), of the first prototype of mobile agent, tested

for 3D scaffolds.

This slider was specially designed with 8 rolldéh&t guaranteed contact with side

plane and top plane of the inside of the railssthiwould move along the rail with low
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friction and zero clearance. To experiment thistesys an early version prototype of
SCALA was developed. Four potentiometers were nexlrdn the robot joints and
reported the angle of the modules in relation tcheather in two different planes, when

passing the&X junction and when passing theunction as illustrated in Figure 2-40.

Figure 2-40 - Trainbot performing X and L junction crossing.

Chassis parts were custom designed and 3D printpdlyamide or laser cut from
acrylic, while the rail segments were built frorarminum. This system had an overall of 6
actuators, which were AX-12 Robotis servo motorsj a CM-510 controller, also from
Robotis[86]. To cross th&X junction differential drive was used. The leading module
rotated 90 on the junction and moved on the new axis, uhélfollowing module reached
the junction (Figure 2-40). The process was momaatex for thelL junction involving
several steps, as illustrated in the Figure 2-88t,Rhe robot drives to the vertical rail (a)).
Then it locks the back wheels by pushing theiresliggainst the rail and releases the front
wheels by making some gap between their sliderthadail (b)). Then, the front wheels
rotate, forcing the released slider to rotate 80he perpendicular rail (c)). At this point,
both sliders are positioned for maximum wheel toacaand the front wheels move up the
vertical slider as the back wheels move forwardeWthe back wheels touch the vertical
rail, the front wheels lock to allow the back slide rotate and engage the vertical rail (d)).

Then thel junctionpassing is complete (e)).

The advantage of this design was that it allowedihtyp over a 3D workspace.
Nevertheless, passing thgunctioninvolved several steps, thus becoming highly comple

and time consuming. In addition, the process adthog the slider from one rail to the
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perpendicular one required some gap to exist betwbe and the rail. During the
experiment, it was discovered that the transitrmmfthe horizontal rail to the vertical one
on the L junction was possible, but the transition between a vértied and an
overhanging rail was not possible. The reason veasilse on step b) (Figure 2-39), the
gravity helped the wheel to keep in touch with thi and rotate the slider. However, this

was not the case for the vertical to overhangiagsition scenario.

These problems of crossing thgunctionwere addressed with a new design. This
novel approach was based on a guaranteed contactdyethe wheels and sliders with the
rails, in all steps of movement, as shown in Figktél. In this way, the wheels have
enough traction during the whole process, allowiagsing thé. junction even in vertical
to hang down scenario. To test this, a new prototgilled Cambot, similar to the previous
one except for the slider design, was developed. mhin challenge here was to find the
shape of the slider which guaranteed two constantact points with the rail, while not

colliding with the rail walls in any other point.

Figure 2-41 - Novel concept, based on the premise of having always two contact points between the

slider and the rail (in red) and at least one contact point between the wheels and the rail (in green).

The shape of the profile was determined as a fonaif the rotation angle, drive
wheel radiuR and the half of the length of the slid&rand corresponded to the relative
position of the point P of the inside corner of tlad, relative to a slider wheel, whose
radius isr. This relative position is given in terms ofand v, as shown in Figure 2-42,

which translates to the following expressions:
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Figure 2-42 - Slider profile determination for the second prototype of mobile agent, for 3D scaffolds.

The final shape for the slider is depicted in Fegu-43. This profile was
symmetrical to be able to work in both directiorigwno difference.

Figure 2-43 - Slider design for the Cambot prototype, for 3D scaffolds.

In addition, and since there is no need to incrélsegap between slider and the
wheels, duringL junction passing, the active traction control system baseda servo
motor per drive module, which worked in two direcis, was replaced by a passive tension
system using a linear shaft and a spring, whichtegdorce in one direction. This resulted
in a reduction of the total number of motors frono@l, as shown in Figure 2-44.
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Figure 2-44 - Cambot prototype for 3D scaffolds. 1-New slider for continuous contact during L junction

passing; 2- Spring; 3- Linear shaft.

Tests conducted with the new prototype showed ingrents regarding the
junction passing procedure, due to the continuous confabecslider and wheels with the
rails and continuous traction. Still the systemwve to be too complex with passive
degrees of freedom which made the robot contrdicdit to achieve. Although removing
the active traction control meant two less motthe, new prototype had no control over
the traction force, meaning that moving on vertiaatl horizontal rails was performed
under the same conditions. The springs used netedbd optimized to provide enough
traction in climbing while not making too much &since during horizontal traveling. In
addition, one needed to take into consideratiorpthssible cargo or exterior forces on the

mobile agent, for both scenarios.
2D Scaffold Architecture

The 3D scaffold solutions were discarded in favioa impler solution where the
mobile agents move on planar 2D scaffolds. Sineendor 3D scaffolds, mobile agents
required an arm to reach all the continuous workspa would be beneficial to maintain
the scaffold and agent architecture as simple awdcbst as possible, since hgunctions
nor mechanisms for passing them are required, alceladvantage of efficient solutions to
reach the workspace. In Figure 2-45 a), the solutidopted is to use a serial arm placed
on the agent for full workspace coverage. Howewdren transporting large loads with

high speeds and accelerations, the resulting tesrgneéhe agent may damage it or the rails.
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For larger and heavier transported loads, the weigl size of the arm would also need to

increase.

b)

Figure 2-45 - System architectures with 2D agents on 2D scaffolds: a) single agent fitted with a serial arm;

b) parallel manipulator driven by 3 agents.

To have a better load distribution, the optimalusoh is to have a parallel
manipulator driven simultaneously by three ageats,shown in Figure 2-45 b). This
results in a much stiffer tool, capable of safegnsporting cargo with large speeds and
accelerations. A more detailed comparison betweenalsand parallel machines is
presented in the next chapter. The parallel maaipublso takes advantage of the mobility
of the agents to position its end-effector, noturegg any extra driving actuators or

motors, as the serial arm solution requires.

The challenge on a 2D mesh of rails, which canmistalled at any arbitrary angle,
is to develop mobile agents which are able to nmvéorizontal, vertical and hang down
scenarios, with the same efficiency. In this waye guarantees a modular system that can
be installed vertically to resemble a shelf, orifmmtally to resemble a network of mobile

robots on the ceiling.

In the previous concepts, the variations on theekfraction caused the system to
fail. To avoid slippage during agent movement, be hew prototype called Railbot,

shown in Figure 2-46, the motion coupling systens wlaanged to a gear rack drive.
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Figure 2-46 - Railbot prototype for 2D scaffolds. 1- Slider; 2- Big gear for the motor orientation control; 3-
Anti-backlash gear for the motor orientation control; 4- Motor responsible for switching the driving

motors’ orientation; 5- Driving gear; 6- Driving motor.

Now, each motor of the agent drove one gear, weigfaged a rack placed on the
rail. Due to the existence of a discontinuity oe tlack in the rail junctions, at least two
gears and motors were required, so that there ays one gear engaged when the agent
was crossing the junctions. The solution found teasse an agent with two driving motors
aligned. To switch the movement direction on ¥gunctions an auxiliary mechanism

rotated the motors 90° (number 4 in Figure 2-4@asured by a shaft encoder.

For this process to be efficient, two aspects weteial. First, when switching
direction in theX junction the robot should be positioned precisely in teater of the
junction. To ensure this, a mechanical positiorsotution in the form of spring plungers
was used, that helped positioning of the robot anEached the junction center, as shown
in Figure 2-47. Three spring plungers were placedha junction which engaged the
respective holes in the sliders and center of @ity thus locking it precisely in the
junction center. Second, the mechanism for chantjiegrientation of the robot from one
axis to a perpendicular axis, should be accurateséiff. Otherwise, when rotating from
one axis to the perpendicular one, the pinion cfaildo align and engage with the rack.
To solve this problem, an anti-backlash mechanismmfper 3 in Figure 2-46) was
employed. The anti-backlash system consisted ofg@ars mounted on top of each other,
and a spring which pushed these two gears in ofgpdsections. Therefore, upon rotating

around the big gear (number 2 in Figure 2-46),latlkwise (CW) or counter clockwise
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(CCW) directions, at least one of the small geaas wlways tangent with the big gear,

thus removing the gap between gears teeth andiredbacklash.

Side Plunger Hole

Central Plunger Hole %

Figure 2-47 — Drawing and 3D model of Railbot, showing the fixture mechanism used for precise

positioning of the agent in the center of the junction.

The Railbot | prototype developed can be seen murei 2-48. Overall, this
architecture was much simpler than the previousepts, integrating only 3 actuators.

The chassis was made from 3D printed parts andatdraluminum profiles.

Figure 2-48 - Railbot | prototype of mobile agent, the junction, and the rails.
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The motors and controller were the same from prevjarototypes. The rails were
aluminum extruded profiles from IGUS[87], while tfenction part was 3D printed in

polyamide.

Tests were conducted with the prototype moving be 2D scaffold placed

horizontally (Figure 2-49), upside down (Figure @s%or vertically (Figure 2-51).

Figure 2-49 - Railbot | prototype passing a X junction on the 2D scaffold, placed horizontally upward. a)
agent approaching the junction, b) agent on the junction, c) Changing the movement direction by rotating

the driving motors, d) movement on the perpendicular rail.

Figure 2-50 — Railbot | prototype passing a X junction on the 2D scaffold, placed upside down. a) agent
approaching the junction, b) agent on the junction, c) Changing the movement direction by rotating the

driving motors, d) movement on the perpendicular rail.
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Figure 2-51 - Railbot | prototype passing an X junction on the 2D scaffold, placed vertically on a wall. a)
agent approaching the junction, b) agent on the junction, c) Changing the movement direction by rotating

the driving motors, d) movement on the perpendicular rail.

All sequences were repeated 20 times, for sevemttibns, achieving a success
rate of 100% for junction passing. Still, this dgsivas not optimal since it meant that the
robot needed to stop its movement at the junctwinen it wanted to switch moving
direction, for the period of time that it takesrtwate the driving wheels about 90°. This has

the potential to negatively affect the workflowtbé whole system.

In an effort to overcome this limitation, the firadncept for the SCALA agent is
developed. The Railbot Il, designed and conceiwethls thesis author, uses four motors,
each one driving one gear, which engage the rackberails. In this version, for passing
a junction, there is no need for a central rotatiechanism. Instead, all four gears are
engaged with the four perpendicular racks, as showne scheme present in Figure 2-52.
When reaching a junction, the robot can decidetdioue its navigation on the same axis,
or switch its moving direction, simply by activaginhe perpendicular pair of gearmotors.
When the agent is crossing the rail junctions,didke gears have to smoothly engage the
racks on the perpendicular rails while offeringlditresistance to the junction passing
process. To achieve this, the gears have to beiaflpedesigned to afford a smooth

engagement of the rack.
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Nl I

Figure 2-52 — Junction crossing sequence, highlighting the engaged gears at each time: a) agent
approaches the junction (only one gear is engaged in the rail rack), b) agent in the middle of the junction
(all four gears are engaged in the 4 perpendicular racks). At this point the mobile agent can switch its
direction of movement and go to the transversal rails, or continue its longitudinal movement and

proceed to c), where it is shown leaving the junction (only one gear engaged).

This is achieved by both tapering and crowninghaiirt teeth (shown on the right
image of Figure 2-53), in a similar solution to three employed byadakuma K. et ain
his work on omnidirectional driving gears[88]. Irstthorough analysis work, Tadakuma
shows the advantage of using this solution in alifgetional driving gear. He later
employs a custom made gear with passive rollerschwbffer minimal resistance to the
sliding of the gear. However, given the small scalethe prototypes developed, the
manufacturing challenges involved in the fabricatiof the required gear, make this
solution impractical. The Railbot Il concept conges the basis of the several generations
of the KC AL A aqents, wbirh appnrasanted.in. thimidhg chapters of this thesis.

Figure 2-53 — Detail view of the side gears engaging the perpendicular rails during junction crossing. The

big arrows shows the direction of the mobile agent movement.
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2.4.2 Control, communication and localization mechanisms

There are several different solutions for the natigm and localization of mobile
agents. Wire following was used by the first AGY, Barrett Electronics of Northbrook,
lllinois, in the 1950s [89]. The principle behindis a wire placed in the ground which
transmits a radio signal. This signal is detectgedhie sensors on the AGV and is used to
steer the vehicle.

Today, most automated vehicles are laser navig&®etlective tape is distributed
throughout the AGV environment. The AGV carriesaaelr transmitter and receiver on a
rotating turret. Then it determines its positionrbgasuring the angle and distance to any
reflectors that are in its line of sight, and compa this information to the map of the

reflector layout stored in its memory.

Guide tape, whether magnetic or coloured, is amatbéution. The AGV is fitted
with the appropriate guide sensor to follow thehpait the tape. One major advantage of
tape over wired guidance is that it can be easityaved and relocated if the course needs

to change. It is also a passive and unpoweredisolut

Inertial navigation is based on the inputs fronmirartial measurement unit, mounted
in the AGV. This unit possesses a combination cebrometers and gyroscopes, capable
of measuring and report a body's specific forceargular rate, thus detecting the slightest
change in the direction of the vehicle and actmgrder to keep the AGV on its path, with
a margin of error of a few millimetres [77][78].drtial navigation can also include the use

of magnets embedded in the floor of the facilitgtttihe vehicle can read and follow [90].

Natural targeting navigation and geo-guidance haeeadvantage of not requiring
retrofitting of the workspace. Typical systems esyplange-finding sensors or cameras to
record features along a route and use these feaagaeferences for their navigation.
Using these fixed references, they can positiom#@ves, in real time and determine their
shortest route. The advantage of such systemsaistliey are highly flexible for on-
demand delivery to any location. They can handlerawithout bringing down the entire
manufacturing operation, since AGVs can plan patfeaind the failed device. They are

also quick to install, with less down-time for tiaetory [75].
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In the SCALA system, the positioning precision igtical both for visual
applications, such as 3D reconstruction, and atsdifie manipulation tasks. Given the
fact that the agents’ movement is restricted byrtiks, one can embed the localization
system in the rail. The movement along the radne dimensional, so localization in the
rail can be achieved with a low cost magnetic st linear encoder solution. By
establishment of selective cuts on the magnetigsstthe localization of agents is reset, in
order to compensate possible incremental errorssdlouts can also be used as a means to
identify the rail in which the robot is moving. Fhis then communicated via wireless
(radio, Wi-Fi or Bluetooth) to the central contethtion, which possesses a pre-loaded map
of the structure, and is capable of knowing in teak the exact position and task of each

mobile agent in the rail mesh.

In return, the central control sends commands stask trajectories to the robots.
For task allocation and path planning, as showrFigure 2-54, cost functions are
considered, taking into account task priority, ulisance to other agents, concurrent
movement of multiple collaborative agents, taskcekien time or minimum junction

passages.

current position

D Agent
0] Parallel Manipulator | desired position

Figure 2-54 - Path planning of SCALA agents on an arbitrary 3D scaffold.

This central control station is also programmedtok automatically, requiring no

human intervention or supervision.
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Power solutions to the agents include rails wittbedded power lines or on-board
batteries and charging stations. The first soluti@s been widely used in rail based
automation systems. Cooper tracks and brushes earsdd to feed power to the agents.
This solution has the advantage of enabling uniaptéed work, as the agents do not need
to stop to re-charge their batteries, as in therssolution. From the maintenance point
of view, it is also preferable, as it is cheaperdplace damaged brushes than degraded

batteries.

2.5 System Benchmarks and Comparison

Having clearly defined not only the system requieais but also its detail design,

one can break SCALA in its main components, as shawigure 2-55.
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Figure 2-55 - SCALA system breakdown.

These constitute the basis for the SCALA implemtgona Taking advantage of the
high mobility degree of its agents and the fact tha scaffold can be mounted in any
orientation, one can use the rails for both sheras ceiling, using mobile agents on the

shelves to pick up individual objects and ceilimgats to transport these objects inside the

58 FCTUC 2017



Chapter 2 - Novel Multi-Agent System for Fine Mamni@ation over Large Workspaces

warehouse. Surveillance agents can also be add#utk teystem, to visually inspect the

work-flow and quickly detect any problem or malftiona (Figure 2-56).

Modular

Surveillance Agents
Shelf —S_

— Ceilling Mesh
_——

—._ of Rails

Parallel
Manipulator

Figure 2-56 - Detail of the SCALA warehouse automation system.

The parallel manipulator is also a crucial compdéneinthe system, by enabling
access to the 3D workspace. This parallel manipukiso has the advantage of being able
to move from one workblock to another and to chaitgeonfiguration. By changing the
working rail of the agents, a new manipulator igrfed which is advantageous in terms of
workspace. Most of the components of the parallehipulator are modular, including
connection points to agents, tools, links and pilifferent tools can be installed on the
manipulators and furthermore, by changing the kengft the parallelogram, different
workspaces for the manipulators can be achieveditiyg the end-effector with a laser
cutter or a filament extruder, one can transform phatform in a large scale 3D digital
fabrication system, where multiple agents can wsrkultaneously on the same job and

with different materials (Figure 2-57).

This will be, to the best of the author's knowledgee first time that a complex

fabrication like this will be carried out by an ekianging fully autonomous system.
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Figure 2-57 - SCALA as a 3D digital fabrication system.

The Table | summarizes a direct comparison betwberstate-of-the-art systems
and the SCALA Railbot Il concept.

Table | - Comparison between state-of-the-art systems and SCALA Railbot Il concept.

Drivi . Localization
System © Sensors Scaffold Locomotion ocalizatio
Motors System
3 potentiometers
Hangbot [33] 4 p Perforated steef Step-by-step  Linear encoders
3 linear encoders plate
8 IR sensors
1 pressure sensor 2D
KIVA [24][91] 2 P ) Ground Continuous QR/Datamatrix
QR reading codes on floor
Sensors
Lucas R. S. 3D actuated rail _. .
[92][51] NA NA mesh Discontinuous NA
Perfect Pick 1 1 hall senso 2D actuated rai Continuous Hall sensor on
[52][53] mesh drive motor
Autostore 2D passive rail _. . Rotary encoders
)
[93][54] 10 8 encoders mesh Discontinuous on wheels
SCALA 4 potentiometers 3D passive rail . . .
. 6 . Discontinuous|  Linear encoders
Trainbot 2 linear encoders mesh
4 potentiometers i i
SCALA Cambot 4 p 3D passive ral Continuous| Linear encoders
2 linear encoders mesh
SCALA Railbot 1 shaft encoder 2D passive rail . _ _
3 . Discontinuous|  Linear encoders
| 4 linear encoders mesh
SCALA Railbot 4 4 linear encoders 2D passive rail Continuous| Linear encoders

mesh
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Hangbot represents the advantages and disadvantégiscking mobile robots.
While it can achieve high localization precisiohraugh the use of encoders combined
with a preloaded mapping of all docking points witieir exact coordinates, its docking

process is slow and thus not suitable for an im@dlsise.

KIVA system utilizes many solutions often employbg ground AGV based
automation systems[24][91]. KIVA agents drive systis one of the simplest. It uses six
wheels and differential drive. The two motors irViAl robot drive two wheels, while the
remaining four wheels are passive caster wheelsh B#tor boasts abo@Nm of torque
and stall power of almodkW. The motors are coupled to a gearbox which pedar5:1
reduction. While no max speed or acceleration #gwould be found, they most certainly
are limited to a safe range, as these robots ghaie workspace with human workers.
Precisely for safety concerns, they are fitted w8thnfrared (IR) sensors for obstacle
detection and 1 pressure sensor for collision dietecThese numerous sensors increase
the complexity level and price of each agent. QuRgsponse (QR) codes embedded on
the floor (black markings visible on the floor ingkre 2-4) are used for localization of
each agent. Localization mechanisms based on visi@R codes are reported to have an
accuracy in the order df to 2cm[31][32], thus not suitable for high precisionkasin
addition, they do not possess any means to acdé@sgp&ce, through a robotic arm, for

example.

The advantage of systems moving on scaffolds isttley can reach high speeds
and accelerations, as they do not share their wades with humans. Lucas Robotic
System drive solution is rack and pinion. No infatian on the number of drive motors,
nor the self-localization solution employed, coud found. Still, their actuated rall
positioning precision is said to be in the orderOo®5mm[92]. These motorized rail
modules exhibit both translational and rotatioredmes of freedom, to allow changing the
rails or the direction of the agents’ movementdapicted in Figure 2-17. In fact, this is
their biggest disadvantage, in relation to systéamsed on a passive rail mesh. The high
automation level of their scaffold increases ndy dhe complexity but also the cost of the

system.
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Perfect Pick shares this same limitation [52][38hile the drive system requires
only one motor to drive four wheels, each junctinorthe rail mesh possesses solenoids
with a linearly displaceable piston to change ttexzks configuration at junctions and
select the agents moving direction in the grid. M/lthe scaffold automation level is
inferior to the one employed by Lucas, it is sttt optimal in terms of cost and simplicity.
The workspace is also discrete, as the robots wosiktion is in the middle of each grid

cell and there is no arm to enable access to positetween the cells.

Autostore [93][54] relies on cars with four whetds each moving direction. When
the car is on a grid cell, it can switch movingedtion by raising a set of four wheels and
lowering the perpendicular four wheel set. Whilef@s as four motors can be employed
for this [93], by using pulleys and belts, the ewmtr system needs up to ten motors for
locomaotion, as it uses a motor per wheel plus tvadons for the raising mechanism. It also
shares the same limitation of the Perfect Pickesgstregarding the access to positions in
between cells and the consequent discrete workspacalization system is similar to the
one on Perfect Pick. It is, however, based ongeland redundant number of sensors. One
can assume this is due to the possibility of wisippage, which does not happen in the
Perfect Pick system, as its drive system is basedyears and racks. Nevertheless,
localization methods based on rotary encoder regadiwhich are coupled to either the
wheels or drive motors of a robot, are known toif@ecurate, even after filtering, with

localization estimate errors in the orderlgbercen{76].

Regarding the developed solutions for SCALA, evieough all strategies tested
fulfilled the main design objectives set (Al-4),eoaf the approaches stands out as the
preferable, regarding the optimization objectives (81-4). Considering the concepts for
3D scaffolds, Cambot is preferable to the Trainbmttonly due to having less motors, but
also because its movement was continuous, even \whsesing theL type junctions
whereas the Trainbot needed to perform a compleki-stap operation, described and
illustrated in Figure 2-39. However, the concepagénts moving on 3D scaffolds proved
to involve complex mobile agent designs and medmasi as well as multiple sensors and

motors for the control of the agents’ behavior daacbmotion, thus going against the
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pursuit for simple mobile agents (optimization aljees B1l). The 3D scaffold also
required one more junction type (L) than the 2Dusthmaking it more expensive
(optimization objectives B2). In terms of scaldlil{optimization objectives B4), the 2D
scaffold is easier and cheaper to scale sincesitdss dimensions than the 3D scaffold. In
fact, due to these problems, and since mobile ageititalways require an arm or parallel
manipulator to reach the 3D space, both for bi &mdimensional scaffolds, the 2D
scaffold approach is the most promising solution ttte SCALA. For this approach,
Railbot Il is also preferable to Railbot I, in thense that its movement is continuous at the
junction, thus being this the base concept forreutdevelopments and implementation.
Regarding localization precision, the mechanism leygal by the SCALA prototypes is
based on a magnetic strip embedded on the raits neagnetic encoders on the agents.
This system typically provides accuracy in the eof tenths of a millimeter, depending
on the encoder and magnetic strip employed. 8i#,SCALA mechanical realization will
determine the system final accuracy, due to drixeesn backlash or tolerances on the
slider/rail fitting, which bear a negative impact the precision. Dynamic properties of the
SCALA prototypes are also highly dependent on thetom gearbox and wheel

specifications.

2.6 Summary

In this chapter, the SCALA concept as a flexiblsteyn for automation, digital
fabrication and vision applications, was presentéde most relevant state-of-the-art
systems were analyzed in detail, and their linotadi were exposed. Then, the several
concepts for SCALA design were studied and somly stage prototypes were presented.
This study constituted the development basis fehedement of SCALA, which will be
the subject of the next chapters.

To the best of the author knowledge, SCALA is tinst fsystem in the world that
offers the possibility of simultaneous and indeparidnovement of several agents on 2D
scaffolds, 2D mobility over a large space and ciimgbability on rails which can be

installed at arbitrary angles, with a non-actuajedction system, and agents with
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continuous motion (in contrary to slower dockingsteyns). Table Il presents an early

comparison of SCALA and the presented state-ofaifieystems.

Table Il - Comparison between different types of indoor mobile robots.

Agent Localization Energy Low Initial

Mobile Robots Cost 3D Space Reach Precision Safety Autonomy | Investment
Ground * * * * * % *
Walls & Ceiling * * * % * * % * %
Rails * * * % %k * %k * Kk * % Kk
Air Drones * * %k * * * * % Kk
SCALA * % * %k * % % * %k k * %k * * %

Ratings: * Not Satisfactory * »* Moderately Satisfactory# * »* Very Satisfactory

SCALA fills the gap between these existing systeBysrelying on multiple mobile
agents, moving on special designed scaffolds witigrated power lines and localization
sensors, which can be placed vertically on wallhamging out of the ceiling, SCALA
enables access to 3D spaces with safety, repaptaldtcuracy and better energy
autonomy. Thanks to its modular design, one campeshhe scaffold according to each
individual application. Given that all modular coomgnts of the scaffold are passive and
do not require actuators, data transmission andygreipply, one can assemble a system

with a reduced initial investment.

Several applications for this platform, in the diglof automation, pick and place,
digital fabrication, surveillance and 3D reconstio, are proposed. Other applications
can also take advantage of this multi-purpose Byshe the field of computer vision, this
system has advantages over fixed camera systenesisallows to cover a vast space with
a reduced number of sensors. It can also overcoaldgms such as target occlusion, dead
angles or large camera/target distances. Regatdngroposed mobile camera systems,
this offers more freedom and flexibility by allomdn2D movement on the walls and
ceiling. This developed platform can be consider®@ new framework in robotics, which
can benefit different fields of automation and nit® such as digital fabrication, 3D

reconstruction, surveillance, service robotics, agnothers.
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Chapter 3
Novel Reconfigurable Parallel

Manipulator

This chapter is dedicated to the development of SGBRALA reconfigurable
parallel manipulator. While SCALA multi-agent sysieallows navigation on a bi-
dimensional space, by using a parallel manipuldtiven simultaneously by three mobile
agents, one can extend the SCALA workspace to tldieeensions, thus enabling
manipulation and digital fabrication tasks. Suctktarequire accuracy, repeatability, high
operating speeds, and accelerations. In the lasidés, researchers and engineers have
studied extensively machines for component handéing assembly, based on parallel
kinematic structures, on account of their high spaad stiffness and low inertia and
positioning errors. However, these machines al$eistrom a few drawbacks, including
kinematic complexity, the existence of singulastieanisotropic behavior or low
workspace to installation space ratio. For thisoeait is important to perform a rigorous
study of all their particular aspects prior to depéng the final solution for the SCALA

system.

The first section of this chapter is dedicated &wafiel kinematic machines,
and their characteristics as well as their statthefart. After this, reconfigurable parallel
machines are introduced. Then, the whole cycle GRAISA reconfigurable parallel
manipulator development is detailed, including ttt®ice of architecture, kinematic,
dynamic and workspace analysis. The last sectitnodaoces a proposed PKM design

methodology based on multi property analysis ancksgace determination. This chapter
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is an extended version of two published articles[®5], and provides progress over state-

of-the-art in two domains:

1. A novel grid-based reconfigurable spatial paralleechanism with large

workspace;

2. Performance analysis and design of parallel kinenratchines using interval

analysis.

3.1 Introduction to Parallel Machines

Manipulators are mechanisms which are able to obtiie pose of an end-effector
or tool, including position and orientation DOF.| Ahanipulators contain a base and an
end-effector, and then several links and jointsneating both. The traditional types of
joints are rotational joint (R), prismatic joint)(Pspherical joint (S), cylinder joint (C),
helix joint (H), and universal joint (3)as shown in Figure 3-1.

The number and type of links and joints, and they Weey are installed in the

manipulator, is what defines its mobility and ifereed to as the manipulator architecture.

The simplest manipulator architecture is made uptloEe mutually perpendicular

2 Rotational joints have one DOF and are used to describe rotationakments (with 1 DOF) between
objects. Their configuration is defined by one ealrhich represents the amount of rotation about the
rotation axis

Prismatic joints have one DOF and are used to describe translatmogeements between objects. Their
configuration is defined by one value that représéime amount of translation along thenslation axis
Spherical joints have three DOF and are used to describe rotatimoalements (with 3 DOF) between
objects. Their configuration is defined by thredéuea which represent the amount of rotation ardhed, y
andz axesThe three values that define a spherical joouifiguration are specified &iler angles

Cylinder joints have two DOF, being a combination of one transtatiad one rotational movement about
the same translational axis. Their configuratiode$ined by one value that represents the amourdtafion
and another value which represents the amounao$lation, along the same axis.

Helix joints can be seen as a combination of revolute joints@ismatic joints (with linked values). They
have one DOF and are used to describe a movemmitérsio a screw. Their configuration is defined dy
single value, that represents the amount of rotadlmout itsrotation/translation axisand a pitch parameter
which relates this amount of rotation to a linei@pthcement.

Universal joints have two DOF and are a combination of two revojoitets whose axis are perpendicular to
each other. Their configuration is defined by twalues that represent the amount of rotation ardbeut
reference axes
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prismatic joints, as shown in Figure 3-2. This tygfearchitecture is called Cartesian.
Cartesian robots move their tool on the three Gamecoordinates associated with their
three prismatic joints. Their kinematics and wodesp are very easy to describe. This
architecture is used for robots mounted on raitsvaltheir workspace, also called gantry

robots[96], in construction sites or for small gcapplications, such as 3D printers.

-+
R |

Figure 3-1 - Traditional types of joints[97].

However, this architecture can only allow the cohof the 3 translations of the

end-effector, whereas serial and parallel architestcan offer up to 6DOF manipulability.

P joint

IP joint

Enc-effectol

Figure 3-2 — Cartesian robot architecture. On the right, a gantry manipulator from Festo[98].

To understand the characteristics and distinguistwden each one of these

architectures, the notion of connection degree hvlintroduced [99].

For each link of a manipulator, the connection degs the number of rigid bodies
attached to this link by a joint. On simple kingmahains, the connection degree of all
members is always less or equal to 2. Serial méatigms fall in this category, as all their

components possess a connection degree equakkeept for two of them, the base and
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the end-effector, with connection degree 1. Sucthain is also called an open-loop
kinematic chain, and is exemplified in Figure 3#/.closed-loop kinematic chain is

characterized by having at least one of its memb®mrs not the base, with a connection
degree greater than or equal to 3. This is the chparallel machines, as shown in Figure
3-3. A generalized parallel manipulator can thendbéned as a closed-loop kinematic
chain mechanism whose end-effector is linked to llase by several independent

kinematic chains.

Enc-Effectoi
Enc-Effectol

Figure 3-3 - Serial architecture and the UR5 robot arm from Universal Robots[100], on the left. Parallel

architecture and the hexapod BREVA from Symétrie[101], on the right.

For almost four centuries, closed-loop kinematiaiohstructures have drawn the
interest of mathematicians as they offered interggiroblemsChristopher Wrenin 1645
mentioned some theoretical problems linked to thse of structures. The@auchyin
1813 [102] andBricard in 1897 [103]. However, at that time, the techgglavas not able
to deal with any practical applications of thisdypf structures. The very first application
arrived 60 years later and was proposed by Gouglaftire test machine [104][105],
although parallel structures were really put incgce in the 1970's for a flight simulator
with the patent ofCappelin 1964 [106] and the seminal paperSiéwart[107]. The first
robotics applications were proposed in the ear8019[108],[109],[110]. Since then many
different types of designs, configurations and gigies for parallel kinematic structures
have been proposed [111], [112]. Recently, theeedeen a growing tendency to focus on
parallel manipulators with 3-translational degreésreedom (DOF) [113]-[121]. In this
case, the end-effector can only translate, alomg ttiiee Cartesian axes X-Y-Z, with
respect to the base, exhibiting a spatial moveniEm. Delta robot, designed in 80's by

Prof. Reymond Clavdtom EPFL — Ecole Polytechnique Fédérale de Lausais one of
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the most famous translational parallel manipulaf@2]-[124]. Parallel manipulators are
widely used in industry, as they offer great dymamioperties, including high accuracy,
stiffness and velocity. However, their workspacentallation space ratio is small when
compared with serial manipulators. The next sectafi focus on explaining the

differences between the two architectures.

3.1.1 Comparison between serial and parallel robots

Serial manipulators or serial articulated robotimsare constituted by a succession
of rigid bodies, each of them being linked to iteqecessor and its successor by a one-
degree-of-freedom joint. This means that their mneand dexterity is usually very high,
resulting in large workspace to installation spaagos. However, that also means that
each link must not only support the load being rpalaited, but also the weight of all
segments following it. This means that the links$hie beginning of the serial chain (closer
to the base), are subject to large flexure torqliescounteract this effect, such links are
stiffened, which in turn makes them heavier andieul A low transportable load to mass
ratio is, thus, inherent in the serial mechanicalhiecture of existing manipulators.
Another consequence of serial arrangement of thiediis the low positioning accuracy. In
fact, links magnify errors in a way that a smallasrement error in the internal sensors of
the first one or two joints will quickly lead to large error in the position of the end-
effector. Consider, for example, for a one metagltink, a revolute joint measurement
error of 0.1 degree$eads to an error of almoammin the position of the link end. If more
links are added after this, their error will be mifigd. The presence of a drive with a
reduction gear also induces a backlash which léadsaccuracy. In addition, flexural
deformations, which are not measured by the robkermal sensors, are also sources of

positioning errors.

Larger elements and higher moved masses also seith@ manipulator inertia,
centrifugal and Coriolis forces, during high velgobperations, making the control of the
robot complex. Inertia and friction forces act oiifedlent scales, and this effect is
especially critical on serial robots: inertia fascessentially vary with the square of the

lengths of the links, while friction forces are atlely unaffected by such dimensions.
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This means that one cannot design a micro sermitrsimply by scaling down a larger
version; under such scaling, the inertia forcesradeiced while the friction forces remain

relatively unchanged[125].

On Table XXIV, available in Appendix C — Complementafyables, some
examples of industrial serial manipulators are gmé=d, along with their characteristics
according to the manufacturers notice. Notice tthat repeatability of a manipulator
represents the maximum distance between two positbthe end-effector reached for the
same desired pose from different starting positiéhs one measure of the manipulator
precision and accuracy. Notice also that for theebsize, one considers the largest base
dimension. Bases typically are either rectangutaciwular shaped. Given that all robots
here presented are of spherical type, meaning #ezial chain contains only revolute
joints, their work volume can be roughly represdritg a sphere, with the radius equal to
the robots’ reach. Then, the workspace to instabatspace ratio WorkS/Instp

approximate value presented in the table was détethas:

2
WorkS _ m.Reach (3-1)
InstS n.(Base_Size /2)?

This value is just indicative and for comparisomgmses. One can see that serial
robots show a low load to mass ratio, with the egjhvalue bein@.185 However, their
average workspace to installation space ratio g Wegh. Still, the maximum velocities
and accelerations achieved by their tool centemtpanie relatively low. One concludes that
serial robots are inappropriate for tasks requigitger the manipulation of heavy loads

with good positioning accuracy at very high spesdaccelerations.

These tasks are, usually, more suited for maniprdatbased on parallel
architectures. Because the external load can beedhby the actuators, parallel
manipulators tend to have a large load-carryingacey. Contrary to serial robots, where
the maximum force is limited by the minimum actudtwoce, for parallel manipulators, the
forces of several actuators are combined to ineréaes force capacity of the manipulator.

The use of base-mounted actuators and low-mass hegults in very low inertia and
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moved masses, allowing their end-effector to aahiaccelerations of up t@5G in
industrial applications[22]. The highly coupled neowvent of the closed-chain structure
induces an averaging effect on the position erfadhe end-effector on parallel machines.
Since several independent kinematic chains, eaehwith its individual positioning error,
are linked together, the final error will be, appmately, an average of all errors[126].
Stiffness is also superior to the one of seriabtepthanks to the closed-chain structure of

limbs.

The parallel manipulators main drawback is the fdwat they have small
workspaces to installation space ratios, when coetpdo serial robots. There are,
however, several strategies which can and willdedby the SCALA parallel manipulator

to improve such ratio, and whose analysis willle gubject of the following sections.

On Table XXV, available in Appendix C — Complemewtdables, some examples
of industrial parallel manipulators are presentddng with their characteristics according
to the manufacturers notice. The first five exara@ee Delta type manipulators, while the
last five are hexapods. The reach, base size amispace to installation space ratio
(WorkS/Instphold the same meaning as previously for the lserimts.

Immediately, one can see that parallel manipulpgsformances vary significantly
according to parallel architecture chosen. Delpe thanipulators exhibit very high speeds,
but low load to mass ratios. On the other handapeds can move, with very high
precision, loads two times bigger than their owrssndut at significantly lower velocity.
However, all parallel manipulators have in commioa high precision and low workspace
to installation space ratio. Parallel machinestlea most suitable for small scale, fast and

high precision tasks, or very high precision positig of large loads.

This section’s conclusions are summarized in Tdhl&Some other criteria can be
used to compare both architectures, but still thesgnted criteria perfectly serve the
purpose of justifying the use of a parallel ardttiiee for the SCALA manipulator. For a
more in-depth analysis and comparison betweenl|sawh parallel robots, the following
works are suggested [127][126].
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Table Il - Feature comparison of serial and parallel robots[126].

Feature Serial Robot Parallel Robot
Workspace Large Small and Complex
Position Error Accumulates Averages
Accuracy and Repeatability Low High
Maximum force Limited by minimum actuator Combination of all actuator
force forces
Stiffness Low High
Dynamics characteristics Poor High
Inertia High Low
Payload/weight ratio Low High*
Velocities and Accelerations Low High*
Workspace/Installation-space ratio High Low

*depends on the architecture type

3.2 State-of-the-art on Reconfigurable Manipulators

Researchers and engineers have studied extensiatyines for handling and
assembly based on parallel kinematic machines (RKivi)account of their promising
potential for highly dynamic movement and low imeednd positioning errors, as seen and
discussed in the previous section. However, thenrdeawbacks of parallel structures are
their small workspace to installation-space radiag also the existence of singularities in
their workspace. This drove the scientists to parswategies which allow to extend the

workspace of parallel machines.

For special structures with linear drives and aalperarrangement of the drives’
axes, one can extend the workspace in the diredfiadhe drives’ axes by increasing the
positioning range of the drives. Several structamed prototypes using this build-up have
been described, e.g. the Linear Delta [128], Taigli129], Linapod [130], Urane SX [131],
or Gantry-Tau [132]. This layout allows for longagm-out workspaces, by enabling the
workspace extension in one direction. But it isyoml small step towards a better

workspace to installation-space ratio, since lapgsitioning ranges of the drives lead to
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larger bases and thus to larger installation-spaesther approach to extending the range
of the manipulator’s drives, is to translate itsdyaas done bgrogardh[132]. In his work,

driven carriages carry an entire manipulator ovyer tvorkspace. Drawbacks to this
approach are the higher moved masses and thehttceach end-effector can only reach

the workspace of one assembly mode.

Reconfigurable robots were developed as a scalabte flexible solution for
modern automation and fine manipulation system$]j18y gathering the advantages of
several robotic architectures in a single systefmeyTconsist on structures capable of
changing their configuration to better suit a sfieciask [134]. Reconfiguration can
happen statically or dynamically[135]. Static refigaration requires physical intervention
from the user, to add or remove links or connecgtements to the structure. Examples
include the PARTNER multi-DOF robotic manipulatd3p] or the RPPM planar parallel
manipulator [137]. In both examples, the paralt#dats are made with several identical
links which can be added or removed to the strectarchange its characteristics. In the
works of Plitea, a 6 DOF reconfigurable parallelnipalator [138][139] is designed so the
user can suppress one or more DOF by manuallyhitaconnecting elements on the
structure’s links. Dynamic reconfiguration can happnline and is certainly the most
flexible of the two solutions. Several mechanismes employed for this purpose. The 6-
DOF reconfigurable hybrid parallel manipulator 8pppola et al.[140] uses variable
length joints on its base for its reconfiguratidnsimilar system is employed I¥hang
and Bion its Reconfigurable 5-axis Parallel KinematicdWiime [133], where the angle of
the prismatic joints on the manipulator base carhminged to allow its reconfiguration.
Adaptive joints that can block one DOF in operative also used in the works @fosh et
al. andPalpacelli et al.[141][142]. The first used a universal joint whemnee DOF could
be dynamically suppressed, while the later useghreerscal joint, capable of blocking
alternately one of two suppressible DOF, thus faansng it in a variable configuration
universal joint. An electromagnetic brake clutchswased byChablat et al.in the
NaVARo manipulator [143] to allow it to switch bexen eight assembly modes.

Reconfiguration serves many purposes. Whether tib isnlarge their workspace
[136],[133], change its dynamic properties [1374({)},[144], its degrees of freedom [138],
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[139],[145],[146] or to avoid singular poses [14i@configuration has proven to be a solid

strategy used for flexible production machines.

In this thesis work, reconfiguration is used prityato extend the manipulator
workspace. For a planar structure such an implestient has been described in [148],
showing that the approach to use the workspaceseweéral assembly modes can be
successfully used to gain a larger overall workepdeor spatial movements several
structures are proposed in [132], allowing the afsdifferent workspaces, which are either
of unequal size or feature a different platformentation. Budde recently proposed a
Triglide spatial manipulator capable of changirgyassembly mode, making use of two
symmetrical workspaces without a change in platfamentation. This reconfigurable
manipulator achieved a workspace volume to ingtafiavolume ratio 0f0.96[149]. Still
there are some limitations regarding this desigmhsas the workspace shape and
orientation (essentially longitudinal), only twordmuration modes and the impossibility

of having more than one manipulator working in $kreicture at a given time.

3.3 SCALA Reconfigurable Manipulator

The solution proposed in this thesis, for the SCAbAnipulator, is in the form of a
reconfigurable grid-based planar parallel manimulawhich increases its workspace using
three strategies including drive range extensiomsebtranslation and dynamic joint
reconfiguration. This novel concept relies on thengise that the parallel manipulator is

driven by 3 SCALA agents, simultaneously, as showiigure 3-4.

The mobile agents move on a bi-dimensional meshaitd. They can transport
rapidly the parallel platform all over the workspaand then stay in one of the blocks to do
fine manipulation. The agents can also move from @il to another, thus changing the
shape of the manipulator and forming a new conéiian, referred in this thesis as
Assembly Mode (AM). This high degree of mobility ncaalso be used to allow
simultaneous functioning of several agents and pudaiors in the same structure, which

is highly desirable in large warehouses or indakgnvironments. This new concept of a
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mobile reconfigurable parallel manipulator possgegdbke following advantages relative to

other existing solutions:

» Fine manipulation over a large workspace;

» Possibility of shaping the manipulator's workspaite desired standards by
changing the arrangement of the modular networiaits;

* Dynamic reconfiguration to, at least, 4 differer#gs@mbly modes and several
variations of these assembly modes;

» Structure reconfiguration without changing the nemtsft DOF;

» Possibility of having several units working simuakgusly on the same installation

space;

Rails ~s

Mobile Agents

End Effector

Figure 3-4 - Parallel manipulator driven by 3 mobile agents on a rail grid.

To the author’s knowledge, this is the first cortdepcombine all these advantages
and all three workspace enlargement strategiessingle system. The manipulator’s tool
may be fitted with a printing nozzle for additivexnufacturing, a simple grasping unit for
material handling or a laser for laser cutting/angrg tasks. While additive manufacturing
requires a full 3D workspace, pick and place oedagutting tasks do not require a large
vertical extension of the work volume, nor a reguhape of this volume. In turn, they

privilege a large planar workspace and small vattdisplacements of the tool. For this
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reason, in this thesis work, focus will be giventbe extension of a planar workspace,

parallel to the base of the manipulator.

In the following sections, the entire process & toncept development, from the
choice of parallel architecture to kinematic anslyis discussed. Then, for validation
purposes, a case study PKM is considered and antalg based on interval arithmetic is
used to obtain the certified robot workspace gitle@ actuator limits and singularity

constraints, for its several assembly modes.

3.3.1 Parallel architecture
Limb Structure

To determine the most suitable PKM architecture,ftllowing requirements were
considered:
» Spatial movement (3 DOF for translations and 0 D@Fotations);

» As simple and lightweight as possible, with thestemumber of DOF and joints;

By using only the traditional joints, it becomedfidult to design parallel robotic
mechanisms with specific DOF’s. The reason for thithat it is hard to obtain the limbs
with specific DOF and to determine the kinemati@releteristics of their end-effectors
because of the coupled motioR®ng Gao et al[97] made a comprehensive study of the
several types of composite joints, which are vesgful for designing parallel robotic
mechanisms. Among the new types of composite j@rgsthe pure translation universal
joint (U*) and the translation and rotation univ@rgint ("U or U"), which are shown in

Figure 3-5.

Figure 3-5 - New composite joints proposed by Feng Gao et al.[97].
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Then they elaborated a table for classificatiopanfallel robot mechanisms which
is partly reproduced in Table XXVI, available in pgndix C — Complementary Tables,
along with our measure of the complexity level loé tmechanisms in the form of total

number of joints and links of the PKM.

To select the ideal architecture for the PKM frdme tvailable options, solutions
with more than 4DOF per limb are excluded, sinds theans either a large number of
joints, or joints with a high number of DOF. Bothepent challenges in the mechanical
realization of the robot, and because only one P&Flimb is actuated, all extra passive
DOF are potential and uncontrollable sources adreifhe actuated DOF is, necessarily,
the first joint of each limb, since it is the ondéiwoh links to the base of the manipulator.
Since the mobile agents are translational and sasvactuators for the PKM, the only
joints which can mimic this are the prismatic agtincler joints. Configurations with more
than 6 links are also excluded because of the pigdmtity of moving masses, which
should always be minimized in mobile machines. Alpplying these criteria, the only
options remaining are the 3-P"UR and 3-CU". These drchitectures are very similar.
The difference is that for the P"UR limb, the rmtaal joint is independent from the first
prismatic joint, whereas in the CU” limb they ammbined to form the first cylindrical
joint. This constitutes the limitation of the CUfmb. Because these limbs are attached to
mobile agents moving on a 2D grid, they are requite perform equally in two
perpendicular directions, where the only joint whis reconfigured is the first joint (P or
C respectively). However, in the case of the Cbiblj it gains one DOF when the C joint
is reconfigured to a new moving direction, as cansben in Figure 3-6, resulting in a

change in the manipulator's mobility. For this m@asthe optimal joint pair is the P"UR.

Limb Arrangement and Manipulator Mobility

The choice of the joint configurations for the nprator’'s limbs does not
guaranteeper se the desired final degrees of freedom for our effdctor. For this,
careful limb arrangement is necessary so thateferal closed loops combined result in a

manipulator with the desired spatial movement.
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Figure 3-6 - Above, the P"UR limb maintains the same 4DOF whether it is moving on x or y direction. On
the other hand, the CU" limb, shown below, gains 1 DOF when moving on the x direction. v represents

the translations and w are the rotations with respect to three Euler’s angles?, a, B and y.

In robotics, the most used formula for determirtimg mechanism’s mobilitiyl the
(i.e., the total degrees of freedom which needet@dntrolled in the mechanism for every

link to be in a specific position), witk number of joints, is given by the difference

3 The three Euler angles describe the orientatioa ofjid body. In this work the adopted Euler asghee
alpha, beta and gamma @ andy), used to describe a rotation composed by theseeital rotations:

Q = Rx(a).Ry(B).Rz(y)
Where Rx Ry and Rz represent elemental rotations about axeg and z respectively, of the absolute
reference frame.
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between the number of independent motion paramefettse jointsY.¥_, f; , before loop
closures provide further constraints and the nurobgoint parameters that have lost their

independence after loop closurdd.50]:
M=% fi—r (3-2)

This formula is a variation of the one usually iatited toGrubler and Kutzbach
and allows the basic calculation for a mechanismébility, often called its degrees of
freedom [151], [152][153]. The manipulator kinencastructure and associated graph are

shown in Figure 3-7.

Legend

_@' Prismatic joint
_63— Revolute joint

Figure 3-7 - PKM Kinematic structure and associated graph. For a clear representation, the third limb (c) is

not shown anchored to the mobile platform center.
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The operational spadeg for each complex leg of the mechanism, given this
arrangement, i9Re1 = (x, vy, vz, wp), Re2 = (x, vy, vz, wp) andRes = (vx, vy, vz, wa); Where,v
(vx, vy, v2) andw (wa, wp, wy) express the translations and rotations with retspethree

Euler’s anglesy, B andy.

The spatiality of each limb (the number of indepardfinite displacements
between the extreme elementsiis=dim(Re) = 4. The spatiality of the mobile platform

in the parallel mechanismpis given by:

Spy = dim(Rgy N Rz N Rg3) =3 (3-3)

The same three relative independent velocitigsy, vz) exist between the mobile
and reference platforms in the PKM. While the cimoB&UR limb possesses four degrees
of freedom, being 3 translations and 1 rotatiome, ¢nd-effector should only have spatial
movement, meaning one should arrange the limbs way that the rotational DOF is
suppressed. Placing one limb perpendicular to therdwo is enough to change the Euler
angle of its rotational DOF and when coupling thevement of all limbs, get the desired
spatial movement. For instance, in the case ob#ita configuration, since the limbs have
5 DOF'’s each, it is necessary to suppress 2 roitiDOF, thus all limbs should have

different Euler angles of rotation and the 120&mgement is chosen.

The parallel mechanism has 18 revolute and 3 ptisnjaints ~_, f; = 21).
Spatiality of the elementary open chain associatithl each planar parallelogram closed
loop is three, that is the three closed loops bggancatenated in the complex legs cancel
the independence @f = 3 x 3 = 9 joint variables. The total number of joint paraerst

that have lost their independence after loop clsuis given by:

r=Y3 Sei—Spmt+t;=4+4+4-3+9=18 (3-4)

Thus, the mobility of the parallel robotic manipiglais M = 21 — 18 = 3 Three
variablesq of the prismatic joints connecting each leg to biaese element are used to

command the position of the mobile platform.
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Assembly Modes

Since the PKM structure is reconfigurable, in a et allows the re-arrangement
of the mobile agents on different rails, it is gbksto switch to different assembly modes.
In Figure 3-8 it is shown the manipulator in a wadck, with the rails identified and

assuming one of the possible assembly modes.

Figure 3-8 - 3 P"UR Manipulator architecture. Workspace block shown with the different rails and parallel

manipulator’s agents identified.

In this thesis work, two main AM’s for manipulatiamd two for translations on the
grid will be considered. In the manipulation AMagents A1 and A2 move in the same

direction, while agent A3 moves in a perpendicdiagction to these two.

In the translation AM’s, all three agents movehie same direction. To help cover
the full workspace block area, the two main AM’s foanipulation can be reconfigured
into several different configurations, as shown Rigure 3-9 and Table IV. Then,
translation AM’s can be used to move to other wpak®e blocks, thus achieving a large
planar workspace. Some more variations can be fmadeAM1 and AM2. One can have
AM1, where agents A1 and A2 move on different gafkahils, such as rail 1 and rail 2,
respectively. One can also have AM2, where agefitad A2 move on the same rail, for
instance rail 3. However, these variations areaptimal due to the link attachment point
arrangement and orientation of the end-effect@uylteg in residual workspaces with no

practical use. For this reason, these AM variatisase not included in this work.
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Table IV — Possible variations of the two main assembly modes.

Rail 1 Rail 2 Rail 3 Rail 4 Rail 5
Assembly Mode 1la A1, Az Az
Assembly Mode 1b A1, A As
Assembly Mode 2a As A Az
Assembly Mode 2b Az A1 Az
Assembly Mode 2c As Az Az
Assembly Mode 2d Az A1 Az
Assembly Mode 2e As A1 Az
Assembly Mode 2f Az A Az

Assembly Mode 3

Assembly Mode 2e Assembly Mode 2f Assembly Mode 4

Figure 3-9 - Assembly modes 1 and 2 are for fine manipulation on a block, and possess several variations
when the rails on which the agents move are switched. Assembly modes 3 and 4 allow the manipulator to

move to other blocks in the rail grid.
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Considering a mesh of rails with many adjacent wpace blocks, the agents are
free to move outside their current workspace bleslen though they are still working on

it, to extend the tool range inside that work blaak illustrated in Figure 3-10.

Figure 3-10 - Workspace enlargement strategy by using the extension of the rails to the outside of the

work block (highlighted in yellow), thus extending the drives ranges.

Assembly Mode Switching

To switch between AM’s, the agents often not onhamge the rail they are
working on but also the orientation of their movernelThe agents trajectories, when
passing from one rail to another or when switchimgrking blocks, must be carefully
planned as the platform may enter a singular cardigpn, losing its stiffness and risking
losing its control in the process [154],[155],[158he process of AM switching inside a

single work block is illustrated in Figure 3-11.| &ansitions are reversible.

In [147],[157], it is shown that it is possible tnake non-singular transitions
between AM’s of parallel manipulators. In fact, @anrsingular transition from AM 1a to
AM2d/e/f is illustrated in the lower part of FiguBell. However, in some occasions and
depending on the rail size and mesh design, AMchivig may require an alignment of
agents 1 or 2 with agent 3 on the same rail (atian of Assembly Mode 3). This happens
during AM 1a to 2a/b/c or AM 1b to AM 2d/e/f, atustrated in the top of Figure 3-11.
During this alignment, the manipulator enters a lomed singularity and this may lead to
failure in switching AM and even system breakdowa.avoid this, when all three agents
align in the same rail, two agents should maintairelative distanceq. This allows alll

links to stay on a vertical plane, as shown in Feg8-12. Distancey corresponds to the
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half the distance between the extreme anchor pofrtge limbs on the end-effector, noted

by w.
Xd Xg4
T T W
1 2 1 n 1 2 3
A
I | | 2
1
3 |
AM 1a AM 3* AM 3* AM 2a (bc)
1 2 "1 2 |
— 71
3 3 1 |
3
AM 1a AM 4 AM 2d (ef)

Figure 3-11 - Assembly Mode transitions inside a block. Above: singular transition from AM 1a to AM
2a/b/c. The same procedure is used for AM1b to AM 2d/e/f. Below: non-singular transition from AM 1a
to AM 2d/e/f. The same procedure is used for AM1b to AM 2a/b/c.

This pose where all three agents are aligned imglesrail is, in fact, a singular
pose of the third type. The robot loses a trarmtali DOF iny direction while gaining a
rotational DOF about the axis However, one can take advantage of gravity, whimints

downwards and helps maintaining balance and maatiuintegrity.

Front View Lateral View

y

P - - - - --- -1

Figure 3-12 - Alignment of all three agents on the same rail, with same x4 distance, measured between

the center points of each agent.
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3.3.2 Kinematic model

Kinematic analysis allows to model the manipuldtehavior given the positions of
the mobile agents or the end-effector. Given thdtiple configurations possible for this

PKM, to fully characterize it, one has to considifour assembly modes.

For the kinematic analysis of the manipulator,ftilowing geometrical parameters

will be considered:

» Qo - fixed Cartesian reference fram@4, %, ¥, 2);

* Qp- moving Cartesian end-effector reference fra¥g, &c,, v,, zp);

*  X(x,y,z) coordinates of the end-effector relativedg

e (- set of agenit coordinates relative 1Qo;

* A - attach. point of liml to agent relative toQo;

e B - attach. point of limlb to end-effector relative Qo;

* b - attach. point of limb to end-effector relative tQ,;

e li-link L length;

* w- distance betwedn andb, (end-effector width);

* d- distance betweenoriented rails;

*« m- distance betweexoriented rails;
Withi=1,2,3.

The fixed Cartesian reference frame’s origin isth® point O, which is the
intersection point between rail 1 and 4, in thekirgy block. The fixed Cartesian reference
frame’s origin is in the poinD. All links are equal in lengthHy(= 12 =13 =1). Agent'sAs
and A2 limbs are anchored at the extremities of the dfet#r. Agent'sAs limbs are
anchored at the center poiRtof the end-effector. Lel be the position vector of the
attachment point of liml to end-effector relative to the moving Cartesia-effector

reference fram®. Thenbi coordinates are given by:
b, = [-w/2,0,0]" , b, =[w/2,0,0]" , b;=1[0,00]" (3-5)

The transformation from the moving platform to fhed base can be described by

a position vectop = OP and a 3x3 rotation matriRe. Since the manipulator displays
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spatial movements with only translations and natrohs, by calibration, the 3x3 rotation
matrix Re will be equal to the identity matrix. The positierctor B; with respect to the

fixed coordinate system is obtained by the follaggyviransformation:
Bi =P+ RPbi i= 1,2,3 (3'6)

All rails are considered to be installed on theizwrtal planez = 0. In the first
main AM, agent#\; andA2 move on a rail coincident with theaxis. The agens moves

on a rail coincident with thgaxis. Figure 3-13 shows the first main AM configioa.

Figure 3-13 - Assembly mode 1 referential and coordinates.

Agents position coordinates are given by the folimwectors:
Al = [qll OIO]T i AZ = [qZ' OIO]T ’ A3 = [0: CI3:0]T (3_7)

In the second main AM, agenfgs and A> move on different rails, coincident or
parallel to they axis The parallel rails are separated by a distahde turn, the agems
moves in a rail coincident with the axis Figure 3-14 illustrates the geometry of the

second main AM. Agents position coordinates aremivy the following vectors:

Al = [—d, CI1:0]T , AZ = [0, q2!O]T ) A3 = [Q3: O!O]T (3_8)
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—p
X

A

L

Figure 3-14 - Assembly mode 2 referential and coordinates.

In the third AM, all agents move onoriented rails. Agent8; andA2 move on the
same rail, coincident with therail, while agenfAs moves on a parallel rail, separated by a
distancem. Figure 3-15 illustrates the geometry of the th&#l. Agents position

coordinates are given by the following vectors:

Al = [ql' 0,0]T ’ AZ = [qZIO'O]T , A3 = [QS'm' O]T (3'9)
A1 1 L Az —>
O X
m
L2
Li
Az
\ L3 qs3 \
= g
B B ~. B

Figure 3-15 - Assembly mode 3 referential and coordinates.

In the fourth AM, all agents move onoriented rails. Agent#\; and A2 move

different parallel rails, separated by a distatickgentAs moves either on another parallel
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rail, or can move in one of the rails wheke or A, move. Figure 3-16 illustrates the

geometry of the fourth AM.

d —p
X

y
Figure 3-16 - Assembly mode 4 referential and coordinates.
Agents position coordinates are given by the folimwectors:
Al = [_d! qllO]T i AZ = [0! q2, O]T , A3 = [01 Q3:0]T (3'10)

I nverse Kinematics Problem

The inverse kinematic implicit model (IK) is obtaoh by using the three closure
equations, constraints of the kinematic chainsctvlink the Cartesian space variables to

the joint space variables. The thieeonstraint equations for the robot are given by:
FX @ = IPCO +15.b; = Ai@)lI> - 1*  i=123 (3-11)

For this specific problem there aré @ifferent sets of solutions to the inverse
kinematics problem, i.e., for a given location bé tend-effector, several sets of agents’
positions are possible. These correspond to théiy@msnd negative () roots. In this

work, it is considered a unique solution of intéregich is indicated in brackets.

With equations (3-5), (3-6), (3-7) and (3-11), amatains the IK implicit model
equations (3-12) for the first main AM (Figure 3}13
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G=xt JEyT= - )
IKgp1=4q, = x £4/12 —y2 — 22 +% (+) (3-12)
45 =y VE=RT =72 o

For the second main AM (Figure 3-14), the IK modediven by:

=yt JBE-(d+x—w/2)2—2z2 (+)
IKgmz=14q, =y £ /12 — (x + w/2)2 — 22 +) (3-13)
Q3 =x I —y?—2z? (+)

For the third AM (Figure 3-15), the IK model is giv by:

(=rt JFy7=F 2 o
IKamz=9q, =x £ {JI? —y* =22 +% (+) (3-14)

Gs = x +JIE = (m—y)? - 22 )

For the fourth AM (Figure 3-16), the IK model isrgn by:

(3-15)

Forward Kinematics Problem

The forward kinematics problem (FK) can be obtaitgdsolving the thred-
constraint equations (3-11) in order to the endaéir coordinates. Once again, for a given
set of drive positions there are two possibilifiesthe position of the end-effector, which
correspond to the intersection points of three spalesurfaces. By considering that the

coordinate is always positive, one finds the sirsgleition to the problem.
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For the first main AM (Figure 3-13), the FK modelgiven by:

I( fh‘;‘h
(q1+w/2)(q2—wW/2)+q3°
FKam1= 4 y 2qs3 (3-16)

N e el

In the z coordinate expressioy,was used instead of its corresponding expression

X

for simplification purposes. For the second main Mgure 3-14), the FK model is given

by:

(y = (91-92)(q12-w?/4+a3*) +q2d(d—w)
l 42 (W—2d-243)+41 (243 +w)
FKumz=1y = (d-w)(2x+d)+q:%~q5> (3-17)
2(91—42)
2= 4Py = (&~ )’ )

On they and z coordinate expression and y were used instead of their
corresponding expressions for simplification pugsog=or the third AM (Figure 3-15), the
FK model is given by:

— 192
2
FKamz=<y = (x=q3)*—(q1—x-w/2)*+m? (3-18)

2m

z=1412— (x — q3)2—(m — y)? (+)

X

On they and z coordinate expressions and y were used instead of their
corresponding expressions for simplification pugsos-or the fourth AM (Figure 3-16),

the FK model is given by:

_ (@2-)*+(@3-y)*+(w/2)?

x =
w
FKov =4 W — (a2-y)%+(a3-y)*+(w/2)* 3-19
AMA™ ) 2a (@1-9)2+(@2-y)2+2(qz—y)?+(d-w/V2) ( )
2=1/P= (- g ()

On the x and z coordinate expression and y were used instead of their

corresponding expressions for simplification pugsos
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Jacobian and | nverse Jacobian Matrix

Differentiating theF constrain equations (3-11) leads to the velocibget, written

in matrix form as:
JoX+].q=0 (3-20)

Where X =[xy 2]T is the vector of the end-effector velocities, anc=

(41 g qG3]T is the vector of actuated joint rate. Thes the 3x3 parallel Jacobian matrix
(reduced since the end-effector does not have angelocities) andg is the 3x3 serial
Jacobian matrix. Jacobian matrices are useful &erdhining the singularity loci and
manipulator property workspace. For this reasoey #ire of great interest to obtain for the
manipulation assembly modes, but are of limiteceredt for the translation assembly
modes. In this work, jacobian matrices and propextykspace will only be obtained for
the first and second main assembly mode, but thee saethods can be used to obtain

these for the other assembly modes. Thus, foritbieaissembly mode they are given by:

m y 2
Jaa = — y — z2 y z (3-21)

2 —x2_722 4
And:
JIZ—y?2—2z? 0 0

Jg1 = 0 =12 —y2 — 72 0 (3-22)
0 0 V2 —x2 =22

For the second AM, and considering, for simplificatpurposesa = d + x — w/2

andb = x+ w/2, the jacobians are given by:

a NF—@E—Z 2
Jx2 = b VE=DbZ—2% 2z (3-23)

—JI2 —y2 — 22 y 7
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B oy 0 0
Jgz = 0 —\IZ—pZ — ;2 0 (3-24)

0 0 —/12 —y% — 22

By differentiating the velocity model equation (B)2with respect to time, one
obtains the acceleration model. This model candael @o calculate the joint accelerations
g of the PKM:

4= ]l;lUX + ]ian (3-25)

WhereJiny is the inverse jacobian matridig = - J;1.J), X is the robot's end-
effector velocities vector and is the end-effector acceleration vector. Whigris not
singular, i.e.det(%) # 0, one can obtain the inverse jacobian matrix. Tfarsthe first and

second AMs, respectively, one obtains:

1 2 2
J2—y2—72 J2—y2—72
y z
]invl = 1 _\/lz_yz_zz _\/lz_yz_zz (3-26)
x z
| iZ—x2_52 1 T ViZ—x2_z2/
_ a 1 _ z .
ViZ—aZ_z2 ViZ—aZ_z2
b z
Jinve = |~ Jepe—p2 1 T ViZ—p2_g2 (3-27)
1 - ——
J2—y2—z2 J2—y2—72]

Motion model

Given the kinematic model, for a wanted lineareicgpry, one can determine the
motion characteristics of the manipulator actuatorsme. Given a total 3D displacement
AS a time periodl and an initial position of the manipulatés, the position, velocity and

acceleration characteristics of the platform, foirsstant, can be determined by:

X(t) =Xy + %S [1 — cos (n?t)] (3-28)
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X(t)=""Zsin (T) (3-29)

T
X==2 (g)2 cos (%) (3-30)

By combining these expressions with the manipulstdiinematic models
(expressions (3-12) until (3-19)), the velocity rab(equation (3-20)) and the acceleration
model (equation (3-25)), one can relate the matibthe manipulator to the motion of the
actuators. Then, one is able to determine the iposivelocity and acceleration required

for each actuator to perform a given linear trajpct

3.3.3 Dynamic model

The inverse dynamic model (IDM) and direct dynamiodel (DDM) of robots
play an important role in design and control. Falbat design, the IDM can be used to
select actuators [158]-[160], as it allows to cotephe actuator efforts, which are needed
to achieve a desired motion [161]. It is also usedientify the dynamic parameters that
are necessary for both control and simulation appbns [162]-[165]. On the other hand,
the DDM is employed to carry out simulations tresttthe performance of the robot and to

study the relative merits of possible control schefi66].

Several approaches have been proposed for theogeveht of the dynamic model
of PKM, based on thé&lewton-Euler's methofll67]-[169], theLagrangian formulation
[170]-[172], theprinciple of virtual work{173]—-[175], theprinciple of Hamilton[176], the
Denavit & Hartenberg methofl77], among others [178]. All these methods varterms
of complexity or computation labor. Therefore, s@en of an efficient kinematic
modeling convention is very important for simplifgi the complexity of the dynamics

problems in PKM's.

In this section, a dynamics model of the SCALA nparator is developed in terms
of actuator coordinates, using the two most simapie common methods, thértual Work

Principle and theLagrangian Formulation For a manipulator witm actuated joints, its
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rigid body dynamics, assuming no user force apptiedhe end-effector, is governed by

the following equation:
T=M(q)4+V(q,q)q+ G(q) (3-31)

WhereM(q) is then x n mass matrix of the manipulator and a functionhef joint
positionsq, V(q, ) is ann x 1 vector ofCentrifugalandCoriolis terms and a function of
both joint positions q and velocities G(q) is an x 1 vector of gravity terms and a

function of joint positiorg, andr is an x 1 vector of joint efforts (forces or torques).

The two approaches developed allow to obtain thebsyic expressions for the
dynamic parameters and, consequently, the invenske direct dynamic models. As a
simplification, the inertia of rotation and the abbn of the parallel links are neglected,
since link mass is typically much inferior to thess of the other mobile parts of a PM.
Many models adopt this simplification without sifycant loss of precision [174][179].
Due to the architecture of the 3 P"UR PKM, thesevinp bodies’ (end effector and
agents) frames are always parallel to the fixedregfce frameo, exhibiting only spatial
movement. Therefore, the rotational motion termgh@ models can be neglected. The
mass of the linksn is considered to be equally distributed betw@eandB;. Thus the
overall mass of the actuatokds, and overall mass of end-effector and payldéu are

considered equal to:
m 3m
M, =m, + ?l , M,=m,+ Tl + Mpayioaa (3-32)
The vectorg = [0 0 9.81] is the gravity acceleration vector, which pointsthie
positive direction ok axis because of the referential orientation choice.

Virtual Work Principle

The Virtual Work Principlestates that, at equilibrium, the virtual woeky, done
by all n external forcesk, acting on a body during any virtual displacemeéntconsistent

with the structural constraints imposed on the hisdsqual to zero [179]:

oW = 2?=1 Fi .6Ti =0 (3'33)
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Since internal forces, such as constraint and iadbrces, do not produce any
virtual work, they are ignored in (3-33), and omyternal forces are considered. The
virtual work principle is traditionally applied to static problems. Howevthere is an
extension to this principle, which considers theriia forces as a result of théody’s
mass,m, and acceleration, allowing to deal with dynamic problems. This isokvn as

D’Alembert’s principle[180] and is illustrated mathematically below:

oW = (Z?=1 Fi - Zi;:l mial-) .6Ti =0 (3'34)

Considering the end-effector of the manipulatog forces applied to it are the

force due to gravityFc =Mpg, and the inertia forcda = MpX , due to its acceleration:
(Mpg — MpX).6X =0 (3-35)

As for the agents, they have applied the manipulatbuation forcesy, and the
inertia forcesFa = Maq. The gravity force is not considered since theivar movement
of the agents is constrained, so there is no warkedby gravity. Their virtual work

equation is then expressed as follows:
(t—M,4).6q=0 (3-36)

With the dynamic parameters for the individual comgnts of the manipulator
calculated, the complete manipulator dynamics caw rbe developed. From the
D’Alembert’s principle(3-34), the sum of all virtual work done on the teys by all
external forces and torques must be equal to ZEmerefore, adding both expressions
(3-35) and (3-36) one obtains:

(Mg — MpX).6X + (t — My§).6q = 0 (3-37)
SincedX = J§q andX can be obtained from expression (3-25), equaBedi7) becomes:
(Mpg — M, +J4)) 18 + (r = Ma)).8q = 0 (3-38)

Which, after re-arrangement, leads to:

= (Muls + MyJT))G + (MpJ"))g — MpJTg (3-39)
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Lagrangian Formulation

The Lagrange formulatiordescribes the behavior of a dynamic system ingeym
work and energy stored in the system. The basiceqnbehind this method is that the
variation of the energy of a system is equal towuek of the non-conservative forces

applied to the system[166]. The energy balanceé®tystem is given by the Lagranglan
L=K-U (3-40)

Where the potential energy (due to gravity effects, deformations, etc.) is
subtracted to the system’s kinetic enekyyKinetic energy results from the agents and
end-effector movements, while the end-effector giEssesses gravitational potential
energy. The potential energy of the agents is wégllesince their vertical movement is
constrained. The energy balance for the systehers given by:

L="2X2 42842 — Mgz (3-41)
Wherez is the vertical distance, between the mobile ptatfmass center and the system’s
fixed reference frame origin. The Lagrangian ecureiare written in the form:

-ty @y @2

dt \ap ap

Where p is the vector ofgeneralized coordinates.e. the vector of independent
parameters that describe the configuration of yiséesn. For rigid robots is equal to the
vector of active joint variables Thus, in the case of robots without any closexgb$oq is
the vector of the joint coordinates. In a similasltiion,p is the vector ofgeneralized

velocities the vector of parameters that describe the vigle€iany body.

For closed loop robots, the expression of kinetid potential energies is difficult
to obtain as a function of the active joint varedy and velocities only. Therefore, it is
preferable to introduce into the vector gégneralized coordinateg additional variables
that will help in obtaining kinetic and potentialexgies in a simpler form. Those variables

are, in the case of a parallel robot, all passiiatjvariables and platform Cartesian
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coordinates. Obviously, these additional variallesnot independent and can be linked to
the active joint variables through the use of fheonstraint equationsThree redundant
coordinates which ang y, andz, are chosen, besides the active joint variatjes. and

gz- Thus then = 6 generalized coordinat@sare

b= (x, V,Z,41, 92, Q3) (3'43)

TheLagrangian modefor the inverse dynamics is then expressed by:

d (oL oL\ _ k ofi -
w(55) - G) o 2ta () (3-44)
forj =1 ton, where:

» jisthegeneralized coordinatmdex;

* nis the number of generalized coordinates;
¢ jis the constraint index;

» pjis thej!" generalized coordinate

» kis the number ofonstraint functions

» fiis aconstraint equation

* Qs a generalized external force;

» ], is the Lagrange multiplier.

Expression (3-44) represents a system of six empugiin six variables, where the
six variables ard; fori =1, 2, and3, and the three actuator forc€},for j = 4, 5, and6.
The external generalized force®j for j=1, 2, and3, are the forces applied to the end-

effector, which are null:

Q =(0,0,0,74,7,,73) (3-45)
Solving (3-44) for j = 1;2; 3, one obtains:

Mp(X = g) = Jiny' A (3-46)

Solving (3-44) for j = 4, 5, 6, one obtains:
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Myg=t—2 (3-47)
Combining both (3-46) and (3-47), and replackhgsing (3-25), one obtains:

= (Mls + MyJ7))i§ + (M,J7))g — M,J"g (3-48)

I nverse Dynamic Model

The formalinverse dynamic modes given by (3-31). From th¥irtual Work
Principle and theLagrangian Formulationequations (3-37) and (3-48), respectively, one
obtains this formal model. Both models resultedhiea same symbolic expressions for the

dynamic parametergjiven by:

M(q) = (Mal3 + MpJ"]) (3-49)
V(g4 = (MyJ"]) (3-50)
G(q) = —MpJ"g (3-51)

This model can be used for control or simulationppses. One can determine the
actuator force requirements based on a desiredomaind task. This procedure is
illustrated in Figure 3-17. The user sets the spmsition and motion of the mobile
platform. The static solution determines the stédices and actuator positions for the
manipulator starting pose. From then, motion plagrin conjunction with the kinematic
models generates the position, velocity and acatber profiles for the actuators, for each
time instant. This, in combination with informati@aout external forces and torques, is
used as an input for the dynamic model, which thetermines the required forces on each
actuator to perform such motion step. Then, theetimstant is incremented and this

process is repeated until the end of motion.
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Static Solution

v

Motion / Task Planning |+

v

Inverse Kinematics

increment time

Positions, velocities

External forces
& torques and accelerations

Inverse Dynamics

v

ActuatorW

& power

Figure 3-17 — Dynamic control procedure.

Direct Dynamic Model

The DDM of the PKM, expresses the input joint aecationsg a as a function of

the input effortg and it is given by:

=M@ (r-V(gdq-G{) (3-52)

Having previously developed the IDM and obtaine@ ttynamic parameters

(Inertial, Coriolis-CentrifugalandGravity Matrice$, it is trivial to develop the DDM.
Considering Friction on the Joints

When using a robot’s dynamic model for design articm purposes, it is important
that it faithfully reproduces the behavior of thabot in the real world and takes into
consideration all the forces involved during its vament. The friction force plays a
significant role in this behavior, as it may lirtlie quality of the robot performance. Non-

compensated friction produces static errors, dekayd limits cycle behavior[181].
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Many works have been devoted to studying frictiangtie in joint and transmission
systems and various friction models have been megbon literature [182]-[184]. The
model employed in this dissertation is the mostroftmployed model, and is composed of
Coulomb friction together with viscous friction. &model based on Coulomb friction
assumes a constant friction component that is iexlggnt of the magnitude of the velocity.
On the other hand, viscous friction is generallnsidered to be proportional to the joint

velocity*.

Therefore, the friction forces or torques;, at a joint i are given by:

T = fs;.sign(q;) + fvi. q; (3-53)

Wherefs; andfv; are the Coulomb and viscous friction parametespectively.
These terms are quantified during the prototypeesrpentation process and vary as a
function of the load in the joints[185], [186]. Hewer, for simplification purposes, they

can be considered constant, thus obtaining a limeaiel which is simpler to use.

3.3.4 Singularities loci

Singularity configurations are particular posesagbarallel manipulator, in which
the mechanism loses its rigidity and degrees adoen or becomes uncontrollable. Hence,
singularities should be avoided at all costs forsmapplications. As in the work by
Gosselin[187], the analysis of the manipulator's tfacobian matrices, parallel and serial,

to establish three types of singularities is pregos

« First kind singularities: they occur when theatatinant of the serial Jacobian

matrix is null. This leads to the loss of one orenDOF.

» Second kind singularities: they occur when théeeinant of the parallel

Jacobian matrix is null. The robot gains one oreridOF.

4 Experimental studies have pointed out the Stribpblenomenon that arises from the use of fluid
lubrication, which results in decreasing frictioitiwincreasing velocity at low velocity. After art&n point,
the friction becomes proportional to velocity [263his effect, however, is not considered in thepadd
friction model in this dissertation work.
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* Third kind singularities: also called combinedgsilarity, they occur when both
serial and parallel Jacobian matrices are notrank. In this situation, the robot

gains and loses DOF and may become uncontrollable.

Singularitiesfor AM1

The determinant of thé reduced parallel Jacobian matrix of the first ABA21)

is given by:

il = 22y + VB =22 = 22)(JI2 = y2 = 27) (3-54)
Which in turn is equivalent to:

x|l = —q3(q1 — q2 + W)z (3-55)

The determinant of th&;: serial Jacobian matrix of the first AM (3-26) i&vial to

calculate since it is a diagonal matrix:
Jor| = VE =7 =23 (1 - y* - 2) (3-56)

Which in turn is equivalent to:

|]q1| = (X—%—(h) (X+%—QZ) (y — q3) (3-57)

As already mentioned, singularities occur whendhterminants of the jacobians
are null. By equaling equations (3-54) and (3-%6}¢ro, one obtains the expressions for
the singular loci surfaces, shown in Figure 11thiis case, all singularities happen in the
vicinity or at the boundary of the robot’s workspaovhich in turn guarantees the
nonexistence of singularities on the inside ofrtit@t workspace, for the first AM. In fact,
when met, this set of 3 conditions ensures thatnewver reaches a singular pose:

{q1<x—%, q2>x+%,q3>y} (3-58)
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Singularity loci

[ tstkind
I :d kind
[ 3rd kind

Z [mm]

Figure 3-18 - Singularities loci according to type, for AM1.

Singularitiesfor AM2
The determinant of thé. reduced parallel Jacobian matrix of the second AM
(3-23), considering again for simplification purpesa = d + x — w/2andb = x + w/2, is

given by:

— 2 _ N2 52 2 _ 2 _ 52 2 _ h2 _ 52
s :Z(by ay +2—y?—z22(VI2—a? — 22 =12 = b2 — 2 )+) (3-59)
+ bVI2 — a? — 22 — aVI? — b? — 72

Which, simplifying and replacing the correspondexpressions foa andb, is equivalent

to:

V2l = 2 (‘h (Q3 + %) +q (% —d- Q3)> (3-60)

The determinant of thé&. serial Jacobian matrix of the second AM (3-24) is:

Vg2l = (V2 = y2 = 22) (V2 = a® — 22)(VIZ — b? — 22) (3-61)
Which in turn is equivalent to:

|]q2| = -q)y —q)(x—q3) (3-62)
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Given the complexity of the determinant of the @l parallel Jacobian
matrix for AM 2 (3-59), it is more difficult to fid the expressions for the parallel
singularity loci. For this reason, they are notresgnted here but it will be taken into
account in the workspace determination. The trig@llution isz=0, which in fact never
occurs. The serial singularities are easy to find accur when the agents, links and
platform become aligned. In fact, when met, thisoe8 conditions ensures that one never

reaches a serial singular pose in the AM2:

>y, 2>y, ¢z>x} (3-63)

3.4 Multi PKM Property Evaluation based Design
Methodology

Given the characteristics of PKM, such as theisatnopic properties and existence
of singularities, their design and development bez® crucial to fully understand and
predict their final behavior. PKM design proceshrotigh property evaluation and
workspace characterization, allows to determine vadles of the PKM kinematic

parameters which will improve or certify the prapes of the parallel machine.

In this section, a novel design methodology basednterval evaluation of the
PKM property workspace is proposed. This methodpliggalso compared with existing
design methods. This sub chapter is an extendesloveof [95]. The novelty of this
methodology is the combination of PKM workspace Iygia and design, for several

properties of different nature, in a single method.

3.4.1 Existing PKM design methodologies

Design methodologies often follow two distinct pisibphies: optimization or
certification. The first approach consists of antijation of a weighted criteria

depending on the robot parameters, as it choosessalution which offers the best
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compromise in terms of performance. Examples of #uproach include Atlas approach
[188], [189], the cost function approach [190], 11,.9dual expansion [192], compromise
programming methodology [193], physical programnmmgthodology [194] among others
[195], [196].

The second approach, on the other hand, definepdalfermance parameters in
terms of constraints and not as subjects of opétign. It addresses the design problem in
terms of feasibility, by determining a set of smos for the kinematic parameters which
ensure all performance requirements are met [IitiE approach has several advantages
relative to design optimization as it is capabledefling with manufacturing tolerances
and other deviations from the nominal design patamealues. It can also deal with a
large number of different properties or design paaters which is something that
optimization methods usually struggle with. Optiatibn methods may also converge to a
single solution, which might or might not be glologtimal, and depends on the weights
given to the performance criteria considered orcthapromises made between conflicting

criteria.

The proposed design methodology focuses on thendeapproach. Its goal is to
design a PKM which fulfills certain desired perf@ante thresholds over its workspace. In
other words, one wishes to obtain the set of kirenparameters for a PKM with a desired
workspace, characterized by its joint range lindtssence of singularities, with a desired
motion accuracy and force properties. Other pararseduch as the occurrence of link and
platform collisions or PKM stiffness can be easityded to this model but are not subject
to study in the present work. The workspace isatyvamon variable and serves to unify
the properties and certify the set of kinematicapaeters. Interval analysis [197]-[199] is
used to evaluate the constraints and Branch-angePta characterize the constraint
workspace. Interval arithmetic, proposed by Mo@@Q], has been used for PKM property
analysis, such as accuracy [201], [202], sengitid03], force workspace [204], existence
of singularities [205], among others. It deals witintinuous intervals instead of discrete
points, thus allowing a continuous evaluation & #éntire workspace of the PKM as well

as the entire range of its design parameters. Toygoped design method is based on an

104 FCTUC 2017



Chapter 3 -Novel Reconfigurable Parallel Manipulator

algorithm which uses some well-known interval asaytechniques. Some strategies

employed to improve the efficiency of this algonittare also presented and discussed.

Some works have been made on parallel robot prpp@rlysis using constraints,
Branch-and-Prune and interval analysis. In [206}egified enclosure of the generalized
aspects is computed. It is used to obtain connesgéslof non-singular configurations for
path planning of planar robots with 2 and 3 DOR, ibutheory can be added additional
constraints for any parallel robot case. In thatkyvarm and obstacle collision as well as
joint limits constraints were demonstrated. Howeveaw works have been made
addressing the design of a PKM with certified parfance. In [207] a robot with certified
dynamic performance over a workspace is designedam example, a range of design
parameters is determined, which ensure that a 206t with pre-selected actuators can
perform a designated task, consisting on followtiragectory with a specific velocity and
acceleration. In [208], a method is proposed fattsgsizing the largest tolerances in the
model parameters of a PKM while keeping the poser drelow a given limit. A similar

work is done in [202].

3.4.2 Novel PKM design methodology

Most works on PKM design either focus on less tBdMOF PKM's or on a single
property. The proposed design methodology, whichsumterval analysis methods,
addresses the evaluation of several PKM propedtiesfferent nature, including singular
poses, joint limits, accuracy and force, for anirentvorkspace, while also taking into
account possible variations or uncertainties of tometrical parameters. Same
methodology also enables the design of a PKM withtiple DOF, taking into account

different performance requirements.

In this section, the interval analysis tool is @tuced. The performance parameter
evaluation method is discussed in detail and ahneutf the design algorithm developed

is presented.
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Interval Analysis

The discrete approach to the study of a maniputateorkspace has been widely
used for its simplicity. For instance, by varyifge tactuators’ positions in their range, and
applying the forward kinematics, one is able to agate a cloud of points inside the
workspace and its boundary, as shown in Figure.34b%vever, being able to evaluate the
workspace continually (and not in a discrete wag/)important since singularities or
particular poses of the robot where its performanderms of accuracy and forces is not
satisfactory may occur between two certified woda points. One can refine the
evaluation by adding more points at the expenseoafputation velocity and efficiency.
For this reason, the most robust approach of lateAnalysis (IA) is used for design
certification, since it deals with a continuous sétpoints instead of some particular
discrete points. In this sense, IA can certify atire workspace, since it provides simple
tools to evaluate the lower and upper bounds foination with interval unknowns. It can
perform more evaluations on critical areas of tlwekspace close to singular or boundary
regions, while performing much less calculationslange non-critical areas, thus largely

improving computation velocity and efficiency.

SCALA Workspace Boundary

SCALA Workspace Cloud Point

-300 300

Figure 3-19 - 3D Manipulator Workspace generated in MATLAB (Assembly mode 1a, I=300mm, agents
range=400mm, WS volume=36.92 dm3)

An application is when some parameters are not knexactly but are bounded,

such as the physical realization of the mechanemhponents of a robot with its
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manufacturing tolerances [209]. It can also be useidhke into account computer round-
off errors [202].

In this work the usual interval notation will beeds

« Intervalreal {x]€ R=[x,x|={x eRlx<x <X };

* Interval vector {x] € R* = [v;,7; | fori=1,..,n;
[a;] - [amn]

e Interval matrix {M] € R™" =| : o
[aml] [amn]

e Infimum -x = inf([x]) £ inf{a € R|Vx € [x],a < x};

e Supremum x = sup([x]) £ sup{b € R|Vx € [x],x < b};

* Radius 4 =rad([x]) = Y%;

» Width/Diameter 26 = wid([x]) 2 x — x;

e Midpoint/Center % = mid([x]) £ %5;

* Interval approximation of the solution set = [];

* |nner box =;

As, for example, in the real interval [-3 , 5] iimumis -3, thesupremunmis 5, the

radiusis 4,diameteris 8 and thenidpointis 1.

Interval arithmetic allows to implement basic opera (+,—,><,+

. ™+ sin, cos,etc ... ), such that[200]:

[x] o [y] € [{x o ylx € [x]y € [y]}] (3-64)

Then, it is possible to provide anterval extensioror inclusion noted f{] to real

functionf as:

Vix] € R, [f1([xD) 2 {f (x); vx € [x]} (3-65)

There exist several types of interval extensiorchsasNatural Inclusion where

every classical operator is replaced by its inteceanterpart, oif aylor Extension
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The main problem with interval analysis is the @atimation of the resulting
interval extension bounds, which may lead to peissigvaluations of interval arithmetic.
Indeed, in interval arithmetic, the several occuces of variables are treated as

independent and are not correlated:

[x] = [x] = {x —ylx € [x],y € [y]}  {x — x|x € [x]} (3-66)

This, in most cases, leads to loss of propertids@verestimation, where the upper

(or lower) bound offf] is not exactly max (or mirf)(x) for x € [x][200]>.
Interval Extensions of Robot Properties

The design methodology proposed can be divided timto steps: Verification and

Design.

Verification: The workspac&V of the robot is the common denominator in this
study. One will analyse the robot’s static confagions and determine the workspace for
each of the performance thresholds. The workspéicéor thei performance property,
characterized bym inequality constraintsnoted Ci, formulated as conjunctions and/or
disjunctions of inequalities, for a real or intdréat of n kinematic parameterg or [p]

respectively, can be defined as:

Wi([pe]) = {x|Vp € [p.], Ci(x, p)} (3-67)

The exact description of the workspace is diffi¢alobtain formally. In fact, one is
interested in the inner approximation of these detsribed by interval boxes. Continuous
intervals, depending on their dimensions, can laplgcally represented by boxes (lines
for 1D, rectangles for 2D, parallelepipeds for 3dd hypercubes for superior dimensions)
with their sides parallel to the reference axidhef chosen parameters. These boxes are

tested and labelled as internal or external acogrth whether or not they are part of the

5 Consider, for example, the functighx — x® — 3x2 + x. If one uses the interval arithmetic to evalufate
for x=[2,3], one getx® — 3x% + x = [2,3]® — 3 x [2,3]*> + [2,3] = [8,27] — 3 x [4,9] + [2,3] = [-17,18].
This is, in fact a very bad result, since in regatite rangef([2,3])=[-2,3] . The problem of pessimism is
related to the multiple occurences of the sameabbgiin one expression, by not taking into accahst
correlation between these variables.
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solution set, defined by itsonstraints A box (ex : ki) is internal toW, if the condition
vx € [xi; Ci(x,p) is met. ForWay , the condition for an interior box i&x € [x]; Vi €
[1,...,n}; Ci(x,p). This set of inner boxes is denoteWi([pt]) and such asWi([p]) cW.
This allows us to ensure that one is fully inside workspace. External boxes are boxes

where the constraint evaluation deems results wireatompletely outside the solution set.

An undetermined box is characterized by havingspatiich belong to the solution
set while others lie outside of it. In this case @annot be sure if the effect of the interval
overestimation might be pessimistic, so the badsisected in two and the resulting boxes
are re-evaluated.

One then obtains an inner approximation of thel fimakspace:

Wall([Pt]) = {X|Vi = [11 "'!m]!vp € [pt]l Ci(x! p)} (3'68)

By intersecting all performance workspaces such tha
m Wy, ([p]) = N2, mW; (3-69)

Design: In Design, one finds all possible valuesh® n kinematic parameterp
vectors for a family of PKM whose performance istiied and complies with alk
desired performance parameters, characterizeoh byequality constraintsiotedCi in a

given interval workspace box notedif

D([Xd]) = {prl = [11 "'!m]!vx € [xd]l Ci(x: p)} (3'70)

For the design problem, if a box (expi] is internal, a conditiovp € [p; [Xd] =
Wai (p) or [Xd] = Wan ([pt ]) must be met.

In the design methodology, there are boxes for lia¢hsearch space (geometrical
parameters of the PKM) and the variation domaithefparameters (workspace). Bisecting
on the variation domain of the parameters and etialg smaller domains reduces the
pessimism and can improve the results of the boxluation, thus constituting an
improvement on the method efficiency and ensurimg ¢convergence of the algorithm.

Being [x] the search space anyg] fhe variation domain, for a given quantified cwamt
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(vx € [X]; Yy € [y]; T (x,y) < 0) one can compute the following interval evaloasi 7] := f
(X1, YD, [4* =1 (X1, [Y]Y) and B? :=f ([x], [y]), where J]* and }]? are obtained by
bisecting the variation domaiy][ and knowing that the interval hutl((Z]*u[Z?) < [Z.
Then, if either ]* or [7? lies outside the solution set, one can discarcetiiee parameter
set k]. To know when to perform a bisection on paramdtanains, in a similar fashion to
the work ofGoldsztejr{210], one defines a threshold on the ratio:

wid(E([z]'U[z]*))

wid([z]) (3-71)

Below which the parameter domains are bisecteds Biution relies on three
interval evaluations of the functidn, which, as the previous author states, is chaép w
respect to the use of interval contractors. Theutations in this work were carried out
using a threshold of 0.80, shown to lead to goafbopmances in average. Other methods
exist in literature [211], [212] and although nasaissed here may be tested in the future

to compare with this method.

Once chosen the domain for bisection, the righédtien direction choice is also
critical for the efficiency of the algorithm. Théassical method for the subdivision process
is the bisection of the box] perpendicular to a direction of maximum width.rFan
interval IX = [a,by], bisection occurs at its middle point in orderccteate two new intervals
I¥ = [a, (ax + b)/2] andI¥ = [(ax + b)/2, b]. However, the evaluation functidrmight
not variate as much for that direction of biseci@anfor others, resulting in the creation of
an unnecessary large number of boxes. For thisomeame should look for efficient
methods for the selection of the direction of bigecto reduce the number of sub-boxes
generated, thus reducing the required computapaces and timeRatzhas studied four
different rules for the selection of subdivisiomeditions[213]. Each of the rules selects a

directionk by using a merit function:
k = min{j|j € [1, ...,n] and R(j) = max]-;R(i)} (3-72)

WhereR(i) is determined by the given rule. They have emglisicoroved, using a

wide spectrum of unconstrained test problems,ttfe@torrect choice of bisection rules can
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effectively reduce calculation time and functioralesations by aroun80% and the space
complexity by aroundl5% when compared with thelassical rulewhich selects the
direction of maximum widthR(i) = wid[xi]). The most effective bisection rules wéteale
B (Hansen and Walstgrdefined by:

R(i) = wid (Vf;([x]))wid([x;]) (3-73)

And Rule C(Rat?, defined by:

R(@) = wid(Vf,([xD) ([x:] — mid([x:])) (3-74)

The relative efficiency of each bisection methogeatels on each problem and for
one specific case, one method might present seaduantages or disadvantages over all
others. For the proposed algorithm, three diffet@section methods were tested to find
the most efficient one. Bisection can occur untihesimum box size is achieved. In this
case, if one still cannot draw any conclusion altbetnature of the box, it is characterized
as a boundary box. This minimum box size is cadkedly minimum resolution. This is the
principle of theBranch and Prunealgorithm and constitutes the basis of the design
algorithm. Property evaluations require solvingibtervals linear equality or inequality
constraints. For the equality constraint probleme @an apply the method proposed in
[214]. However, since they can also be interpretedhequalities with no prejudice to the
result or method, and in an effort to maintain cehee throughout the whole text, one
opted to use inequality constrains, which will igcdssed in detail in the next section, but
can be roughly represented by the following linegerval system:

b<Ax<b,Ac[A] or Ax=b, A€[A], b€ [b,b] (3-75)

Where A] is composed by invertible matrices. The problesnsists in finding out

the subsex, in the form of an interval vector:

¥ 3,3([A], [b]) := {x € R*|34 € [4],3b € [b], Ax = b} (3-76)
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In this case, and in a similar way to the evaluatib interval polynomial equations,
a simple adaptation of scalar algorithms is nosifda. The main source of difficulties
connected with computing the solution sé$ its complicated structure, which is generally

nonconvex.

Oettli and Prageffirst proposed a technique to deal with this peamlin 1964 [215].
Taking advantage from the fact that the intersactibthe solution set with each orthant
is, in fact, a convex polyhedromettli [216] proposed, using a linear programming
procedure in each orthant to determine the infimamd supremum for the solution set.
Though this method effectively allows one to obténger solution boxes than other
methods, it is extremely computation intensivegsiit requires an evaluation of the linear

system for each orthant.

For this reason, for the proposed algorithm, arém@oproposed bdeaumor217],

which is an evolution of th@ettli-Prager theoremis employed:

23,30m) o) <0 {xs( s %205 < (5750 )} @77)

Where D, is a diagonal matrix whose elements areand § is a vector whose
elements are given are tifei. Both this scalar matrix and vector depend on ratial
approximation of the solution seiand are given by:

o = Pl B, = xj|x ||| (3-78)
oy T xXj-x;

While it does not require an evaluation for eacthamt, it is an iterative method,
which might turn out to be computation intensiveowsver, our tests have shown that,

with a good initial approximation to the solutiogt,sone obtains sharper results tiettli

and Prager for only one or two iterations.

To reduce the effect of the overestimation and re@htthe bounds of the solution

sets filtering methodsare employed:
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[Xnew] = Filtering([Xo1al, C([x])) s0 that [Xpew] € [Xo1a] (3-79)

Filtering can be made usingB, 3B, Gauss Elimination Taylor, Hansen-Blink
Newton among other methods[199]. If the filtering leadsan empty box, this box is sent

to the list of outside boxes.
Robot Properties Characterization

Joint RangeTo obtain the manipulator’'s workspace limitedtbg reachable extent
of its drives and joints, calleagachable workspac@ne has to first develop the kinematics
of the robot. The interval extension of the inveksgematics problem (IK) to a box]
(Vp € [p;]) allows to overestimate all possible variationghef joint coordinates for a¥

€ [X]. The constraintfor joint range property checks if the joint com@es obtained are

inside the defined joint ranges, nofeg| = [ﬁ, ﬁ], for the property workspads':

C1([x], [p]) < qa <0 (IK([x], [PD) < qa (3-80)

In this case, TK([x], [p]) < [qq4], it is an internal box. Otherwise, IiK ([x], [p]) N

[qq] = @, itis an external box.

Singularities As seen previously, singularities occur when deg¢erminant of the
inverse jacobian matrix is null. Thus, the singityaconstraint to a box<] (Vp € [p;]) is

defined as:

Co([x], [p]) & det(Jiny ([x], [PD) < 0V 0 < det(Jiny ([x], [P]) (3-81)

If [0,0 ¢ det(J;n, ([x], [P])), One is sure there is no singular pose in the syake
of the robot. Another approach is to check the lagjy of a matrix ¥x € [x;]|Vp €
[Pt], Jinw(x, D) are regular) as an alternative to the evaluation of the Jagobi
determinant [218], [219]. A different approach ged in [220], where the authors compute
the determinant of the jacobian for single posesesponding to the upper and lower

bound of an interval, and try to find inversionstieé signal of the determinant, meaning
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that there is a singularity inside the pose interas the determinant df. is a real valued

continuous and differentiable function.

Motion Accuracy Error analysis is an essential study for any P#&dign exercise,
as it is shown by the numerous works on this suj@9], [221]-[226]. It consists on
finding the positioning errors of a given robot sime specific location within the

workspace, by solving the following interval linesystem of equations:

Jinw([x], [PD[Ax] = [64] (3-82)

Which relates the positioning errosx] of the end-effector with the actuated joints
accuracy ¢q], through the inverse jacobian matdy,, which is pose dependent but also
depends on the geometrical parametgk that define the geometry of the robot
(considered as intervals to account for the boundadufacturing errors). While this is
actually a first order approximation of the poseernear singularities the whole process
may turn out to be non-reliable. An approximationthie distance to singularities can be
found in [227], where the authors avoid singulastby restraining the workspace to a set
of static poses where the joint forces do not ed@eertain threshold. A similar solution
is employed for our force workspace determinaticonétraint C4, and can be used for

the same purpose, to improve on the reliabilitthas method.

The PKM moves within a given workspab¥ that is defined as intervals fox][
parameters. The desired vector of maximal positgrarrors Ax,] is defined as a set of
allowed ranges for the errors ofj.[The goal is to find robot geometries for whiateacan
ensure that whatever is the pose of the robot withe workspace, the positioning error
will be included in px4]. Solving by interval the problem for a given aramy [6q], the
internal box k] (Vp € [p,]) test condition consists of checking if the ob¢airaccuracy
[Ax,.s], which is an overestimation of the real accuraisyjnside a desired accuracy

interval [Ax4] is done by:

C3([x], [p]) & Axq <E X33/ ([x], [pD[8q] < Axq (3-83)
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If J([x], [pD[6q] < [Axq4] then itis an internal box. Otherwise/{{(x], [p])[5q] N

[Ax,] = @ it is an external box.

Joint Forces Static analysis reveals one very interesting phemon in the vicinity
of singularities, characterized by the existencea tdad such that the internal forces in the
joints of the structure tend to infinity[227]. Largayloads also require bigger actuation
forces. Such large forces can lock the entire n@shaand in the worst scenario lead to
its breakdown. To avoid this, the designer canndef thresholdmax for the maximum
internal forces in the joints. The areas of the imalator workspace in which the internal
forces in the joints do not exceed this threshaldstitute theforce workspaceAt static
equilibrium, the fundamental relation between tbatj forces interval vectorz], the
external wrench exerted on the environmé&ijtdnd the transpose of the inverse kinematic

jacobian matrixJin,", is given by:

Jinw([x], [PD ] = [F] (3-84)

This same expression can be obtained from the miatgy dynamic model, for
instance in equation (3-48), considering staticdaion. The wrench F] contains all
forces applied by the geometrical center of the-effector, i.e. in the origin of its
reference frame, to the environment. When, forainsg¢, the manipulator carries an] [
payload, where M| is the interval mass of the payload, the endetfie must
counterbalance the weighf]E[m].g, whereg is the gravity acceleration vector. Solving
by interval the linear problem for a given wrenét],[the force constraint for a box][
(Vp € [p:]), consists on checking if the obtained joint fardeed are inferior to the

maximum joint forcesmax, and can be defined as:

C([x], [p]) & VF € [F],z <[ X350 (x], [PD"F) <7 (3-85)

With [T] = ['Tma)ﬁ Tma)J-

If J([x], [pDT[F] € [r] then it is an internal box. Otherwise,/if[x], [p])T[F] N

[t] = @, itis an external box.
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Algorithm Outline

It is presented here an outline of the algorithmetteped for the study and design
of the parallel manipulator, using interval anadystor the verification routine Algorithm
1, whose pseudo-code is available in Appendix B,uber obtains the workspace for the
robot characterized by the unique set of manipulgéometrical parametens such as the
length of the limbgi or the width of the end-effectaor.

In the design Algorithm 2, whose pseudo-code islama in Appendix B, the
result is a setl)] of kinematic parameterg] which form a family of certified PKM’s.
Then, even if the physical realization of the robidters from the theoretical model while
staying within the given manufacturing error boynaise can then certify the robot design

for the required performance parameters.

If p™ is used as the nominal value of a given geométgasameter;, for the
manufacturing process one may assume that theaksd ofp; will lie in the range ™-¢;,
pi™+ej]. This implies that if one finds a solution intah\pj] = [a,b] for the parametep;,
whose width is larger or equal 2a@j, then one is able to guarantee that the real rnailbt
satisfy property (3-70), by choosing as theoretmanufacturing value a number in the

range f + gj, b - g, as this guarantees that the real value willrbg; .

Notice that, even though the inclusion tests shewperformed in serial, they can
also be performed in parallel fashion for both mes. Both strategies have their
advantages and disadvantages, demonstrating hsgleeds and efficiency depending on
the calculation conditions, as will be discussetthier in the next section. Notice also that
in the Algorithm 2, line 22, bisection occurs oe tariation domain of the parameters, in
this case, the workspac@/]. While not shown in the pseudo-code, this isdakd by new
evaluations of the constraint for a smaller parthef workspace, in order to reduce the
overestimation effect. If a single of these evabra, results in an outside box, then the

entire parameter sdtrjew] can be discarded.
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3.5 Workspace and Property Evaluation

In this section, the design algorithm is used nd he geometrical parameters set for
the SCALA manipulator. After this, a workspace aamdperty evaluation is performed for
the two assembly modes of the manipulator, usirggioperty verification algorithm.
Finally, it is shown that the workspace extensidrategies successfully extend the

manipulator workspace and improve its workspadadtallation space ratio.

The interval analysis algorithm, proposed in th&t Eection, was developed in the
Matlab R2015a environment, with the INTLAB V7.1 gage, developed by Siegfried M.
Rump, head of the Institute for Scientific Compgtiat the Hamburg University of
Technology, Germany, Copyright (c) 1998 — 2013, anmacademic licenses. It ran on a
computer with an AMD A6-7400K Radeon R5 6 ComputeeS (2C+4G) at 3.50 GHz
and 8Gb of RAM.

3.5.1 Manipulator design and parameter choice

For the PKM design, first, it is necessary to eghbthe characteristics for the
desired workspace, namely its volume, guaranteedracy and payload capacity. After
this, the algorithm determines the set of geomatparameters (link length and platform
width) which guarantees such workspace. It is ingrdrto mention that in this design
study, a single assembly mode is considered, wisithe AM1. The desired workspace
was defined as a box of 200 by 200 by 40 millimeteentered on the point (0,0,300), as
shown in Figure 3-20. Inside such work volume, aousacy of 1mm and a payload of

1kg, for all poses, is ensured.
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Accuracy: 1Imm

Payload: 1kg

Figure 3-20 - PKM design study parameters. Desired workspace is represented by the yellow box.

Kinematic parameters to be determined are shown in blue.

The design algorithm is run in two fashions: thsetfone performing the constraint
tests in serial (starting from joint limits constis, then accuracy constraints and then
force constraints) and the other one in paralleheW performing serial calculation, the
first property constraint is applied to the ensearch space. However, for the subsequent
evaluations, only the inside boxes of the previevsluation are used. The search space is
then much inferior to parallel calculation, whetesaarch space is used for each property
constraint. The final result is the intersection eafch property evaluation. Results are

shown in Figure 3-21 and Figure 3-22, for serial parallel calculations, respectively.
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Figure 3-21 - Design algorithm running in serial. Inside boxes shown in green; outside boxes shown in red
and purple; boundary boxes shown in white, cyan and yellow. Last image shows the final result.
Calculation times (from top left to bottom right): Joint Range and Singularity Constrains- 25.52s; Accuracy

Constrains- 18.27s; Force Constraints- 6.50s; Total calculation time- 50.29s.

One can see that the accuracy and force workspacelation times are much
lower than joint range workspace. In fact, the ¢tise for the former only occurs for one
of the design parameters (this particular robamobian matrices can be expressed only in
terms ofL andX coordinates of the end-effector with the end-aéfeavidthw bearing no
influence on the results). For this reason, thelvemof boxes is much lower as well as the
calculation times. Serial calculation is the mo#ftcent when only one computer is
available to run the algorithm. However, one cam that the final calculation time for the

parallel calculation is inferior to the serial aabttion.
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Figure 3-22 - Design algorithm running in parallel. Inside boxes shown in green; outside boxes shown in
red, purple and dark blue; boundary boxes shown in white, cyan and yellow. Last image shows the final
result after intersection. Calculation times (from top left to bottom right): Joint Range and Singularity

Constrains- 25.52s; Accuracy Constrains- 3.00s; Force Constraints- 1.63s; Total calculation time- 25.52s.

This is because one is using a distributed appraachusing a set of computers: a
master program will manage the lstand send boxes to process to a free slave computer
S. This slave computer is responsible for a singtgerty constraint and evaluates its own
boxes listZ until eitherL, is exhausted or that the number of boxes$rhas reached a
given threshold. Then the slave computer will nettw the master program the lisg
(possible empty) that has to be processed togetierthe remaining sets (also possibly
empty) of synthesis solutions. The result is thet ¢alculation time is equal to the longer

property evaluation time, in this case, the acoucanstraints.
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However, a new serial run of the algorithm was @aned, but this time the
constraint evaluations were done in order of tiffieiency, i.e., Force Constraints (1.63s),
then Accuracy Constraints (0.69s) and finally JdRange (10.71s), obtaining a final
calculation time of 12,71s.

The efficiency of the bisection method adopted walas tested. Figure 3-23 shows
the results for bisectioRule B(Hansen and Walster) amthssical methodbisect biggest
interval). One can see thRule Bgenerates less boundary and outside boxes, me#sing
more efficient as a bisection method. The average ig space complexity is 58% relative
to the dassical method

450 450

50 » >
300 350 400 450 500 300 350 400 450 50C

L [mm] L [mm]

Figure 3-23 - Design Algorithm results for bisection Rule B (Hansen and Walster) and classical method.
Inside boxes shown in green; outside and boundary boxes shown in white. Calculation times: Rule B-

50.29s; Classical Method-184.39s.

This is also shown by the average 63% reductiothercalculation times, relative
to theclassical methodRule C(Ratz) was also tested, and while it was not &siefit as
Rule B still an average improvement of 57% in calculatiime and 56% in space
complexity was obtained, when comparing to thessical methodThe reason why the
classical bisectioomethod deems such bad results is thanks to nog ladile to detect the
independency of the parametein the accuracy and force constraints evaluafitws, it
creates many more boxes by bisecting on two de&giables. For this reason, and in
problems of this nature, a good selection of tlsediion method is crucial to obtain a fast

and efficient algorithm. The resulting green aremstitutes the set ofeometrical
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parameterdor the manipulator, which ensure that the desivetkspace is achieved. From
this set, the designer is free to choose any caatibimof values. In order to select nominal
values for the parameters, the link lengths and-effettor width of the SCALA

manipulator were given the values4#0mmand200mm respectively. These values also

have a good tolerance margin, as one can seestanite in Figure 3-23.

3.5.2 Property workspaces and analysis

In this section, the verification algorithm is uskxevaluate the workspace and
performance of the manipulator, for AM1 and AM2yan the geometrical parameters

present in Table V.

Table V - Parallel manipulator geometrical parameters considered for the analysis.

Parameter Value [mm]

I (link length) 400

([-500,500] [-500,500] [0,500])

[ad] (Joint ranges) AM1/AM2 ([0,500] [0,500] [-500,500])

w (end-effector width) 200

8q (actuator accuracy) 0.1

Tmax (@Ctuator max force in Newton) 15
Reachable Workspace

Given these parameters as input, the verificatitgorghm determines the
workspace for a given property. Considering theclna@le workspace, one obtains the
workspace volumes depicted in Figure 3-24 and Eiggu25, for the first and second

assembly modes, respectively.
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Figure 3-24 - 3D Reachable Manipulator Workspace for AM1. Calculation time: 3375s, N. of Intervals:
100000, Min. Resolution: 25mm?3.
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Figure 3-25 - 3D Reachable Manipulator Workspace for AM2. Calculation time: 3131s, N. of Intervals:
100000, Min. Resolution: 25mm?3.

When one compares these figures with Figure 3H©ntain difference is that with
interval analysis, an entire volume is certifiedieneas in discrete point analysis (as in
Monte Carlo for instance), results depend on tlselttion adopted and do not allow to
check the space between each point. This is usefiie an idea of the overall shape and

size of the workspace, but due to the high numbéntervals (100000), it consumes a lot
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of time and processing power. It also becomes miffieult to analyze interior parts of the
workspace volume. In fact, most of the time, onengy interested in the behavior and
properties of the robot on a specific horizontang, or workspace area, as shown in
Figure 3-26. For this reason, from this point fordyathe workspace analysis will be made

on a horizontal plane situat8d0mmabove the railsz&310).

Work Block

Workspace
Volume

height z

Figure 3-26 - Workspace area on horizontal work plane at a z height from manipulator base.

Figure 3-27 shows the 2D reachable work areas fbtl Aand AM2 on this
horizontal plane.

Workspace for Singularity and Geometrical Constrains ~ Workspace for Singularity and Geometrical Constrains

200 - 200 -

100 [ 100 -

E E
E o E or
> >
-100 [ -100 [~
-200 [ -200 [~
Il BIue - Inside B ue - Inside
[l Red - Boundary [ Red - Boundary
300 . . \ . . . 300 . . . . . )
-300 -200 -100 0 100 200 300 -400 -350 -300 -250 -200 -150 -100

X [mm] X [mm]
Figure 3-27 — Left and right, reachable workspace for AM1 and AM2, on plane z=310, respectively.
Calculation times: 22.1s and 20.4s, N. of Intervals: 1086 and 1022, Interior area: 0.171m? and 0.079m?>.

The interior area is equal @171n3 and0.079n% for AM1 and AM2, respectively.
The minimum resolution considered w2smn3. This calculation took into consideration
the singularity constraints. Notice the red bougdamxes separating the interior boxes
from the exterior space. Where there is no sucmdaty is the place where boundary

singularities occur. The fact that both workspapessess no interior gaps, means that
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there are no interior singularities, as expectectidd also the much lower computation

times comparatively to the 3D analysis (Figure 3a8d Figure 3-25).

Accuracy Workspace
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Figure 3-28 - Accuracy Workspace for AM1, on plane z=310. Accuracy of 2mm, 1mm, 0.5mm and 0.15mm

workspaces.

The manipulator accuracy workspaces are showngar&i3-28 and Figure 3-29,

for AM1 and AM2, respectively. The useful work argdnown in bright green) reduces

comparatively to the whole workspace area (delidhiig the red boundary boxes) as one

demands more accuracy from the manipulator. Yeboxes represent the boundary of the

useful work area. For an accuracy 2ihm 1mm 0.5mmand 0.15mm one gets and
certified work area 00.164n, 0.156M, 0.139mM and0.068m, respectively, for the AM1.
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In the case of AM2, certified work area values fbe same accuracies a®e076m3,
0.073m3, 0.065mM and0.019m.

2.00 mm Accuracy Workspace by Oettli-Prager/Beaumont 1.00 mm Accuracy Workspace by Oettli-Prager/Beaumont
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Figure 3-29 - Accuracy Workspace for AM2, on plane z=310. Accuracy of 2mm, 1mm, 0.5mm and 0.15mm

workspaces.

Force Workspace

Force workspaces for AM1 and AM2 were obtained agumction of the
manipulator’'s payload, and are shown in Figure 3aB@ Figure 3-31, respectively. As
expected, by increasing the load on the manipyléter internal forces on the joints also
increase to the point where in some robot poses dkiercome the maximum achievable

force to the actuated joints, thus reducing théulseea of work (shown in bright green).
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Figure 3-30 - Force Workspace for AM1, on plane z=310. Payload of 0.5kg, 2kg, 3.5kg and 5kg workspaces.

For a payload of.5kg, 2kg, 3.5kgnd5kg corresponding to certified work areas of
0.154n3, 0.125mM, 0.098mM and0.019 M, for AM1, and0.057n3, 0.027mM, 0.006M and
On?, for AM2. Compared to the AM1, the AM2 exhibits aker performance, regarding

both the accuracy and force properties.
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Figure 3-31 - Force Workspace for AM2, on plane z=310. Payload of 0.5kg, 2kg, 3.5kg and 5kg workspaces.

Notice that the property workspace for AM2 doeshmte a symmetry axis, as it is
observed in AM1, where the symmetry axis is the tn planex=0. This happens because
the assembly of AM1 is, in fact, symmetric, wherge8M2, there is no general symmetry
in the assembly. There are also some indetermarates in the middle of the outside box
region for AM2. Because the formal expression ef Jacobian matrices is more complex
for AM2 than it is for AM1, some effects may ocamhich can prejudice the accuracy of
the verification algorithm. For instance, and sitioe algorithm does not take into account
the dependency of the components in the inclusioetfon, a large repetition of variables
may lead to overestimation of the results[199].sTéffect should be further investigated in

future work.
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3.5.3 Workspace extension through reconfiguration

To show the potential of this reconfigurable platip a case study was prepared,
where the goal was to determine the work areadtalilation area ratio in a single work
block of 5 rails, as shown in Figure 3-32.

'y
Rail 2 y
A
m Rail 5 Rail 4 Rail 3
Rail 1 o)
v >
X
d d

Figure 3-32 - Work block mesh with m width and 2d length.

The workblock considered is made from equal lifg@®mmlong rails, thus both
d=500mmandm= 500mm Rails 1 and 2 are made from two of these rait& agents can
move until the ends of the work block, thus settimgjr limits. In fact, the only strategy for
workspace enlargement demonstrated in this casky still be reconfiguration, as the
driving agents will be working on a single work tkoand won't be allowed to move
outside of it. The manipulator geometrical paramsetzre the same present in Table V,
with a link lengthl of 400mmand an end-effector widtl of 200mm

The purpose of this case study is to show how tleekspace coverage in a

horizontal work plane can be improved by using ipldtAM’s of the same manipulator.

The workspaces were determined for AM's present in Table IV, with the
exception ofAM 2a and2d. These two are impossible to achieve with thig lmd rail
length combination, since the distance betweers r8iland 5 is1000mmand the
manipulator links are on¥00mmlong. The manipulator's workspace is determinedhizy
verification algorithm proposed.
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First, the reachable workspace for all AM’s is detieed, in this workblock, for

several horizontal planes, fraom= 20mmto z = 400mm

Area [m?] Area Coverage vs height
0,90

0,75 |

0,60

0,45 +

0,30

0,00 T I !

0 50 100 150 200 250 300 350 400
Z coordinate [mm]

l —AM1  ——AM2 Total Arra ——Common Areas |

Figure 3-33 — Reachable work areas for horizontal planes z €[0, /].

The variation of the area coverage for AM1, AMA, AM’s combined and the
common areas, with the workplane height, is shawRigure 3-33. One can see that the
total area coverage constantly diminishes with ittease in workplace height. This
tendency is also followed by the area of the sea@ssmbly mode. However, the area of
the first assembly mode increases steadily antil310mmand after it also decreases. The
common areas maintain a steady low value fromOmmto z = 220mm After this point,
they increase up untd = 280mm and then go t@n¥. This graph is not enough to draw
conclusions regarding the workspace coverage ofséweral assembly modes, thus the

workspaces for the several heights were represeamg@re depicted in Figure 3-34.

This figure allows to understand how the size ahdpe of the coverage areas
change according to the workplane height. One eantlsat low heights favor the AM2,
while higher heights favor AM1. Analyzing both Frgu3-33 and Figure 3-34, one can
conclude that for this set of geometrical paransetive optimal height for the workplane is
z =310mm for three reasons: first, even though it doesaifar the best total workspace
coverage, it offers a big range ®0mmfor the vertical displacement of the manipulator
tool; second, it favors AM1, which, as seen presipupossesses better performances in

terms of accuracy and force properties than AMRdttthe workspace coverage does not
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have any interior gap, and it is a continuous wa&aAll other workareas include interior

gaps, which are not desirable in the workspaceRiVla
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Figure 3-34 — Reachable work areas represented on the workblock, for horizontal planes z = 100, 200,

300, 310, 320and 340mm, respectively.
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For the workplang = 310mmftotal area covered &627n3, with common areas of
0.024m. This represents a workspace to installation spatie of 1.25, achieved for a
single workblock and only through PM reconfiguratidcHowever, through geometrical
parameter fine-tuning, one can still improve suahameters, as will be demonstrated in

the next analysis.
Manipulator Geometry Variation Effect on Workspace Coverage

In this section, the influence of the geometricatgmeter variations of both the
manipulator and the work block is studied, to se& la fine tuning can improve the
workspace coverage. The purpose is not to searcinfeptimal set of parameters, but to
demonstrate that by parameter fine tuning, it issgae to shape the parallel manipulator
workspace to suit a specific task or requirementeWanalyzing a particular parameter,
all other parameters assume the values previousigidered in the case study, which are
w = 200mm, | = 400mm, d = 500mamdm = 500mm The workplane ig = 310mm The

reference workspace coverage is shown in Figurg. 3-3
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Figure 3-35 — Reference workspace coverage for w = 200mm, | = 400mm, d = 500mm and m = 500mm. The

workplane is z=310mm.

The first parameter studied was the end-effectioithwv. The work areas were
determined foww = 150mmandw = 250mm Results are shown in Table VI and Figure
3-36. As one can see, increasing the end-effecidithvihas distinct effects for AM1 and
AM2. While the AM1 area reduces, the AM2 area iases.
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Table VI — Effect of variation on end-effector width w.

End-effector width w 150 200 250
Work Area [m?] 0.569 0.627 0.686
Common Area [n¥] 0.024 0.024 0.029
Work/Installation Area Ratio 1.14 1.25 1.37

-200

400 L I 1 L L ) 400 L L L 1 L )
-600 -400 -200 0 200 400 600 -600 -400 -200 0 200 400 600

X [mm] X [mm]

®m 1a O 1b ® 2¢c ® 2f @ 2b ® 2 ©@ CommonAreas ®m 1a O 1b ® 2c ® 2f @ 2b ® 2 @ CommonAreas

Figure 3-36 — Left and right, workspace coverage for w = 150mm and w = 250mm, respectively.

The overall effect is an increase in the workspameerage with an increase of the
end-effector width, at the prejudice of AM1. Therooon areas also tend to increase.

The second parameter studied was the link lehgtthe work areas were

determined fol = 375mmand| = 425mm Results are shown in Table VII and Figure

3-37.

Table VII - Effect of variation on link length /.

Link length | 375 400 425
Work Area [m?] 0.444 0.627 0.725
Common Area [n?] 0.005 0.024 0.041
Work/Installation Area Ratio 0.88 1.25 1.45

The workspace coverage shows great variations thighlink length variation.
Increasing the link length allows the manipulatréach further outside the work block,

increasing the total area covered. However, itatan cause gaps in the middle of the work

block.
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Figure 3-37 — Left and right, workspace coverage for | = 375mm and | = 425mm, respectively.

The third parameter studied was the rails 1 ateh8thsd. The work areas were
determined fod = 400mmandd = 600mm Results are shown in Table VIII and Figure
3-38.

Table VIII - Effect of variation on rails 1 and 2 lengths d.

Rails 1 and 2 lengthgd 400 500 600
Work Area [m?] 0.641 0.627 0.600
Common Area [n¥] 0.035 0.024 0.000
Work/Installation Area Ratio 1.60 1.25 1.00
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Figure 3-38 — Left and right, workspace coverage for d = 400mm and d = 600mm, respectively.
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Longer rails 1 & 2 allow the mobile agents to tiduether on AM1, thus enlarging
this workspace. On the contrary, since it incredBesdistance between rails 3, 4 & 5, it
reduces the workspace of the second AM. The shosterk block has the best
work/installation area ratio, so in the case ofihg\a single workblock, this is preferable.
However, when it is possible to have several wargkd adjacent to each other, the longer

rails are a better solution which offers a big Aktea and reduced common areas.

The last parameter studied was the rails 3, 4 aeddthsm. The work areas were
determined fom = 400mmandm = 600mm Results are shown in Table IX and Figure
3-39.

Table IX — Effect of variation on rails 3, 4 and 5 lengths m.

Rails 3, 4 and 5 lengthsn 400 500 600
Work Area [m?] 0.528 0.627 0.626
Common Area [n?] 0.043 0.024 0.024
Work/Installation Area Ratio 1.32 1.25 1.04
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Figure 3-39 — Left and right, workspace coverage for m = 400mm and m = 600mm, respectively.

Increasing the length of the rails 3, 4 & 5 incesathe separation of the work areas.
As the size of the work block also increases witle tincreased rail lengths, the

work/installation area ratio decreases.
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3.6 Summary

In this chapter, a novel reconfigurable parallehipalator with a large workspace,
driven by the SCALA mobile robots, was presentelde Thobile robots move on a 2D
mesh of rails, granting them a high degree of nitybilThis mobility was used for 3
different strategies for workspace enlargementiuting extension of the drive ranges,
translation of the robot base and reconfiguratiimese allow the robot to cover a large
planar area in its workspace and overcome thedtroiis of current systems. For a single
work block, reconfiguration proved to be an effitiestrategy for large work area
coverage, given the right geometrical parametarshi® robot and the desired application.
In the case study presented, a workspace areattdlation area ratio df.60was achieved
(whend = 400mn), by combining the workspaces of all differenteasbly modes. This
value is on the same level of the best performiagiel robots commercially available
today, as seen in the state-of-the-art sectionl€TAXV). Still the authors believe this
value can be improved after parameter optimizatParameter fine tuning can also be
used to shape the manipulator workspace to sudifspeequirements. Such manipulator
can be used for fine manipulation or digital fabtion tasks such as large scale 3D

printing, laser cutting or pick and place.

The development of the architecture was performaa the choice of limb and joint
pairs to kinematic and dynamic analysis and mautgllFor the PKM property evaluation
and design, a novel methodology was presented. i@ghod, based on an Interval
Analysis algorithm, was explained in detail, anglagal to the parallel manipulator for
demonstration purposes. It proved to be a usefdl &ficient tool for the analysis and
design study of the parallel manipulator, and carused not only for this PKM but also
for any other parallel architecture. With the résubtained, one can design any PKM
machine being sure that its kinematic parametesarerthe required performance over its
workspace. The advantage of having sets of valoeshese parameters is that one can
choose the nominal values for the PKM kinematicapaaters to be in the middle of the
resulting sets, thus having some margin of erraraiesider the manufacturing tolerances.

These geometric uncertainties are unavoidable guhe manufacturing process, and may
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not be compensated by calibration, thus severdiyctaig the overall behavior of the

manipulator.

However, there is still room for improvement of theposed algorithm. Failure of
the algorithm may occur if the terms of the inofusfunction have a very complex form.
Indeed interval analysis will usually overestimtte ranges for these components and the
size of this overestimation increases with the demity of the analytical form of the
terms. A consequence of this overestimation is tetprocedure may fail to determine if
all solutions of the linear systems are includethanset of solutions, even if the size of the
ranges for the geometry and workspace parametesmadl. Another possible cause of
failure is due to not taking into account the dejmty of the components in the inclusion
function. While some strategies employed to improke efficiency of the proposed
algorithm are discussed and employed, it can lstilfurther improved by using different
filtering methods or different solvers, such as R&¢212],[228], IBEX [229],[230] and

Alias[231], although this was not explored furthethis dissertation work.

The implementation of the manipulator, which is subject of the next chapters,
allows validation of the theoretical models heresented, including not only the kinematic

models, but also the property workspaces.
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Chapter 4
Implementation

This chapter is dedicated to the implementatiothef SCALA. All the mechanical,
mechatronics challenges and solutions are preseatetl discussed, for all three
generations of SCALA prototypes developed. Thet fssction is dedicated to the
realization of the SCALA prototypes, including bathents and scaffold elements. Second
section shows the implementation of the paralletimalator. The third section is about the
system electronics and control. The fourth sectimscribes the SCALA as a vision
system. The fifth section is dedicated to multit#igeontrol and path planning. The last

section details the costs for the SCALA prototypd a full scale system setup.

4.1 Developed Prototypes

The concepts explored in Chapter 2, establishedb#fses for detail design and
development of the SCALA prototypes. Three genenstiwere implemented, all sharing
the same philosophy of using four gearmotors teedtine agents, on a bi-dimensional rail
mesh, through a rack and pinion drive system. Eaats also remained the same in all
generations. All SCALA mobile agent prototypes u$aakr magnetic encoders, on board
Li-Po battery or tethered power feed, and a homenpaidcessing and control board, with

wireless communication.

However, throughout the generations, the desigdsaaterials employed evolved,

in order to improve the system performance.
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4.1.1 Generation ONE

Figure 4-1 — SCALA generation ONE prototype.

In the first generation prototype, shown in Figdrd, the rail was made from
commercially available aluminum extruded profile®ni ITEM [232]. This solution
proved to be relatively cheap, with a rail costapproximately30€/m (already including
rack and magnetic strip costs). Because the mageetioders were placed outside the
agent body, a single magnetic strip was requiretd@aced in the middle of the rail. The
M1.5 rack was made from 6mm laser cut acrylic aladgx in the center of the rails. The
junction was 3D printed using Selective Laser Singe(SLS) technology, and was made
in polyamide [233], with a cost B0€ The agent sliders and the M1.5 16T drive gears
were also 3D printed in polyamide using SLS tecbggl This fabrication method allows
manufacturing accuracies in the range+6f 0.15mm Both the agent and the junction
possessed integrated magnets, with the purposkgofrg the robot in the middle of the
junction. This passive and no contact solution waserred to using plungers, as it does
not offer a large resistance to the agent movenBgnalignment of the magnetic fields, the

agent is precisely positioned in the center ofjtinetion, as shown in Figure 4-2.

The mobile agents were modular built on three Eve¢parated bgmmlaser cut
acrylic plates, as shown in Figure 4-3. The basellpossesses the slider which goes
inside the rail. The second level encloses theedmwtors, the magnetic encoders and the

magnets for junction alignment. The third levelvser as a support for the PCB to control
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the agent and the batteries. For this first praetyno tools were used, since its purpose
was to test and validate the drive and localizaigstems. The detailed drawings of the

generation ONE prototype of SCALA are availabl¢hie Appendix Al.

Figure 4-2 - First SCALA prototype agent model positioned in the junction center with the magnetic

alignment system.

Initial tests revealed that using 3D printed juocs and sliders was not optimal.
Due to the high tolerance in the manufacturinghefse parts, junction crossing was very

difficult to achieve, with most trials resulting the robot getting stuck.

Top Level
(control board &
battery attachment)

T T o S PCB and battery
| i 1 il support

control PCB

Mid Level

(driving unit) S . : . _ 2> magnet

Base Level S /v slider

(attachment unit / slider)

Figure 4-3 — Exploded view of the first SCALA prototype agent, showing its components.
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This effect was even worse due to the high frictimtween the sliders and the
junction, both made of polyamide. However, the laesion mechanism of the robot,
relying on magnetic encoders, proved to be vereatife, as well as the passive
mechanism to help the agent approach the centdreojunction, using magnets. Using
standard extruded aluminum profiles also preseatetiallenge for the placement of the
localization solutions and the rack in the railingsa custom made profile, would allow to

optimize the displacement of the embedded elemeke rail.

Although this prototype proved that the concept Weasible, the choice of
materials and manufacturing processes would needhtmge, in order to obtain a
functional system.

4.1.2 Generation TWO

In the prototype for the SCALA second generatidrg tails and junctions were

custom fabricated in a CNC machine, in aluminunowshin Figure 4-4.

Figure 4-4 — SCALA generation TWO prototype, showing the mobile agent and custom made rails and

junction, made in a CNC machine.

To reduce the friction, the sliders were also madea CNC machine, in
Politetrafluoretilene (PTFE), a very low frictioméa self lubricating composite material.
This solution enabled to achieve lower manufacturialerances (in the range ef-
0.01mny and to make rails, junctions and sliders at Hraestime. The advantage of using
custom made profiles is that it becomes easientiegrate localization, drive and power
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solutions on a smaller profile, as opposed to ustagdard elements, as shown in Figure
4-5. However, productions costs are much higheth am approximate cost dD0€/mfor
the rails,150€ per junction and0€ per slider. Nevertheless, after the rail desigfixisd,

one can extrude the rails to reduce the cost,réfseiuexplained in section 4.7.

Once again, the M1.5 rack was made frémmlaser cut acrylic and placed in the
center of the rails.

LT Simul

AR
LA I 1] ]
ez ez el
' 7 i
7,

e

Teflon Slider
Power Solution

Localization Solution
Rail Section Drive Solution

Figure 4-5 — Custom made rail and slider profile for the SCALA system, with embedded drive, power and

localization solutions. Power solution was not tested.

This time, the mobile agents were modular builtfoar levels, separated, once
again, by3mmacrylic plates, as shown in Figure 4-6. The basellcontained the slider
and four magnetic encoders, which were integratedhe slider, resulting in a more
compact design. This meant, however, that two magse&ips were needed per rail. The
magnets, for junction alignment, were also mairgdiand integrated on the agent’s slider,
although testing revealed they were no longer rsargsgiven the high manufacturing
precision and consequent slider/junction fit precis On the second level rested the
driving motors and the batteries, which were moketlow to lower the agent center of
gravity. Third level contained, once again, thetoarand communications board. The top
level was used for modular tool attachment. Theaitbgt drawings for the second
generation prototype of SCALA are available in Appendix A2.

The changes on the arrangement of the encoderghentattery, allied to the
increased manufacturing quality of the rails andes| resulted in a more efficient and
smoother locomotion on the rails.
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Figure 4-6 - Exploded view of the second SCALA prototype agent, showing its components.

However, since the agents’ chassis was mostly nodderylic laser cut parts, it
was not stiff enough, often bending due to theuergf the drive motors. It was also not
rigid enough to support the tools and the paraflehipulator. A more robust solution was
needed to improve the performance of the system.

4.1.3 Generation THREE

The third generation of the SCALA system maintaineast aspects of the previous
generation, including the location and arrangenaodérine electronics and the exact same
scaffold. Changes included only the design ancerizs used for the mobile agent, shown

in Figure 4-7. As before, the mobile agents areutardouilt on four levels.
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Figure 4-7 - SCALA generation THREE agent prototype, showing the top and bottom of the mobile agent.

This time, however3mmaluminum plates were used to separate these léMals
chassis reinforcement effectively eliminated thebpgms with the previous generation,
and allowed the agent to support both the toolsthadparallel manipulator. The testing
results of this system are discussed in the netioges. The detailed drawings of the third
generation prototype of SCALA are available in &pmpendix A3.
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Figure 4-8 - Exploded view of the third SCALA prototype agent, showing its components.
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4.2 Reconfigurable Manipulator Prototype

The kinematic and dynamic properties of the pdrafianipulator were discussed
during the conceptual design, but there are stidleutainties and parasitic errors on non-
wanted DOF (orientation), which are a function b& tmechanical tolerances, system
backlash, or implementation defaults. Some of thexhmanical tolerances and backlash
between components are unavoidable, even afteersystlibration, and may severely
affect the positioning accuracy, stiffness and alldrehavior of the manipulator. The only
way to mitigate these undesired effects is to adigbt manufacturing tolerances, when
possible, on the several components of the paralddipulator, including links, joints and

end-effector.

In addition, the PKM design should allow modificatiof the workspace, by quick
changing of the link set to another longer link. SEtat is, the design should afford a
modular approach, where one can quickly replacéirtke of the PKM with a different set.

This is especially vital during the prototyping pba

This section describes the implementation of théA\IS'C manipulator driven by

three mobile agents, and the mechanical solutidoptad in its construction.

4.2.1 Links and joints

The parallel manipulator links are one of the mimsportant elements of the
system, providing the connection between the agamdsthe end-effector and transferring
the movements of the former to the later. The lissall moving parts of the manipulator,

should be as light and stiff as possible.

Several link materials were considered, but thesehaosolution wa8mm carbon
fiber tubes, as they offered a good compromise é@etwnechanical properties, weight and

cost, as shown in Table X.
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Table X —Link material properties, taken from various manufacturer catalogs.

Aluminum (6061-T6) Steel (316L SS) Carbon Fiber*
Density [kg/m®] 2700 7850 1400
Elastic Modulus [GPa] 68.9 210 175
Poisson's Ratio 0.33 0.3 0.3
Tensile Strength [MPa] 460 990 110
Yield Strength [MPa] 276 1700 469
Hardness [Brinell 3000kg] 95 149-627 120
Cost of 8mm tube [€/m] 2 20 3

*properties vary according to manufacturer and puct

Joints are crucial elements of a parallel manijpujads the precision of the end-
effector positioning depends not only on the liskdth, but also on a correct nodal point.
In contrast to a cartesian manipulator, the errom@arallel manipulator is dependent on
the end-effector pose within the workspace. Moreogesmall backlash or positioning
error on the joint, largely affects the manipulgpose and stiffness, since it is magnified
by the length of the PKM links.

The 3-P"UR architecture chosen for the SCALA malaijou, depicted for instance
in Figure 3-8, is based on limbs with two linksaanged in a parallelogram, which possess
two joints in their extremities. These joints hawe® DOF each, which have to be precisely
aligned, in order for the parallelogram to functmorrectly. To select the best joints for the

manipulator, several different solutions were cdestd, as shown in Figure 4-9.

Figure 4-9 — Manipulator types of joints considered: a) 3D printed universal joint; b) industrial cardan

joint; c) rod end bearing; d) magnetic joint.
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Some home-made parallel 3D printers use printedacajoints. Based on this
technique, they can be made at a very low costpier However, the manufacturing often
lacks the required precision. This design is alsme to backlash and misaligned nodal

points, for vertical and horizontal axis.

Many remote controlled cars, helicopters and boaésmachined industrial cardan
joints. They are ready to use, have low frictiomdahigh manufacturing precision.
However, they have high costs per unit and thesigiheonly allows the joint to be tilted
90° in four directions. In the intermediate direns, the usable angle is limited to about
30°. For this reason, they have to be constructed45° angle to minimize joint limits and

have to be mounted in the optimal working direction

Some manufacturers such as IGUS [87] provide ratlearing joints made from
self-lubricant plastic. As in industrial cardanrjt, they are ready ot use, have very low
friction, and high precision. However, this joinégign presents a severe disadvantage
since at rotation axis the joint is designed fadless rotation, but at the tilt axis the joint is
limited by construction, as shown in Figure 4-10s feported in the manufacturer
documentation, tilt angle is limited ©30° [234]. Any parallel machine pose requiring a
tilt angle of its joints superior to that, is simphot possible to achieve. As a result,
machines using this type of joint have a limitedkvarea.

@ - -
= M
Figure 4-10 — Range of motion in the rotation and tilt axis of the rod end bearing [235].

Thus, to take full advantage of the manipulator kgpace, one requires a high
range of motion from the joints. There is also ghhnumber of joints, so it is important

that they have high precision and no backlashiih the positioning errors in the tool.
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Magnetic joints are being used in many parallel mr@es for their advantages.
They are simple, low cost, easy to assemble anakssksnble, and do not suffer from
backlash. Therefore, good stiffness and precisanhe achieved, while the possibility of
quickly changing the links, for the sake of modiffarcan be fulfilled. They consist on a
metal ball which is attracted to a cylindrical magnand slides over the surface of the
magnet. Usually, this magnet, or the resting platehe metal ball has a groove to
maintain the ball in place, as shown in Figure 4-These joints exhibit a high range of
motion in all directions, which also depends on tdlative diameters of the ball and link

used.

Figure 4-11 — Section view of a magnetic joint, showing its high range of motion.

Their main disadvantage is their limited holdingcea One can employ stronger
magnets with the drawback of increasing the jaiittibn and possibly shorten their life
cycle due to abrasion. To solve the abrasion pnebleone can place a low friction self-
lubricanting material between the metal ball anel thagnet. The metal ball should also
possess a high quality surface finish and sphegrifitr superior joint performance and
longevity.

The Table XI summarizes the advantages and distatyes of the common joint
variations used in parallel machines. To fulfietS CALA requirements, the only suitable
type of joint is the magnetic joint. This solutiatiows to switch between different link
lengths in an easy and fast fashion, with no needadols. With magnetic joints, the user
can also easily switch the end-effector to haveeeidt 3D printer, a manipulator or a laser
cutter.
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Table XI — Comparison between joint variations used in parallel machines.

Joint Variations Advantages Disadvantages

DIY Cardan Joint | s Very low cost » Highly prone to manufacturing and

« Can be printed to any size and shape 2Ssembling errors
» Prone to backlash and misaligned

nodal points for vertical and
horizontal axis

Industrial Cardan | « Low friction * High cost per joint
Joint « High precision » Have to be constructed at a 45° angle
to minimize limits
« Have to be mounted in the optimal
working direction

Rod End Bearing | « Low friction * Limited work area
 High precision
Magnetic Joint « Precision by design * Limited holding force
« No backlash * Increased friction
« Implicit correct and well known nodal * Permanent magnets are sensitive to
point shock and high temperatures
e Low cost

e Simple construction
» Easy assembly and disassembly

This was the solution adopted for the manipuladamntg. For the metal balls, 10 gratié
mm bearing steel spheres were used. These fit on gd@8e Neodymiunl5mmblock
magnets, from HKCM [236]. Magnetic joints such asde are of spherical type, thus
possess 3DOF. In order to suppress one degreeeafdm, a bridge between two links was
used. A cable tensioned with spring was used te giere rigidity to each parallelogram,

and also acts as a safety feature in case of systskdown.

4.2.2 End-effector and tools

The end-effector was designed so that the useeasity switch its modular tools.
It consists on atmmthick laser cut aluminum plate, for its light wkigand stiffness
properties. It then possesses a tool attachmentprBided in ABS, where the user can
attach a gripper, for pick and place applicati@nglastic filament extruder, for 3D printing

applications, and a laser for cutting or engravasks.
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The gripper was custom designed for SCALA and &83sbn a single actuator
(Pololu micro motor[237]) three finger claw, as &moin Figure 4-12. Its body was 3D
printed from ABS. This tool is capable of not ogiabbing any object up to a diameter of
80mm but also carry a pen or a laser pointer. It aistuded a30mmelectromagnet, from
Eclipsemagnetics[238], for picking metallic objects

modular tool
End-effector attachment
actuator
-‘ ';‘ -7 -
- / gripper body
Tool
(gripper) 0
claw finger
- . ‘\
V/y electromagnet
Lﬁ: L]

Figure 4-12 - Exploded view of the SCALA manipulator end-effector with gripper.

The plastic filament extruder used was a heatcaonibody extrusion kit from
BQ[239]. A complete description and the main spafcthe extrusion kit are available in
the Annex F. A 3D printed ABS support was madether kit. The assembly is shown in
Figure 4-13.
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End-effector
plastic filament

ABS support

Tool

(plastic filament extruder) extrusion kit

extruder

Figure 4-13 - Exploded view of the SCALA manipulator end-effector with the unibody extrusion kit.

For the laser cutter tool, a PL TB450B blue lasedd from OSRAM [240], was
used. This laser has an optical output power (nantis wave) ofl.6W and a typical
emission wavelength af50nm The complete laser specs are included in Annekdt.
cooling purposes, admmcooling fan was mounted on top of the laser madiikeacrylic
support was cut to hold both the laser assemblyaasiiver board. This is shown in Figure

4-14.

The detailed drawings for the SCALA manipulator goments, end-effector and

tools are available in the Appendix A4.

End-effector

cooling fan
acrylic support

Tool driver board

(laser) laser

Figure 4-14 - Exploded view of the SCALA manipulator end-effector with laser.
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4.2.3 Prototype

Figure 4-15 —SCALA parallel manipulator prototype.

The prototype for the parallel manipulator is shawrrigure 4-15. Some details of
the mechanical solutions adopted are shown in Eigdt6. The dimensions and mass of
the SCALA manipulator components, including limbsnd-effector and tools, are

presented in Table XII.

Figure 4-16 —SCALA prototype details: 1- magnetic strip; 2— acrylic rack; 3— mobile agent; 4— aluminum

rail; 5— tension string; 6— carbon fiber link; 7—- steel sphere; 8— magnet; 9- bridge; 10- gripper.
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Table XIl — SCALA manipulator component dimensions and mass values.

Components Dimensions [mm] Mass [g]
Limbs 8 x 400 28
End-effector w/ gripper 130 x 225 x 60 352
End-effector w/ extruder 100 x 225 x 64 736
End-effector w/ laser 70 x 225 x 60 385

4.3 System Electronics and Control

In this section, the system electronics and thetrobrstrategy implemented are
discussed in detail.

4.3.1 Drive motors

SCALA mobile agent prototypes use four DC motonstheir drive system. The
motors were selected from the range of brushed &4 micromotors from Pololu [237],
considering a desired velocity 610m.s! and 15N driving force (enough to allow the
manipulator to handlékg payloads in most of its workspace). The micromoamge from
Pololu offers powerful and robust motors with smaiinensions, which are perfectly
suited for this type of prototypes. The DC moteeit is always the same, but it comes
coupled to different metal gearboxes, thus havingranage of speed and torque
performances. The selected micromotors, shown gurEi4-17, are coupled to a small
metal gearbox with &98:1 reduction ratio, offering a balanced compromiséwben
speed and torque with a low power consumption. KByspecs of the motors atd0RPM
and 120mAwith no load,0.5N.mand 1.6A at stall, at6V. The motors full spec sheet is

available in the Annex A.

Each motor has @4mm nominatdiameter drive gear, coupled to its shaft. This
drive gear has a 16 teeth and a 1.5 metric sizkfimon a 1.5 metric size rack. Running
the motors aR5% of the stall torque and considering a typicalcéfincy of 97% for a
typical rack and pinion drive system[241], one @i¥aa maximum theoretical drive force

of 19.8N which in reality, and given the friction on thewves, translates to aroud®N
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Figure 4-17 — Pololu micro motors used and their assembly in the SCALA agents, with the driving gears

coupled.

They also ensure a maximum theoretical speed éagients 00.12m.s, although

measured maximum speeds were equal1om.s.

4.3.2 Agent localization system

The real-time localization system for the SCALA atgerelies on the so-callétall
effect which can be used to create a low-cost non-corgdansor to measure linear
motion[242]. Since it is a contact-less technolagyas the benefits of long life and high
reliability, due to limited component wear and detation. It also has advantages over
optical or laser based systems, as it is not afteby dust or different lighting conditions,

so it is a robust solution for an industrial apgtion.

magnetic strip

‘%,/; pole pair length

magnetic linear encoder

Figure 4-18 — AS5306 with Magnetic Multi-pole Strip Magnet for Linear Motion Measurement [243].

The MS20-150 magnetic strips, from Austria Micros®ms (AMS) [243], with
pole pair lengths ofimm(see Figure 4-18), are embedded on the rails amctigun. To

read the strips, each mobile agent possesses ®bB@ magnetic linear sensors wis0
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pulses per pole pair length, installed on the slider, ®own in Figure 4-19. This
combination allows a maximum system resolution0Odi25mm The datasheets for the

magnetic encoders and strips used, are availalfeeiAnnex B and C, respectively.

SLIDER " v

Figure 4-19 - Encoder placement scheme on the mobile agent slider. The arrows indicate the working

direction.

To increase the stability of the encoder signats raaluce noise and jitter, one can
average multiple readings, at the expense of résplun this system, two distinct sets of
magnetic strips which are read by two magnetic dero are used for each moving
direction. One set (magnetic strip A) is continuansl is used for incremental localization
on the rail, while the second set (magnetic strjth8s gaps in predetermined spaces, as

shown in Figure 4-20.

RAIL @ ZERO POSITION

MAGNETIC STRIP A
[RACK | |

MAGNETICSTRIPE OB [OYF]  [JLE GAP 4

Figure 4-20 - Section of the rail showing the initial calibration system. Gaps 1 and 2 are smaller than gap

3, meaning they are located before zero position. On the other hand, the gap 4 is bigger, meaning it is

located after zero position.

This second set is used to reset the incremermal en the encoders and also for
initial calibration when the system runs for thestfitime. The process works as follows:
each agent moves in a random direction until iecksta gap. Then, the encoders are reset
and the length of the gap is measured by the emawue¢he continuous strip. The zero

position is determined at the end of a gap witpecsic length. If the measured length is
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smaller than this specific length, it means that tbbot must travel further to reach
position zero. Otherwise, if the measured gap ggdai than the specific length, then the

robot must move backwards to reach its position.zer

JUNCTION \ I

(Vs A e

_IIIT

Figure 4-21 - Arrangement of the magnetic strips to ensure there is always one encoder working during

junction crossing.

To detect a junction, the strategy adopted wadaoepa gap on the magnetic strip
A, to differentiate from the calibration gaps. Dtoghe crossing of perpendicular magnetic
strips on the junction, some gaps will exist. Hoerand since there are four encoders, if
one arranges the encoders and magnetic stripspagetein Figure 4-19 and Figure 4-21
respectively, there will always be at least oneoelec per moving direction reading the
position, so no tick counts are lost during junctpassing and there is no prejudice on the

localization precision.

4.3.3 Power

In SCALA generation THREE, each agent is féd at 0.3A through a cable.
Alternatively, a battery can be used. However, rthits are designed and ready to have
embedded power lines, as shown in Figure 4-22. &bas constantly feed energy to the
moving agents through copper brushes on the slidfégs 11), thus eliminating the need
for large batteries or power cables. Still, smalttéries or capacitors are required for an
event of a power failure, and also for junctionssiog, were due to the gaps, the power

lines are interrupted.
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Embedded Power Lines
Copper Brushes

. Junction
Junction Gaps

Magnetic Strips

Figure 4-22 - Power supply solution being developed for SCALA, with embedded powerlines in the rails.

4.3.4 Control and communication
Control architecture

Each mobile agent is controlled by a dedicated SAIM3MCU series with ARM
Cortex-M4 processor PCB [244]. This custom made P€idwn in Figure 4-23, was
designed and developed for the SCALA system, bytrelpics engineers of the group.

Figure 4-23 - Custom made PCB for the SCALA mobile agents.
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Bluetooth
RN42 .E

Cemral Control Statlon

Microcontroller

STM32F4 —a

Encoder 1
AS5304

Encoder 2
Linear AS5304

Encoder 3
AS5304

S m

Figure 4-24 — Control architecture for the SCALA mobile agents.

Linear
Encoder 4
AS5304

As can be seen in Figure 4-24, each motor is détiyeone H-bridge. The 4 hall
sensors are installed in the slider and wired ¢oREB. A RN42 Bluetooth communication
module[245], integrated on the control PCB, enaliles agents to send and receive
wireless signals to a central control station ial réme. This central control station is
responsible for multiple agent coordination, pddnping and task allocation. This reduces
the amount of information each agent needs to psmand improves the workflow. The
central control can also receive information froorveillance agents on the mesh, and
identify any problems, disturbances or malfunctionshe system. Then it can decide the
best route for each agent in the rail mesh, takitmaccount factors such as task priority,
task execution time, minimum distance of travehffic ahead or disturbance to other

agents, as will be described in the multi-agenh pénning section.
Low level control

Each SCALA agent can work as an independent uranks to its processing and
control board. This board can interpret signalanfrthe encoders and autonomously

control the agent motors, without needing to comicate with the central control station.
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This is due to the low level control scheme implated in the SCALA agents. The control

architecture was implemented withiltM&scdissertation work[246].

A

cp

U y ¥V

e a +
—t —» GcC —»JH Ga —» Gp —>»+ —

A

Gs

Figure 4-25 - Mobile agent individual closed loop control scheme.

The low level control scheme is illustrated in tig 4-25. It consists on a standard
configuration with four main transfer function bksc the controlleiGc, the actuatoGa,
the systenGp and the sensofss The sensor&s are the four magnetic encoders, which
measure the output of the system (agents positiothe® rail), and close it in retro-action
with the reference position input The result of the retro-action produces a newatdig,
which defines the error and is the input quantitytree controller. The controller itself
produces the output commaid that is directly passed to the actuator, the DGomo
Then, to account for any external disturbanceshenagents a summing node is added
immediately after the process block. The trangiecfions, which modeba andGp, were
obtained through direct evaluation of the input andput signals and system parameter
identification. In this specific case, a step refere signah of 100 was provided, which
corresponds to the amplitude of the PWM squareasigtich drives the electric motor,
and in outputly, the position of the agent on the rail with resgeche set zero reference,
that is given inmm was collected. It is important to underline thddie to the system
configuration, the only acquirable signals are itgut and output (in th&a/Gp open-
loop), so no internal signal can be acquired, suchtti@final transfer function will take

into consideration the overall systé&a plus Gp

6 These external disturbances can be, for instamgen three agents are connected and forming tralglar
manipulator, each agent is subject to static amduhyc coupling forces, resulting from the movemate
other agents and the moving platform.
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High level control

When synchronization between several agents isrestjuas for instance, to drive
the parallel manipulator, high level control is ded. For this, a centralized control, shown
in Figure 4-26, takes into consideration the trdiferent errors, and provides the correct

PWM saturation speed, such that all agents achi®ieposition at the same time.

Synchronizer
dpl
1 1
z_ 1 Ga Gp O 'V
|
Gs |
{ LT
v
Inverse 2 .~ o P Gl G OTV >
pose vector ——>f L. P
Position |
Kinematic ‘I
Gs
! |
3 1l G 2 Ga Gp Q—[ﬁ
. C
1

Figure 4-26 - High level centralized control scheme.

This is done by software, by using a synchronizéthva PID (proportional
integrative and derivative) controller, whose paggars online tuning is made through
Ziegler-Nicholsmethod[246]. The SCALA control was implementedMJictrosoft Visual
Studio Community 2013\ state machine using a timer, set to a frequeaty of33Hz
constitutes the system’s real time control impleteénin the timer function, the systems
inputs are read and processed and the commandseardo all agents. For the user to

control the system, a Graphical User Interface (Gt#ls conceived.
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4.3.5 Graphical user interface

A GUI, shown in Figure 4-27, was designed so tlim® tiser can control the
SCALA agents and manipulator. The program showsdmemunication data it receives in
real time from all agents, including current statask, encoder signals and voltage. Then,
the program determines the position of each agenthe rail mesh and represents it
graphically, again in real time, in the image dof thesh located on the upper right corner.
The user can command each agent separately oinnaliitaneously, to perform pre-
programed tasks, which include moving the manipulad a specific location in its
workspace. In the lower left there are four butfomse to open or close the Bluetooth
communications, one to manually reset the ageritipos, one to send them to "Home"
positions, a button for the agents automatic cafibn and positioning, and a large red

"STOP" button to immediately cease the movemeallatgents.

—_—
f: SCALA Control - 1 E =

' '{ INSTITUTE OF SYSTEMS AND ROBOTICS
UNIVERSITY OF COIMBRA

A1 COM

~ [open | %’

[0 ] o Jea
[ 2 | Manual Override Control |Re-Configuration Control | Navigation Routines | Visual Tracking|
E2 Open Loop
] Activate Open Loop
51‘ ; AGENT 1 X AGENT 2 X AGENT 3 X
Donel NEn II' - X axis 0] xaxs 0] xads 0] Pwmvale
2% @ Link3 0] PWM ]
9046 | Voltage3 E2 y axis g v axis E v axis g
s e woa
Velocity ]*T 0 [F 0 o | p ‘

Reset HOME Go HOME
Close Loop Conf 1 Close Loop Conf 2 Close Loop Ticks Gripper Control
HIHiII] < AUTO CALIBRATION > Hiiill | Activate CLC 1 | Activate CLC 2 | Activate CLT @:-\.<
_ ~ By | <OPEN>
>

Global x 0 Globalx 0 posxAl 0 ==~
FLA
Globaly 0 Globaly 0 posxA2 0
~
Global z 0 Global z 0 posy A3 0 * 1 > CLOSE <

Figure 4-27 - Graphical user interface designed for multi-agent control.

Control commands for the agents and manipulatordaneled into four separate

sections.

First section, shown in Figure 4-27, allows a mancantrol of the agents,

manipulator and manipulator gripper, by open lotpe (user directly sends the agents
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forward or backward at a set speed), or closed (d@puser sets the coordinates where he

wants the agents or the end-effector to move to).

| Manual Qverride Control \' Re-Configuration Control "'I\.l'awgat'on Routines | Visual Txrackmgf

[~] Configuration 1a to 1b ["] Configuration 1 to 2 Setfings
IW| Set Speed1 80
: Set Speed? 80
_|‘ (:) J], C i ¥§I: C "” 3 == Set Speed3 80
| Kex 10
‘ a:) ‘ ¢ Px 10
i | | Key 10
| \ 4 ‘] | v l‘ Py 10
\

Figure 4-28 - GUI for the manipulator reconfiguration control.

The second section, shown in Figure 4-28, is atlmireconfiguration control. This
allows the manipulator to automatically changecsfiguration to access points that are
outside its workspace. The agents automaticallyariowther rails to perform this change,
in a synchronized fashion. On the right, a settpasel allows the user to choose the PID

parameters for the agents’ control.

The third section, shown in Figure 4-29, is the taunfor the agents or the
manipulator to perform predefined tasks, such els @nd place, trajectory following or 3D
printing. In the pick and place task, the agentd #re parallel manipulator follow a
programmed script, consisting of several eventshsas move to poink, open griper,
return home, etc. In the trajectory following tatle user can run@-code,containing the
coordinates for the path the manipulator shoultb¥al This is used, for instance, in 3D
printing, laser cutting, or other digital fabricati tasks. The 3D printing section allows to
control several parameters of the process, sudhyas thickness, base plane height and

part height, if one desires to print only a partref entire model.
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\ Manual Override Control | Re-Configuration Cantml‘ Navigation Routines | Visual Trackmg‘
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Figure 4-29 - GUI for the task performing control.

The last section, shown in Figure 4-30, is the mmf the autonomous surveillance
tasks, including the initialization of the visiomersors, the selection of the number of
agents to use and other control parameters.

Manual Override Control | Re-Configuration Control | Navigation Routines| Visual Iracking |

Path to aruco_exes |D:\Car\os Viegas\Dropboxla_CV_code |

Settings Control Visual Detection
Direction A1 50
Cam ID A1
Position A1
camiDA3 [ 0]
Velocity A1 -50
Max Speed . .
_— 50 "] Activate CLT (Vision)
Lambda_vision Direction A3
o 5 [] Save log to file: |scalalog1
Lambda_velocity Position A3
- T
Velocity A3

- Sreen ity Realtx

Figure 4-30 - GUI for the vision applications control.

4.4 Vision System

4.4.1 Sensor setup

For applications in the field of vision, a cameraswmounted on top of each mobile
agent, as shown in Figure 4-31, and directly cotatethrough cable to the central control

station.
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—» Camera

Control PCB

Bluetooth module

Drive Motor

Slider

Magnetic Encoder

Figure 4-31 — Exploded view model of SCALA surveillance agent, showing its several components.

The vision sensor employed was a Philips SPZ500&am, with a resolution of 1.3
MP (1280 x 1024 pixels), F2.6 and 80 degrees wittgealens, capable of capturing video
at a maximum resolution of 2.0MP (software enhahal at 60 FPS @VGA. The
camera orientation is fixed. The SCALA surveillaragent prototype is shown in Figure

4-32.

Figure 4-32 — SCALA surveillance agent prototype.
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4.4.2 Mobile camera coordination

The vision agents carrying a cameraare used in the SCALA vision system to

characterize and follow a targst

The field of vision(FOV,) of a camerac; is a rectangle centered on the camera
position, whose dimensions (width and height) apeaéto the camera image resolution, as

shown in Figure 4-33.

< field of view width >

mobile camera C;

é?
_____ o 5
rail / D
It &
target O
v
\4

Figure 4-33 - Definition of camera field of vision and viewing range.

The viewing rangev.i; is equal to the length of a line segment, conngcthe
center of the camema to a point on the border of the camé&@V, and passing by thg

target center. It can be determined as a functigheoinclination angle: of the line:

FOVwidth/2 x sec(a), if [tan(a)| <1

TVcioj = {FOVheigth/Z x cosec(a), if [tan(a)| >1 (4-1)

A target is in the camef@OV if its distance to the camedsioj(t) is inferior to the
viewing rangerveioj. Once a target enters tROV of a camera, its current positiqa(t),
velocity vg(t) and headingoj(t) are identified, and a priority valueg is attributed to it,
as illustrated in Figure 4-34.
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Figure 4-34 - Target o: following by mobile cameras c: and ca.

Cameral/target pairing is done using a cost fanctA similar approach has been
used in [247]. Targets are sorted according tor theority, from the highest to lowest.
Then each target is attributed a camera, basedh@mwdlue of the camera/target utility
function acioj(t). This function is inversely proportional to theeegy cost for the mobile
camera to capture the target and is time varigbléhe pairings can dynamically change to

ensure best tracking efficiency.

The energy cost function takes into account noy ¢hé target/camera distance
deioj(t), but also their relative velocityco(t) and headingcioj(t). The energy cost is
approximated as the expected robot-target distahgs(t) after a time periodAt,

assuming the relative velocityioj(t) to be constant duringt:
dCle (t) = |dcioj (t) - 17cioj (t)At| (4'2)

WhereAt = 1 second in this workglioj(t)= pci(t) - pg(t) and the relative velocity

Veioj(t) is given by:

Veioj () = [voj (t) cos (Sa-oj (t)) — vci(t)] i+ [voj (t) sin (Sa-oj (t))]j (4-3)
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Where i is defined as the mobile camera movement direcaod j is its
perpendicular direction. Notice that in Figure 4-84s direction is different for agents

andc.

The relative heading is the angle between the mal@imera movement direction

and the target velocity:
8;;(t) = #ivo, (4-4)

If the relative headingd,;,;(¢)| >% (for instancec; in Figure 4-34) the mobile

camera has two options, either look for anothererartarget pair with lower utility value,

or switch to a perpendicular rail to be able totrare following the target.

To account for occlusion, an occlusion facfowas added, which is equal to 1 if

the camera can clearly capture the target, otleitamera cannot capture the target.

The utility functionacicj(t) is then defined as:

0

TVcioj

Qcioj ®) =o¢ (4-5)

The camera/target pairs are selected considermdnitthest utility values. Utility
values lower than or equal to zero, indicate tlitaee the target is not in the viewing range
of the camera, or it is occluded from camera viBaring target tracking and following,
the utility function should be maximized, meanihg ttamera/target distance and relative

velocity should be kept to a minimum.
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4.5 Multi-Agent Path Planning on Grid Map

Multi-agent systems require careful control andnplag in order to function
efficiently. One of the most widely researcheddgln robotics is an autonomous agent’s
ability to operate without human intervention. Rbis, an autonomous robot should

possess the following attributes[248]:

* away to represent the environment;
» an attributed target or goal position;

 an efficient method to reach its target.

Regarding the environment characterization, itlsamonsidered static or dynamic.
The robot target is given as a function of its entrtask or even other autonomous agents’
tasks. For instance, if one agent is blocking thespge of another agent, whose mission is
of higher priority, it might be asked to temporarduspend its task and move out of the
way of the high priority robot. To efficiently mage a large number of robots in a grid,
ensuring all reach their targets in the minimumetipossible and with the lowest energy
costs, while avoiding obstacle collisions or immeent to other agents, is the problem of
path planning. When the robot has complete knovdedbout the environment, this
problem is known as global path planning. On thatrewy, if the robot has a partial
knowledge, this problem is classified as local pptinning [249]. The SCALA path
planning is a typical problem of global path plamin static grid maps.

Several heuristic solutions have been proposealie she global path planning
problem such agnt Colony OptimizatiofACO) [250], Genetic AlgorithmgGA) [251],
Particle Swarm OptimizatiofPSO) [252],Tabu SearchTS) [253], [254], and th&\*
algorithm, which is regarded as the gold standard for seagdrithms [255], [256].

For task allocation and path planning of the midtiSCALA agents on the rail
mesh, an A* type algorithm was used. A graph od gnap G is defined as a set}{of
elements called nodes. These nodes are arrangeoh@trix form and possess thalue of

1 or 0 whether they can or cannot be travelled to, asshp the example in Figure 4-35.
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Figure 4-35 - Grid map example for a rail-based mobile robot environment.

In this way, it is possible to build a grid map,emavalue (n) = lare then nodes

which represent the rails andlue (n) = Ois the empty space in between (nodes with a
black circle and a white circle in the Figure 4-3Bspectively). The agents are only
allowed straight moves in the four cardinal direct (4-connect grid). These movements
have costs associated with them, which take into@at the current heading of the agent
and the direction to take. Since switching the mgwiirection costs time and energy, as
the agent has to stop at a rail junction and acatlexgain in a different direction, trying to
maintain the same heading and finding a path withimum direction changes is

preferable.

A path fromn; to nk is an ordered set of nodesy,(ry,...,nk with eachni+1 a
successor ofi. The search algorithm employed determines themgptpath by beginning
the calculation on a starting node. In this nogethe scoresfor the available adjacent
nodes (nodes to which the agent can travel to)datermined, based on the evaluation
functionf(n;), given by:

f(ny); = g + ﬁ(ni+1) (4-6)

Wherej is the index of the immediate above, below, left aight available nodes,
g(ny) is the cost of moving from the nodeto nj andh(n;,,) is the sum of the number of
horizontal and vertical nodes left until reachihg target node t. Airection(n) variable is
used to store the information relative to the hegdieeded to move from nodeto nj.

This is used to determine the parent nodsj,tas well as thg(n) cost. Ifdirection(n) =
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direction(n), theng(n) is equal to 1, otherwise it is equal to 3. Aftetestmining the
evaluation function scores for the adjacent notlesalgorithm adds the nodes to an open
node list “gpen Then, from that list, it selects the node witk tbwest score, removes it
from the open node list, and repeats the processilotilating the scores for its adjacent
nodes. This is done until the target node is redicBace this happens, the algorithm finds
the optimal path by starting on the target node prateeding backwards, using the
variabledirection(n) which stored the directions taken to reach eactendtis optimal
path is the path which has the smallest cost dweiset of all paths fromto t. The path
cost is obtained by adding the individual costeadth node transitiom(n), forj =s,..., ).

The principle of the algorithm is available as mk®gode in Appendix B
(algorithm 3). This algorithm was implemented irvigual simulator, shown in Figure
4-36, for testing purposes. In this simulator, amp size or number of agents can be used.
The user selects the starting and target nodesaftit agent, and their tasks. The simulator
takes into account the agents speed and accetetatioalculate their best paths. It also

determines if there are collisions between agents.

85! SCALA Path Planning Simulator = pXq

Generate Map

--- Agent 1 Path Statistics

= n. Paths Analyzed: 37
Rail Positions: - Optimal Path Cost: 38
| Direction Changes: 4
| - Path Length (m): 3
= Average Speed (m/s): |0.08323529411
| Min execution time (s): |34
- Task priority: 1
Agent 2 Path Statistics
n. Paths Analyzed: 23
Optimal Path Cost 3
Task: Direction Changes:
Parallel manipulator (work) v Path Length (m): 29
Average Speed (m/s): 0.08055555555
Agent 2 Min time (s): |36
‘ Generate Paths. I l Clear ] Task priority: 1
T”k:. [7] View in time Detected collisions: 1
Surveillance (area patrol) v | » Time: 34

[”] Animation [ Avoid Collision

Figure 4-36 - Virtual simulator for the SCALA multi-agent path planning.

Agents are treated as dynamic obstacles. The #igpdetermines their position in

time, taking into account the mobile robot's vetgpcand acceleration properties, and
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calculates if multiple agents occupy the same nodeadjacent nodes while moving in
opposing directions, at the same tiniken, it determines an alternative path for thentgge
with lowest priority tasks, in order to prevent tbellision. When no alternative path is
available, the low priority agents stop while they agents move on the common path
nodes. This path planning method constitutes aitieft management strategy for
SCALA.

4.6 SCALA Bill of Material (BOM) Analysis

This section details the costs of the proposedesysincluding the price of the
individual components used in the prototype retibra and the estimated costs for setting

up the system for an example real world application

4.6.1 Individual component cost

The cost of the individual components of the SCAin&bile agent is detailed in
Table XIII.

Mobile agents

Table Xl - Mobile agent component and total cost.

Mobile Agent Components n° Cost per unit [€]| Total€]
Micromotors 4 12.8 51.2
PCB 1 30 30
3D Printed Parts 1 4 4
Motor hubs 4 2.4 9.6
Motor Supports 4 2 8
Encoders 4 4 16
Slider 1 50 50
Laser cut parts 1 15 15
Screws & nuts 1 16 16
Total 200
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Rails

As explained earlier, SCALA concept was built optalosophy of simple and low
cost scaffolds. It is vital to keep the price o tlails as low as possible, because the claim
of fine manipulation over large workspaces is ovigble, if the rails are achievable at a
reasonable cost. The cost of the prototype rails described in section 4.1.2. The cost of
400€ per meter was due to the fact that they were meduy a CNC. Nonetheless, the
rail profile is designed for possible future protioc by extrusion, at reduced costs.
Feasibility of using standard custom-made rails alasady proved in prototype | of the
SCALA. An inquiry was sent to several national camigs dedicated to the production of
aluminum extruded profiles, to know what would be tost for the production of the rails
by extrusion. The best price w880<€ for the extrusion matrix and then a rail productio

cost of6€ per meterThis is the price which is considered in Tabl& Xfor the rail costs.

Table XIV - Rail component and total cost per meter.

Rail Components Cost per meter [€]
Rack 4
Magnetic strip 15
Rail Aluminum 6
Total 25

Junctions

The junction price for the prototype wadb0€ Once again, it was a highly
specialized CNC production of only two units. Byagihg large orders, it is often possible

to obtain significant cost reductions, thus thalfiprice considered wd&9€ per junction.
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Parallel manipulator and tools

The costs of the parallel manipulator componemtd,the tools both the manipulator
and agents can carry, are given in Table XV anderayl, respectively. The Philips
SPZ5000 webcam used in the vision application®ikbnger commercially available, thus

the typical cost of a USB camera was considered.

Table XV - Parallel manipulator component and total cost.

Parallel Manipulator Components n° Cost per unit [§ | Total [€]

Links 6 1.2 7.2
Spherical Joints 12 0.4 4.8
Laser cut parts 1 20 20
Link collars 12 1 12
Screws & nuts 1 6 6
Total 50

Table XVI - SCALA tools cost.

Tools Cost per unit [€]

Camera 50
Gripper 60
BQ HeatCore DDG Extruder Kit 150
Laser 80

4.6.2 Setup cost

Let us consider a SCALA setup for mechanical partstruction and assembly, as
depicted in Figure 4-37. This setup consists 20en by 10mroom, 2m high, with four
distinct areas: @&torage areacontaining adm by 2mshelf with a vertical SCALA rail
mesh applied to it and four mobile agents, in #mscific case called shelf agents, moving
on it to retrieve items (similarly to what was showreviously in Figure 2-56). TheD
fabrication area contains four SCALA manipulators dedicated to 3@bngng of

components. Théransit areais a low density rail zone, which is used to glyckove
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between the other areas. Thssembly aregossesses four SCALA manipulators with
grippers for component assembly. Besides thisetli®rone more SCALA manipulator
with a gripper for picking parts from thstorage or 3D fabrication areaand five
surveillance agents which supervise the operatioral areas. Also, five mobile agents
were included as backup, to replace the activetagertase of malfunction.

Even though in this work it is demonstrated thaA8& mobile agents can move in
a vertical rail mesh, the shelf agents with a detmol for item retrieval from a shelf were
not developed. In this case, one considered aafd®50€ per each of these agents. The
parallel manipulator link length was also increabgdour times, as well as the workblock
dimensions. These larger dimensions of the manimsavould require also larger mobile
agent actuators, but since this is a case studpevtesults are just an initial approach of
the real cost of an actual system implementatio®,seame components and prices for the
SCALA prototype were maintained. A central contstdtion, with a cost 02000€ was
also included, since the actual SCALA prototype lbarcontrolled by a personal computer

with Bluetooth communication.

Considering the costs of the SCALA components giirerthe last section
4.6.1, the costs for this setup are presented leTdVII. The total cost of the installation
amounts tdl8400€ This setup includes four parallel manipulatonsdimital fabrications,
five parallel manipulators for transport and assgnftotal of twenty seven agents), and
fourteen individual agents for the shelves, sulaede and as back up. It should be noted
that, due to modularity of the system componehesgaigents and the parallel manipulators’

missions and tools may change, depending on thandigs of the work in progress.
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storage area

l.
' 3D fabrication
4 area

assembly |
area

Figure 4-37 - Case study of a SCALA setup, for component fabrication and assembly, in a 20x10x2m room

with 4 distinct areas: assembly, storage, 3D fabrication and transit.

For instance, a manipulator assigned to digitalitation at a certain time,
may move to the assembly area. Also, the survedlar shelf agents can be used to drive

an extra manipulator, if necessary. In fact, thedatarity of the components means that
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any changes or extensions of the setup can beyeamide, and even these same

components can be used in another space and ditfeeent application.

Table XVII — SCALA case study setup component and total cost.

Setup Components n° Cost per unit [€]| Total [€]
Rails (meters) 160 25 4000
Junctions 48 50 2400
Mobile agents + backup agents 37 200 7400
Shelf agents 4 250 1000
Parallel manipulators 9 50 450
Grippers 5 60 300
Plastic filament extruders 4 150 600
Cameras 5 50 250
Central control station 1 2000 2000
Total 18400

The current cost evaluation is a rough estimatarofautonomous fabrication and
storage cell, and the actual cost of a commercldALR solution might increase, to
consider the scaling up the prototype components (er dealing with larger loads),
installation costs and profit margins.

Figure 4-38 — Comparable setup using existing automation solutions: 4 robotic arms, 4 delta 3D printers

and 3 AGV’s equipped with a robot arm.
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Still, a similar installation using existing inddal systems, would require at least
three AGV’s with storage retrieval capacity, foobot arms and four delta printers, plus
cameras and external sensors, as depicted in FHgG88& Considering a typical cost of
20000€for each AGV and®5000€for each manipulator[257], plus independent cdntro
systems for each robot type, one would have a sglp cost of aroun800000€ Even
considering a commercial setup price for SCALA stRrg solutions are more costly and

require at least three different types of induktoaots and their control systems.

The Figure 4-39 depicts each component cost simatiei total cost of this setup.
One can see that mobile agents constitute the dargleare of the total system costs.
However the scaffold (rails and junctions) alsaespnts35% of the total cost. This is still
a large share, which might be reduced by rail amactjon design and fabrication
optimization.

SCALA setup cost shares

Control
11%

Junctions
13%

Rails mJunctions mAgents MTools mControl

Figure 4-39 — Scala setup cost shares for each component type.
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4.7 Summary

In this chapter, the implementation of the SCALMtptypes was described. This
included a description of the several generatiaeebbped and the evolutionary process

behind such iterations, which is summed up in TatWél.

Table XVIII — Characteristics of the developed prototypes

. _L -
Generatibn ONE vGeneration TWO Xraﬂon THREE
Mobile Agent
Locomotion 4 DC gear micro motors
Self-Localizatior 4 Integrated magnetic encoders + magnetic strgo(uéion of 15 micrometers)
Control Homemade PCB with 32-bit ARM Cortex M4F processor
Communicatio Bluetooth 2.0 module
Powe On-board Li-po battery or direct power feed
Slidery 3D printed Polyamide CNC Teflon
Chassis{ ABS/ Acrylic/Polyamide Acrylic/ABS Aluminum/ABS/Acrylic
Dimension 120x120x29 mm 115x100x54 mm 105x105x54 mm
Masg 200 g 300 ¢ 345¢
Rails
Production/Materig ~ Standard Extruded CNC Custom Made Aluminum Profile
Aluminum Profiles
Cost 30 €/m 400 €/m [/ 25 €/m **
Dimensions (sectiof 23x56 mm 27x50 mm
Mass 960 g/m 1920 g/m
Junction
Production/Materig 3D printed Polyamide CNC Custom Made Aluminum Profile
Cost 30 €/uni. 150 €/uni. / 50 €/uni. **

*in order of material usage; **prototype costs véimsited costs for a final system.
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The several SCALA generations pushed the designparfdrmance of the system
forward. The parallel manipulator was also impletadnincluding its several tools for the
different tasks proposed, being pick and place digdal fabrication. The mechatronics
and electronics solutions employed in the SCALA ponents were also described in
detail. Most parts used in the implementation oAGE were custom designed and built
for the system, including laser cut, machined or@ited components. However, some
commercially available components were also used, are listed in Table XXVII,
available in Appendix C4. The vision system confagion was also shown, as well as the
multi-agent control and path planning strategies.

Finally, a cost analysis of SCALA was performedglinling the list of its
several individual components and respective castd,the cost of an example of system
setup. The comparison made to a similar setup wesiirgding automation solutions, shows
that SCALA is a cost effective solution, even cdesing that the addition of commercial
setup costs, profit margins, engineering costs, @ould roughly increase the cost of
SCALA by four times the estimated costs in TablellX\t is also evident that by relying
on a single robotic system, instead of three différobots, it becomes easier and more
cost effective to run and maintain the installatiSB€ALA also leaves the floor space free

for humans or other equipment, while existing Sohg occupy this space, as depicted in
Figure 4-38.

The results of current SCALA generation testing ainel demonstrations are the
subject of the next chapter.
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Chapter 5
Results and Demonstrations

This chapter begins by introducing the small sted¢-bed, built for the experiments

and demonstrations with the SCALA system.

Then, it details the results from the testing apgdliaation of the several SCALA
components. These experiments aim to charactdrézpdsitioning accuracy and precision
of both mobile agents and parallel manipulatoradidition, the locomotion efficiency of
the mobile agents on the rail mesh is also evadudtethis dissertation, the locomotion
efficiency is evaluated taking into account the cass rate of mobile agent junction
crossing and switching direction in the rail meshgen this mesh is installed horizontally
or vertically. The results shown here not only jpdevvalidation to the development
process, including theoretical models, but als@ givxconcrete measure of the performance

of the system.

Finally, several demonstrations of the SCALA systencluding pick and place,
digital fabrication and autonomous surveillancee ahown and described, as proof of
concept. The goal of these demonstrations is tolat& the system as an effective tool for
these applications, even though the reduced stdlee destbed, where the demonstrations

take place, does not allow to fully explore all @bitities of the system.

5.1 SCALA Test-bed

For the SCALA testing and demonstrations, a smalales test-bed was

implemented, as shown in Figure 5-1.
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Figure 5-1 - Small scale test-bed built for the SCALA, with a parallel manipulator and three mobile agents.

The test-bed dimensions at@00x705x850mrand its rail mesh is constituted by
four rail segments o55mmin length, three rail segments ®B85mmin length and two
junctions. The detailed drawings for the SCALA tbetl are available in the Appendix
A5. The base rail arrangement was designed sathdémonstrations could be achieved,

including fine manipulation in a single block aratr@llel manipulator reconfiguration.

SCALA was remotely controlled by a computer withAMD A6-7400K Radeon
R5 processor, 6 Compute Cores (2C+4G) at 3.50 @Bb of RAM, with a Bluetooth
communications module. The control software uses tlva one developed specifically for
SCALA, and presented in section 4.3.5.

5.2 Component Testing

For industrial robots, the testing methods andquarance evaluation criteria, as
for instance accuracy or repeatability, are defimethe International Standard 1SO 9283,
prepared by the Technical Committee ISO/TC 184 ustdhl automation systems and
integration, Subcommittee SC 2, Robots for manufang environment[258]. Even
though such methodology is not employed in this kwior a strict way, the adopted

procedures can still provide an indicative measfithe system performance.
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Two different experiments, with distinct purposegre performed to access the
system performance. The first experiment intendedest the efficiency of the mobile
agents drive system, while the second experimeteinded to test the accuracy and
repeatability of the whole system, including bogieiats and PM. The experimental setups,
methodology and results are reported in this sectio

5.2.1 Mobile agent locomotion efficiency

This experiment was conceived to test the mobilentsJ success rate while
crossing the junction, to either continue movingtle same direction or change to a
perpendicular one. The procedure is done autonfigtibst pre-programming the agent
trajectory and using closed loop control. Ten $rialere made in each case, and for two
scenarios, where the rail mesh is horizontal oticer In Figure 5-2, the still images from

these tests are reproduced. The results are peelsentable XIX.

One can see that almost all junction crossings \seceessful. Only one test out of
ten failed, on the vertical mesh scenario. Switghdlirection also achieved an inferior
success rate, with a couple of failed attempts. Tw@n reasons for junction crossing or
switching direction failure were identified: inceat positioning of the robot in the junction
center, mostly due to gravitational effects comdiveth gear backlash, when the rail
mesh is positioned vertically; and rack and drieargteeth collisions. The first can be
solved with the use of anti-backlash drive geamsgdrding the second, one can add a
feedback sensor on the exact angular positioneotitive gear. A simple encoder could be
added to the drive motors so that one could be thatethe gear angle would enable teeth

engagement with no collisions. These solutions| gleainvestigated in future work.

Table XIX — Results from the mobile agent locomotion tests.

Movement Mesh Orientation N° of Trials Success Rate
Horizontal 10 100%

Junction Crossing Vertical 1 10 100%
Vertical 2 10 90%

Horizontal 10 90%

Switching Direction
Vertical 10 80%
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JUNCTION CROSSING ON HORIZONTAL MESH

i L Al S

JUNCTION CROSSING ON VERTICAL MESH 2

AL \ '-1!1 DL

DIRECTION ON HORIZONTAL MESH

Figure 5-2 - Performance tests conducted. Images from left to right show the movement of the agent.

5.2.2 Mobile agent localization accuracy

The next set of experiments were made in orderciess the accuracy and
repeatability of both the agents’ localization systand also the PM platform. The
accuracy of a system is defined as the closeneagreEment betweenobserved values,

ObsValue and an accepted reference value (gold standredy,alue
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Accuracy = RefValue — %2?21 ObsValue; (5-1)

On the other handiepeatability is the ability to replicate a given result. The
International Standard ISO 9283 [258] defines tlamdlationalrepeatability considering
that there is only movement in the direction oérest, as:

Repeatability = D + 3.5, (5-2)

Where D = %Z?ZIIObsValuei — AvgValue|, being AvgValue the arithmetic

average of the observed values, 8pds a standard deviation given by:

5, = \/zg;lqObsVazuei—Angazue|—5)2 (5-3)
n-1

This is the definition adopted in this dissertatiamork for the repeatability
measure. As the gold standard for absolute pasitite Polhemus Liberty 240 6 DOF
high accuracy tracking solution [23] was used. Télisctromagnetic system requires a
source to be the fixed system’s reference frame,aasensor attached to the object being
tracked, either the mobile agent or the platforime System’s reported tracking resolution,
for a maximum distance between the source and sef€®0mm is inferior t00.005mm
for position and).0014°for orientation. The complete specs for this sease included in
Annex D. A special 3D printed support, made fromSABvas used to connect the sensor to
the tracked object, thus placing it far from anytaiie parts. The electromagnetic source
was also placed far from the prototype metallicicttire, to avoid as much as possible
interference in the generated magnetic fields. rPrio the experiments, a calibration
procedure was used to align the cartesian cooslisgstem(x, y, z)of the Polhemus
system to the SCALA’s point of origif®, 0, 0) Also, the orientation signals of the sensor

were calibrated to a standard orientation. The exyatal setup is depicted in Figure 5-3.

The agent localization system employed, based anet& encoders, is capable of
measuring linear displacements as smal.825mm However, the real accuracy depends

mainly on the system mechanical realization toleeandrive system backlash and system
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control. The goal of this test is to quantify thespioning accuracy of the agents. Two sets
of tests were conducted. In the first set, the muof the agents was measured in a single
rail segment placed horizontally, with no junctionossing and using only the continuous

strip readings. Ten trials were made for eachwa flisplacements.

Figure 5-3 - Setup for the Polhemus System in the agent accuracy/precision tests. 1- Sensor; 2- Source; 3-

Mobile agent; 4- ABS support.

The position absolute error results are shown guifei 5-4.

0.4 -
Abs. Rail Segment

Error
[mm]

0.2

50 100 150 200 250
Displacement [mm]

Figure 5-4 - Average results with range for 10 localization accuracy trials, for each of the 5 displacements
on a single rail segment. The average error of all displacements is represented by the horizontal blue

dashed line.
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As can be seen, the average accurac®.2§mmfor all displacements and the
maximum error is belovd.40mm Another conclusion one can draw from these resslt
that there was no noticeable accumulation of emithr the increase of the distance paved.
The amplitude of the error (maximum error minus imimm error) was, in average,
0.14mm which indicates an excellent precision. The reégahbty for the five

displacements (50 trials), wasl4mm.

The second set of tests was similar to the first, dout this time only two
displacements were considered, and they involvedsang a junction. The agent position
error was not reset on the junction. Once agamirtals were made for each displacement,
and the results are shown in Figure 5-5. This tithe,average accuracy wast3mmand
the amplitude of the results was32mm The repeatability for the two displacements (20

trials), was0.62mm.

While both accuracy and precision levels were lowiee difference is not large
enough to conclude that there is a loss of accupgogrossing a rail junction. In fact, for
the first displacement @65mm the precision and accuracy obtained are on time $avel

of the ones obtained from moving on a single rgjrsent.

Ab 1 . .
s Crossing Junction

Error
[mm]™

0.6

0.4

0.2

265 385
Displacement [mm]
Figure 5-5 - Average results with range for 10 localization accuracy trials, for each of the 2 displacements,
with a junction crossing. The average error of all displacements is represented by the horizontal blue

dashed line.
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5.2.3 Parallel manipulator static accuracy

Having tested the agents’ localization accuracy @medision, the next goal was to
access the accuracy of the PM driven by three agekd seen previously, parallel
machines precision is susceptible to the positpnaccuracy of their drives, the

manufacturing tolerances and even the machine pose.

Once again two sets of tests were conducted. Tperiemental setup is depicted in

Figure 5-6. The first assembly mode was used fortést.

Figure 5-6 - Setup for the Polhemus System in the PM accuracy/precision tests. 1- Sensor; 2- Source; 4-

ABS support; 5- Parallel manipulator.

For the first set, five points were chosen randoimdyn the PM’'s workspace. Then
the manipulator, starting from a random locationyes to the set point on the workspace
and the absolute position error is measured. Thelom starting point of the PM
displacement is chosen so that it requires alketlagents to move at led€i0mm to reach
the target point. The random target positions wgeck P1(250, 231, 312)P2(250, 249,
297), P3(290, 289, 273)P4(290, 312, 246andP5(390, 389, 76)For each position, ten

trials were made, and the results are shown inZHg.
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Abs. Platform Static Accuracy
Error 0.8
[mm]

0.6

0.4 o

0.2

0
1 2 3 4 5
Position

Figure 5-7 - Average results with range for 10 static localization accuracy trials, for each of the PM mobile
platform 5 random points in its workspace. The average error of all points is represented by the

horizontal blue dashed line.

The obtained average accuracy of all positions W@85mmand, in all 50 trials,
accuracy level was belowmm indicating high PM precision. These results, hosve
have limited significance since, for some particylases of a parallel machine, usually
either close to the boundary of the workspace orsitigularities, a small actuator
displacement leads to a large displacement of thieileplatform. The tool displacement
errors are then amplified in equal measure. Thisaléed anisotropic behavior and, as

previously discussed in Chapter 3, is a commonatheristic of parallel machines.

Because of this, a study was made using the iftanalysis algorithms developed
and described in Chapter 3, to determine the eggesthtic accuracy of the PM, given its
architecture, geometry, actuator accuracy and peése.a chosen horizontal plaze=
310mm the workspace and expected accuracy ranges doPkh poses were determined,

and are shown in Figure 5-8.
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Figure 5-8 - Static accuracy range determined for the PM mobile platform, for 6 positions P along the y

axis, in a horizontal plane z = 310mm.

Then 6 positions along the y axis were chos&hg and the PM precision tests

were performed for these points. The results avgshin Figure 5-9 and Table XX.

1
Abs. Platform Static Accuracy
Error 0.8 | Coplanar Points
[mm]
0.6
0.4
0.2
0
1 2 3 4 5 6
Position

Figure 5-9 - Average results with range for 10 static localization accuracy trials, for each of the PM mobile

platform 6 positions along the y axis, in a horizontal plane z =310mm.

The obtained position accuracy is either very r@anside the expected accuracy
ranges for the manipulator, which means that thehaweical tolerances adopted in its

construction are very strict and that the prototgpdorms as expected.
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Table XX — Comparison between the expected and obtained PM accuracy.

Pos. Coordinates Calculated Ac. Range [mm]  Obtainedverage Ac. [mm]

P1 (0,100,310) <0.20 0.20
P2 (0,50,310) <0.20 0.24
P3 (0, 0,310) ~0.20 0.24
P4 (0,-50,310) <0.40 0.36
P5 (0,-100,310) <0.40 0.47

P6 (0,-150,310) <0.60 0.69

The mobile platform accuracy, considering all &jas equal t®.36mmwhile the

repeatability value i8.56mm

5.2.4 Parallel manipulator path following accuracy

The PM dynamic or path following accuracy is alsportant to evaluate, since, for
a machine which can be used for 3D printing, itriportant to ensure that the real path of
the tool is faithful to the programmed one. Thditgsprocedure involved programming a
trajectory for the robot end-effector to perform,aur case, a circle on a horizontal plane,
with a diameter ol00mm centred af0, 0, 320mm)to be done I8 seconds. The starting
point was set to bé&0mm, 0, 320mmgnd it performed the circle in a counter clockwise
direction. The manipulator used the first assenniobyle for this test. The robot performed
this planned trajectory with the gripper tool atted, and in two different conditions: no
load and carrying a load &0g The Polhemus Liberty sensor was once again used f
position tracking of the end-effector, collectingeo 400 points during the trajectory. The
metal plate of the end-effector was replaced by or&e from acrylic, to reduce the

interferences with the sensor, which was attacbétl &s shown in Figure 5-10.

The trajectory accuracy tests, whose results caseba in Figure 5-11, reveal some
deviations from the goal position, which are mogtent in the load test. The average
positioning error and standard deviation valueg.68mmand1.11mmwere obtained for
the no-load test. For the load tests, the averagéigning error and standard deviation

values ofl.96mmandl1.88mnwere obtained.
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Figure 5-10 - Manipulator carrying a payload of 800 g.

The second test, with load, shows a larger deviatiothe circular path, due to the
increased forces the robot actuators and the pasatlicture need to support, which bear a
negative effect on their accuracy and rigidity. Heer, the main reason which seems to
cause this disparity between manipulator static dyrhmic precision is control problems
on the agents. Because, for dynamic trials, the tnariable plays an important role. For
the PM to be able to reach the desired positiothatdesired time, involves perfect
synchronization between its actuators, in this dhseagents. If a single agent is slower

than the others, it causes systematic errors witgbagate until the end of the trajectory.

Trajectory in non load condition Trajectory in load condition
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Figure 5-11 - Platform path-following accuracy tests. Plot of desired vs actual trajectory (dimensions in

meters) for no load (left) and 800 g load test (right).
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This problem was not investigated further, but saaeses and possible solutions to
it are mentioned here. In fact, the manipulatorasgic model was not implemented in the
control strategy, which could aid in producing bettesults for dynamic conditions with
different load values. Because the mechanical dalggs vary slightly between several
agents and even rails, this dynamic model shouttlide the right individual friction

parameters for each agent, obtained through aietsidihg.

5.2.5 Parallel manipulator reconfiguration

The developed parallel manipulator is capable ofatlyic reconfiguration, which
can be used for workspace enlargement and dynampefy improvement, by selecting

the most suitable assembly for each task, wherilgess
Despite the small scale of the testing rail mesle, @uld still demonstrate:

* Reconfiguration and assembly mode switching orstivae work blockF{gure 5-12

a) );
« Transition to another work blockigure 5-12 b) );

e L
]

Figure 5-12 - Different test scenarios involving parallel manipulator translation or reconfiguration in the

small scale test-bed: a) AM switching; b) PM translation.

A led strip was mounted around the mobile platfdaarget a better perception of
where it is located during the tests. Automaticordiguration and translation was
achieved, but the tests have shown that the pedsfoce is very sensitive to the agents
junction crossing efficiency and the multiple agenbrdination. A single agent getting

stuck in a rail junction was enough to stall thdirenprocess. During the tests, the
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manipulator did not carry any tools to reduce ibk of cable entanglement. This was also
one of the reasons why reconfiguration is not usedtie final demonstrations of pick and
place or digital fabrication. Figure 5-13 and Fgyb-14, show the process of transition

from one workblock to another, from two differemgws.

Figure 5-14 - PM translation from one work block to another, viewed from the side.
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5.2.6 Discussion

The SCALA component testing demonstrated that ipassible to achieve high
accuracy for both the agents’ localization and plaeallel manipulator positioning. The

experimental results are summed in Table XXI.

Table XXI — Results for SCALA accuracy and repeatability tests.

Component Accuracy [mm] Repeatability [mm] | n° of tials
Mobile agent (no junction crossing) 0.27 0.14 50
Mobile agent (with junction crossing) 0.43 0.62 20
Parallel manipulator tool 0.36 0.56 110

These results fall within the expected rangesHi architecture and amn parwith

the performance of some industrial solutions preskim Table XXIV and Table XXV.
This is remarkable, considering it is an initiabfmtype of the system. Thus, one can
validate the design, project and realization ofdiistem and its several components. Still,
the author reckons some improvements can be maeggrding the mechanical
construction (by adopting tighter tolerances in theechanical realization of the
manipulator and making stiffer joints and linksaaiso the control scheme of the system.
This becomes evident in the results of the dynan@uracy of the manipulator, where the

trials under load revealed an average deviatidh@mnifrom the trajectory.

Platform translation and reconfiguration was peried and accomplished. The tests
revealed that more improvements on the agent lotiomare required to enhance this

process.

5.3 Pick and Place

5.3.1 Methodology

A pick and place routine was pre-programmed forSGALA parallel manipulator,

using the gripper as its tool. The goal was to destrate a fully autonomous pick and
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place routine, requiring perfect coordination beaw&CALA agents and manipulator tool

to perform a rather complex task, without any hunmégrvention.

This task consisted of picking two objects and iplgechem in a basket, one after the
other. The two objects chosen were a sphere masigftdfioam, and an apple. For this, four
main waypoints were spread across the tri-dimeasiamorkspace of the manipulator, in
its first assembly mode. These points Boent-H, which was considered to be the home or
idle position of the manipulatoRoint-B, where the basket is located and the manipulator
is supposed to drop the picked obje&sint-A which is the apple location, afmbint-§
which corresponds to the sphere position. The wskuence was defined by a state-

machine, and is illustrated in Figure 5-15.

On position ", Point-A
close gripper | ~ Apple

\
- | v
Point-S ’\m On position

1l :
Sphere | [ close gripper

4
/

4
N

Point-B “‘;
\  Basket
\\\\\‘:\ /:,/9/’/

Onnﬁc;;ixtion
open gripper

Figure 5-15 — Task sequence implemented in the state machine, for autonomous pick and place task.

No sensing system was required to know where lfects were, since the position
of the waypoints was pre-programmed in advance. é¥ew this also meant that if such
reference positions needed to be changed aftegrgmroning of the new positions to the

autonomous routine was required.

The performed autonomous procedure starts witmtaeipulator in the set home
position, inPoint-H. Then, it moves to thBoint-§ and positions the gripper at the perfect

height to grab the sphere. Once the sphere posgianhieved, which corresponds to the
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fulfillment of a set accuracy threshold, an intptrevent is generated and the state is
changed. Next state controls the gripper actuatore specifically, it sends commands to
close the claw and grab the sphere. This is acdshgul by driving the motor in open loop
and during a duration of time, which was pre-deteed during calibration tests with the
object. When the time counter is over, anotherriofg event is generated, which
corresponds to raise the manipulator and move @obtsket position. WheRoint-B is
reached, the event of gripper opening is raiseds ©§the same event of the gripper
closing, except this time, the motor runs in theaxite direction, thus opening the claw.
Once the sphere falls in the basket, the maniputatarns to home position and repeats
the same process to pick the applPaint-A

5.3.2 Results

The state machine was implemented by software uaisgvitch-casemodule,
where each case represents atate. This implementation is described in detdi?46].
The interrupt and progression event in each stake naised when all agents reached their
set position, within a certain threshold. The uteéshold value was set to ke20 tick
counts which corresponds t©0.5mmfor the agents’ position. Lower thresholds could be
used, but given the relative size of the object$ giipper, this tool positioning accuracy
was enough to provide consistency &ariD% task execution success rate. Figure 5-16

contains still images taken during the pick and@leask execution.
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Figure 5-16 — Video captures during pick and place routine of the SCALA system.

5.3.3 Discussion

The task sequence was executed for at least 28,timthout any failure to report.
This reveals good system robustness and repeataliilien without any feedback from
extra sensors as, for instance, a pressure sensameras in the gripper, the picking and
releasing of the objects was always successfulpaacise. The only drawback was that it
required a pre-calibration phase, for the objeatsl dasket position, and gripper
operations. Future developments using agents \itiecas, and tools with sensors, could

improve further the system and its flexibility. Hewver, for basic and repetitive tasks in
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automation, where the picked objects and theirtjpos are always the same, this same

system and procedure, in its current state, carséd.

In this sense, through this demonstration, onecceproduce an experiment that is
not far from a real application. In other wordseamas able to prove the full functionality

of SCALA as a pick and place system.

5.4 Digital Fabrication

5.4.1 Methodology

Digital fabrication machines transform a digitalpresentation of a part or
component, whether it is a 3D model or a 2D drawintp a real prototype. This is the
case of 3D printers, laser cutters or CNC machimag transformation involves several
steps, which are illustrated in Figure 5-17, areldifferent depending on the input given

to the digital fabrication machine and the expecetput.

Engraver, laser cutter 2D cut/ engraving

=~

e Numerical control Machine Output
3D model as mesh file programming language 3D printer, CNC 3D prototype

G-cod
G-code

Figure 5-17 — Digital fabrication from original source file to final output.

To produce a 2D cut or engraving, typical sourtesfinclude CAD drawings in a
common format, such as DXF (Drawing Exchange Forniiis format does not store
information regarding the depth of the model, as intended only for planar fabrication.

On the other hand, 3D models are required to fat@iparts in 3D printers or CNC
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machines. These models often originate from STlergt Lithography) files, which
consist of many linked triangles (called a “medhigt simulate the surface of the object to
fabricate.

The next step includes the common denominator éndilyital fabrication process,
the g-code generation. g-code (also RS-274), isctremon name for the most widely
used numerical control programming language. Itughes a set of instructions for the
machine tool, like the path it should follow, theowving speed, the cutting or extrusion
speed, among others... A g-code can be automatigelterated from source files. For
instance, in 3D printing, the g-code is generated blicer software. This software “slices”
the 3D model of the part into layers, and then theyerate g-code that extrudes plastic to
fill each layer.

Since SCALA can be used for multi-type digital fabtion machine, a g-code
interpreter was implemented, so that one couldoperiboth 2D and 3D digital fabrication
tasks. This interpreter was directly implementedhi@ SCALA control GUI and enables
the loading of a g-code file. It then computes tbguired trajectory for the manipulator
tool and the corresponding agent trajectories. Thigtrol uses again a state machine, as
the one implemented for the pick and place taskhEstate corresponds to a point or
instruction given by the g-code. Once a state ¢®@aplished, it proceeds to the next state,
until the end of the task.

As digital fabrication demonstration, two tasks gvenvisioned. The first task was to
show the SCALA manipulator working on a single gaas in a laser engraving or cutting
machine. This was divided into two approachesh#ninitial approach, a pen and a white
board were used. This was done to test the rolastfethe system. The pen was attached
to the gripper, using a special printed suppore @kcodes of several shapes, including a
10cm diameter circumference, B0cm square and the word SCALA were loaded and
drawn in a single plane. The second approach iedbthe laser assembly. The laser and
its driver board were mounted on the manipulatal.té@ potentiometer was used to
control the laser power. Once again, the same shapee marked on a black paper. An
additional test was included, where the laser emggawas done in a concave surface,

forcing the laser to move vertically, in additianits planar movements.
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The second task demonstrated 3D printing usingSBBALA manipulator. For this
task, the plastic extruder was used. The same g-oudrpreter, for the first task, was
employed. However, this time, the user had to séhexstarting plane for printing, the part
and filament thickness. The program then automigticalculated the number of layers.
Once the first planar layer was finished, it wasgoammed to repeat the same layer in a
plane some tenths of millimeter (depending on tlenkent thickness) above the previous
one. This process was then repeated until prirdglhtayers. In the meantime, the stepper
motor responsible for feeding the plastic, was mogned to run continuously. No
coordination between the movement of the tool &edstepper control was implemented.
This was done to quickly implement this demonstratiprocedure, but future

developments should include such coordination &btelb printing performance.

A power source for the stepper motor and the hgatiement on the extruder head,
as well as a stepper motor control board, an additiscreen and the filament spool, were
mounted on top of the SCALA testbed.

5.4.2 Results

Figure 5-18 depicts the demonstrations for the fiisk, using a pen and a white

board, to draw a circle, a square and the word SICAL

Figure 5-18 — Digital fabrication task one demonstration, by drawing on a white board.
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The SCALA manipulator, using its first assembly rapdas able to draw all
geometries. The word SCALA was the more challengagk, as its 715 line g-code
included vertical displacements of the tool, toateespaces between the individual letters.
However, due to the large diameter of the penitifs not possible to observe these fine

details, nor the tool accuracy.

The second subtask of the engraving/cutting dematist is depicted in
Figure 5-19. All shapes were made in the black papiéh good precision. To perform the
engraving on the paper, in the concave surfaceydaheal movement of the tool had to be
modified in the g-code, to follow the curved shapehe surface. The resulting shapes on
the black paper were digitized and are shown inif€idp-20, with their colors inverted, for
better visualization of the laser marks. As one s the laser marks are not a continuous
line, but instead a set of dots. This was due derléocus and driver problems and should

be improved in the future developments. Nevertlseleme can see that the desired

geometry was followed by the manipulator.

Figure 5-19 - Digital fabrication task one demonstration, using the laser, on a planar and concave surface.
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Figure 5-20 — Negatives of the results from the laser engraving demonstration on the planar surface. The

desired shape is shown in red while the marks show the laser engraving/cut spots.

The 3D printing demonstration is shown in Fig&1. All parts were printed
successfully, and for each part, all layers wengodieed precisely on top of the previous
ones, showing a good 3D positioning accuracy ofntla@ipulator tool. However, the print
quality was much inferior to the one obtained imaaercial printers. This is due to control
employed for the robot. By relying solely on a PpDsition control, with no force or
velocity control, the agents’ movement becomes yerlyy, propagating vibrations to the
manipulator tool and causing this low quality priAnhother problem which affected the
print quality was the independent control of thepger motor, which fed the plastic.
Because it was continuously feeding the plastia abnstant rate, when the manipulator
was moving between positions, where there shouldabglastic material, it still deposited
plastic. This resulted in a low quality print ofettBCALA letters, where one can see
deposited material between the letters. This ibkgsn the final prints, shown in Figure
5-22.

One important future development shall be improvenod the trajectory planning
algorithm, with a third order function which takie$o consideration a continuous velocity

and acceleration function on the intermediate goiior a jerk-free and smooth motion.
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Figure 5-22 — Parts 3D printed by SCALA.

5.4.3 Discussion

All digital fabrication tasks were accomplished egsfully, in terms of proof
of concept. In general, the manipulator performee@pected, and was able to follow the
desired trajectory.

Regarding the laser cutting tasks, the poor lassmud prevented from
achieving better results. However, the demonsmatadidated SCALA as a laser cutter or
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engraving tool. It even shown SCALA potential tokadarge parts on a tridimensional

surface, involving large vertical displacementshaf tool.

The achieved 3D printing quality was low, mostlyedo control problems of
the agents. This resulted in vibrations which wprepagated to the whole structure,
including the printing head, causing the low pngtiquality of the parts. This should be

sorted in future developments with the adoptiobetter control strategies.

All fabrication demonstrations were performed usingingle assembly mode.
The reasons for this were that it was complicated¢hange the assembly mode of the
manipulator due to the fact that external power@otrol cables were attached to both the
laser and plastic extrusion assembly. Changing@fissembly mode was tried, but during
this process, the cables got entangled causintatluee of the AM switching. In a future
version of the manipulators tools, the power sodocethe laser and plastic extruder, as
well as the filament spool, should be placed in rienipulator end-effector, to grant it
total freedom to move in the large rail mesh. Thas not done in the current SCALA
prototype, as it was not robust enough to suppuet éxtra weight and size of these

components.

The control of the laser power, as well as thetuladseder, should also be
included in the main SCALA control program for leetfabrication results. This can be
achieved by using any available ports in one of SGALA agents control boards. Then,
the implemented g-code interpreter can send syn@ed commands to control the
manipulator tool positioning and also the laseextruder functioning. This will largely

improve the part fabrication quality.

5.5 Target Following

5.5.1 Methodology

Three experiments were set up for the SCALA autamgsrmvision system. Even
though the scale of the experiment was low, dutgéosmall dimension of the setup, the

tests intended to reproduce a situation where $t pessible to demonstrate the functioning
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of the system and its advantages over existingisaki The results obtained can be scaled

up to real world applications.

In all experiments, the target was constantly amwreomously monitored by the
individual visual tracking system of each robot,iethreported its position, velocity,

heading or the lack of detection.

To perform the visual tracking in the target objecfiducial marker system [259]
was used. This marker system is composed of afsedliod markers and an algorithm
which performs its detection, and possibly cor@gtin images. Although it is possible to
generalize object detection by training a persardlicascade classifier [260], fiducial
markers are more reliable, computationally cheapmer have better position and rotation
accuracy. This marker was installed in a ground iteatlmbot capable of being remotely

controlled in real time or to perform pre-prograntegjectories.

rail mesh

X

Figure 5-23 - Scheme of the test bed setup, showing cameras 1 and 2 and the target in their starting

position. The target diagonal trajectory is also marked.

In the three experiments, the same trajectory waspmgramed into the ground
moving robot target, and also the cameras start three same position, as shown in Figure
5-23. The target followed its trajectory at a canstspeed oB.5cm/s taking about20

seconds to complete it. For each experiment, tigetaracking was performed differently:
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Experiment 1

In this experiment, target tracking was done by fixed cameras, which were
located as depicted in Figure 5-23. This experimetgnded to reflect the tracking

performance of a vision system based on staticosens
Experiment 2

In this experiment, both camerasandc. performed target tracking and were able
to move only on their axis, i.e1 was able to translate in its rail along thdirectionand
c2 translated along thg direction This experiment intended to reflect the tracking
performance of a vision system based on mobileassmnestricted to translations in one
dimension.

Experiment 3

In this experiment, only one camera)(will be used for target tracking. To be able
to follow the target from start to finish, it withave to switch rails, and go from a
translation along to a translation along This experiment takes full advantage of the 2D

mobility of the proposed novel system.
During these experiments, the following variablesevmeasured:

* The position of each mobile camera, given by theodars on the SCALA agents;

* Position of the target relative to the world framiereference and each mobile
camera, measured by camera vision;

» The target tracking efficiency measured by the @eatage of the target's trajectory
that is detected by at least one camera, durintatiget's movement.

5.5.2 Results

The Figure 5-24, Figure 5-25 and Figure 5-26 itatst the first, second and third

experiments, respectively.

The marker position tracking results for each eixpent are shown in Figure 5-27,

Figure 5-28 and Figure 5-29. The absolute distdreteveen the target and the cameras
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(DTC), for each experiment, is shown in Figure 5-3he results from all three

experiments are presented in Table XXII.

Table XXII — Results from SCALA vision demonstrations.

Experience 1 Experience 2 Experience 3
Tracking efficiency [%0] 96.8 100.0 97.3
Tracking R2 0.999 0.991 0.977
Average DTC [mm] 157 87 130
Standard deviation DTC [mm] 69 51 54

Figure 5-24 - Video captures from experience 1: a) target o: at the trajectory start, tracked by static

camera cz; b) target tracked by both c1 and c;; c) target at the end of trajectory, tracked by c2.

Figure 5-25 - Video captures from experience 2: a) target o: at the trajectory start, tracked by mobile

camera cz; b) target tracked by both c: and cz; c) target at the end of the trajectory, tracked by c..
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Figure 5-26 - Video captures from experience 3: a) target o: at the trajectory start, tracked by mobile
camera cz; b) target leaves camera FOV and c1 proceeds to change axis; c) target at the end of the

trajectory, tracked by c: on a different axis.
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Figure 5-27 - Target position tracking results using two static cameras ¢z and cz.
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Figure 5-28 - Target position tracking results using two mobile cameras c: and cz.
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Figure 5-29 - Target position tracking results using one mobile camera ci.

400

Distance to camera during tracking

300 4, + 2 Static Cameras

‘.. 2 Mobile Cameras
. of
= 5 KN 1 mobile camera
+ .
£ e Yy
—_— . ]
g 200 o 8 “,
< b .
© o 4
k7 ! gt
A +
= ' ‘ '
* s
L) L . %
100 . ‘.
: L 4
t
X % x e
0
0 100 200 300 400 500 600 700

Marker positionin trajectory [mm]

Figure 5-30 — Absolute distance to camera results of the three experiments.

The tracking efficiency was determined as the peege of the total target
trajectory which was detected by at least one canfetinear regression was made to the
position points resulting from vision tracking, mgithe linear trajectory as approximation,
and an r-squared coefficient was determined. Toidficient relates how close the visual
tracking was to the real target trajectory angbitgpose is to provide a means of comparing
the accuracy of each tracking method. The averadestandard deviation for the distance

to camera (DTC) results were also determined.

In the experiment 1, with two static cameras, gseeted the DTC is very high, as
the cameras are not capable of moving and followiegtarget. This also results in the

lowest tracking efficiency, since there is a pdrthe target trajectory (approximately the
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position of the marker shown in Figure 5-24 b) Jahhis not inside th&OV of any of the
two cameras. The strong point of using static casexrthe accuracy of the tracking, as the

referential is always fixed.

The DTC is the lowest for the second experimenh wito mobile cameras. Being
able to move and follow the target allows them d¢atmuously track its trajectory from
start to finish. When the target begins its movetnéns being followed by camera 1,
which moves along a rail with the orientation of thaxis At some point in its trajectory,
the target enters tHfeOV of camera 2, which moves on a perpendicular &igce camera
2 is free, it receives the order to move to folline target. For a brief period, both cameras
follow the target up to the point where the tardestance to camera 2 is inferior to the
distance to camera 1 (approximately the positiothefmarker shown in Figure 5-25 b) ).
Then, and because the target is moving to the dmutsf camera FOV, the camera 2
assumes the main target tracking and following tionc Accuracy of tracking is slightly
lower in this case, especially when the mobile aame moving faster. This may be
explained by software and control issues and mpeeitcally the lack of synchronization
between the reading and printing of the encodanegsabnd the vision outputs. In Figure
5-31 it is shown the distance to 2 mobile camemasothx andy axis It can be seen that,
while the camera 1 is following the target and mgvon arx oriented rail the distance to
the camera ix axisis constant and maintained low. The same happées the target is
being followed by camera 2, but this time on thaxis as this is the orientation of the

camera movement.

The experiment 3 intended to simulate the functignof the SCALA vision
system, performing target tracking and followinghn@ single mobile camera, capable of
moving in 2D. The camera 1 tracks and follows #rgeét up until the point where it leaves
its FOV (approximately the tag position shown in Figur@eb) ). At this point, the
camera searches for the nearest perpendiculamiagre it can switch moving direction

and resume the target tracking, which is done alecaf seconds after.
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Figure 5-31 — Distance to 2 mobile cameras, in x and y axis.

Because of this process, there is no detectionhef dntire target trajectory.
However, it is shown that the DTC results are betten using static cameras. Once again,
tracking accuracy is lower, due to the already meed reading and printing
synchronization problems when the mobile robot e#yois higher. In Figure 5-32 it is
shown the distance to the mobile camera in Bahdy axis It can be seen that, while the
camera is following the target and moving onxaoriented rail the distance to the camera
in X axisis constant and maintained low. Then, when swiigho the perpendicular axis,
the distance iy axisis minimized.
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Figure 5-32 - Distance to 1 mobile camera, in x and y axis.
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5.5.3 Discussion

The SCALA system for vision applications has adages over fixed camera
systems since it allows to cover a vast space avitelduced number of sensors. It can also
overcome problems such as target occlusion, deglésaor large camera/target distances.
Regarding the 1D mobile camera systems, SCALA sffeore freedom and flexibility by

allowing 2D movement on walls and ceiling.

The demonstrations performed to compare SCALA perémce against static
and 1D mobile systems reveal similar performanegen when performing tracking and
following with a single camera. Given the reducedls of the testing bed, the obtained
results can only be considered as representatiteshow that a high tracking efficiency
can be achieved with the proposed system. Thisiefity depends on the speed of the
moving target, and the faster it moves, the moffécdit will be to follow it while
switching rails. However, the rail mesh can als@p@mized for each application and each
space, and more rails and intersections can balledt thus minimizing this effect. Using
multiple 1D cameras to follow a target achievesdvdtacking results, but requires a large
number of cameras for a large number of targetsh Wsingle camera capable of moving
on 2D, the same tracking can be done with littlpait on the efficiency. This strategy is

then more suitable for large and complex spaceh, wiultiple targets to be followed.

The lack of tracking accuracy when the mobile casenove at higher speeds
should also be solved in future developments. Expearts on a large scale, should also be
made, using state of the art vision methods, ag digriinder T. et al[261]. These will
allow to infer the true performance of the systamreal applications, and establish again a

comparison to other similar existing systems.

It is also interesting to explore the possibilifyadding pan-tilt-zoom control to
the cameras, to improve functionality with face agmition and other complex vision
methods, as described in [262], [263]. This po#gidias not been explored in this work
and it would be interesting to see if better tragkresults can be achieved by using

cameras with pan-tilt-zoom capabilities.
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Chapter 6
Conclusion

6.1 Final Remarks

In this work, a novel framework called SCALA - S@&le moduLar multi-Agent
robotic system on ad-hoc pathways for automatioth surveillance, was presented and
developed, from conceptual stage to design, impheatien, testing, verification and final
demonstrations. The motivation for this researchkweas to fill the gap between the high
precision fixed base industrial manipulators, arabite robots capable of working in large
spaces, by delivering a solution capable of periogmprecision work with speed,

efficiency and repeatability, over a large workspac

The first stage of this research work consisteth& characterization of existing
systems, identifying their strong features andriggy the best strategies to overcome their
limitations. A system based on multi-agents mownga passive bi-dimensional rail mesh
was the result of this conceptual developmenidktseveral design iterations, prototype
developments and improvements, until reaching ihal farchitecture. This cycle of
hypothesis, experiments, reevaluation, modificatiand extension of the original
hypothesis is what constitutes the scientific meétiwbich was the basis of this dissertation
work. Its final result was a novel mechanical solutin the field of mobile robotic
systems, the SCALA Railbot Il. Even though someesys with multi-agents moving on
rail grids, can be found, and are mentioned heoeencan offer all the characteristics
which the patented SCALA system possesses, inguchmtinuous movement of multiple

mobile agents on a passive rail grid which can banted in any inclination.

Carlos Xavier Pais Viegas 215



Scalable Modular Multi-Agent Robotic System on AakHPathways for Automation in Large Spaces

After the development of the bi-dimensional mulieat system, the next task
described in this dissertation work was the studyd alevelopment of the novel
reconfigurable parallel manipulator. The concepha¥ing 2D mobile agents employed to
control a PKM is new to the state-of-the-art. Thdution offers many advantages and
enables to take advantage of several strategiendease the workspace of the
manipulator, including base translation, drive emgtension and reconfiguration. To the
best of the author's knowledge, this was the fpatallel system to combine all three
strategies simultaneously and dynamically. Givenrtavelty of the solution developed, an
extensive analysis was performed on the kinematigsamics, static properties and
workspace of the PKM. A new methodology for theigiesof a family of PKM which
ensures a set of desired properties was conceiveidg the latest tools in interval
arithmetic and analysis. This methodology was useddetermine the geometrical
parameters for the SCALA manipulator, given setunesments of workspace size,
accuracy and force. It was also used to analyzaetnil the property workspace of the
PKM, which was critical to understand and justifie toehavior of the manipulator during
the accuracy tests. In the end, the contributiothisfpart of the dissertation work, was not
only the novel solution in the field of parallel anes, but also a method, which proved
to be efficient to design and study a parallel rpalitor given various properties of
different nature.

The implementation of SCALA was also a process Whinvolved several
iterations. Three generations were made, and thautgtheir evolution, their design,
component arrangement and materials used was $ubjemonstant optimization. This
process is described in detail, from the mecharnicathe electronic, mechatronic and
control solutions employed. The management of théifagent system is also addressed
with the development of custom made path planrootstfor SCALA. This also shows the
multiple areas of research involved in this disgéh work. A comparative cost analysis
was made to back up the claim of SCALA being aromation solution that is cheaper
than existing systems. Despite being only an irttlieacost study, it shows that setting up
the proposed system may not involve a large investnthus representing a disruptive

development in the field of industrial automatigstems.
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After implementation, all SCALA components were rihughly tested to assess
their performance and identify their main problents,order to be able to propose
improvements in the system. In overall, the sysfmrformed as expected. The agents
revealed good performance in the junction croststs, in both horizontal and vertical or
hanging down scenarios, with an overall success oataround 90%. The few failure
causes were identified and solutions were propd3edarding the static accuracy tests of
both agents and parallel manipulator, the accurasylts belowd.45mmand repeatability
results below 0.65mm reflect the robustness of the solution and its haeal
implementation. They are also comparable to théopmance level of available industrial
manipulators. Regarding the results of the dynameituracy tests, the obtained value of
1.96mmfor the parallel platform accuracy under load sdsessentially problems with the

agents’ synchronization.

In the reduced space of the test-bed, it was dlsovis the parallel manipulator
reconfiguration. The tests revealed that this meces very sensitive to the agents
synchronization and junction crossing performaribas to decrease the failure rate it is

crucial to optimize the agent control and design.

Finally, the SCALA real potential was shown in awfedemonstrations of
applications where it can be used, including autmna digital fabrication and
surveillance. The pick and place demonstrationatehigh robustness and repeatability
of the system, with no failure occurrences to tegisThis involved picking and
transporting two different objects, from two diet 3D locations, to a basket. The
locations of each object and the basket were pggrammed in the pick and place routine,
as there were no external sensors used, such a&sasno detect the objects’ position. In
the future, these can be used to dynamically perfthis task, and even recognize the

shape and size of the object, to better configoth the gripper and the manipulator.

The more challenging digital fabrication demonsbratalso revealed good results,
with all parts being made successfully. This derration included the use of three
different tools, a pen, a laser and a plastic fdatmextruder. The first two were used to
draw and engrave several shapes, including a cferemce, a square and the word

SCALA, while the latter was used to print severattp. The fabrication quality was low
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but its causes were identified and future improvetsido the system were suggested.
However, the main objective, which was to valid#ite system as a framework for

multiple high accuracy applications in large woiksps, was achieved.

The autonomous surveillance task demonstratedrtieepiotential of this platform
for vision applications. For this demonstrationptmobile agents were fitted with low cost
web cameras, and a tag recognition software wad iseoordination with the SCALA
control, to allow the agents’ movement to track &ltbw a tag placed in a mobile robot.
Even though the test scale was reduced, the reshtiwed that SCALA can achieve
similar performance of the fixed camera systems Hddmobile camera systems, using
fewer cameras. This was a very important achievénmbich may one day contribute to
scalable, cheaper and more efficient surveillamzkevésion systems.

Despite the successful accomplishment of the sysiemonstrations, several
problems of the current prototype were observectirTtauses were identified and their

solutions were proposed and are discussed in tktesaetion.

Several articles were published in the top inteonad peer reviewed journals in the
areas of mechanics and automation, while othere ha&en submitted and are currently
awaiting acceptance. A provisional patent of theAB& system was also filled, in the

National Institute of Intellectual Property. Thebfished work is listed in section 6.3.

In the end, all tasks proposed were successfultpraplished, despite the many
challenges faced in the multiple areas of reseanablved. The objectives which were set
out for this work were fulfilled, in the sense ttliae developed prototype is capable of
performing fine manipulation over a large 3D workse, in a fast, safe, reliable and
repeatable fashion. Comparing to existing SOA swstdt is faster since its movement is
continuous, even when switching movement directibthe junctions. The reliability and
repeatability were demonstrated in the SCALA congmirtesting. The system is also
designed so it can work in a rail mesh installedh@walls or the ceiling. This allows to
separate the system actuation space from humae,sihars increasing the safety factor.
The rail and junction components were modular padtthey could be assembled to form

any rail mesh configuration, and scalable to amg.dit was also demonstrated, through the
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cost analysis, that this is a low cost and simpistesn, when compared to existing
solutions. The resulting prototype can then be idemsd a relevant tool for several
applications and a framework for further researctd alevelopment. The technical

specifications of the developed prototype are sudimdable XXIII.

Table XXIII - technical specifications of the developed SCALA prototype.

SCALA

Agent movement

Agent drive

Agent max. speed

Agent localization accuracy*
Agent localization repeatability*
Sensors

Agent voltage and current

Agent mass

Agent controller and communication
Manipulator mechanical structure
Manipulator DOF

Manipulator workspace area**
Manipulator work/inst. area ratio**
Manipulator drive

Manipulator accuracy***
Manipulator repeatability***

Manipulator reconfiguration

Central control station

Planar, continuous and restricted on a 2D grid
4 DC motors and gear/rack drive system
0.10 m.¢
0.43 mm
0.62 mm
Magnetic position encoders
9Vat0.3A
345 g
Onboard control board with Bluetooth
3-PU”R reconfigurable parallel architecture
3 translational DOF (spatial movement)
0.627 n}
1.25
3 Mobile agents’ movement (no additional actuators)
0.36 mm
0.56 mm
Dynamic

AMD A6-7400K Radeon R5 processor, 6 Compute
Cores (2C+4G) at 3.50 GHz, 8Gb of RAM, with a
Bluetooth communications module

*average experimental results with junction crogsitfin a workblock and for z 310mm
***average experimental results.
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6.2 Outlook

Three key research and improvement directions Heees identified, which could

follow-up on the methodological contributions oistithesis and will be described below:

First, a couple of solutions have been proposeabegroblem of junction crossing
failure of the mobile agents. This is a criticabgedure from which the whole functioning
of SCALA depends. These solutions include both raawal design and electronic
improvements. The use of antibacklash driving geesas help improve the agent
placement accuracy in the junction. By installingiagle turn encoder on the drive gears,
one can also control their rotation angle to awatlision with the rack teeth. Both these
solutions should improve the junction crossing periance of the mobile agents.
Regarding the scaffold, their fabrication by eximasand the inclusion of power lines to
grant infinite autonomy to the mobile agents as® anprovements which are to be made.
Rail embedded copper lines can be used to conthecpower through the mesh, and
carbon brushes placed in the agents sliders can tlhra power from these lines. In
addition, a more robust version of the SCALA mafapar would allow the installation of
the auxiliary components of the laser and 3D prmptassemblies, such as the power
sources or the plastic filament spool, in the melplatform. This would allow the
manipulator to move freely in the rail mesh, andade to re-configure itself, which is
something not achievable by the present prototwten carrying tethered tools. Larger

and heavier objects could also be manipulatedempitk and place tasks.

The second improvement proposition is regarding dbmetrol of the system, by
adopting more robust synchronization strategiesnjorove the dynamic accuracy of the
parallel manipulator. A control strategy based pmsition, velocity and force control
would also contribute to better practical results dynamic conditions. This should
improve the quality of the laser cut and 3D prigtiasks, by making the tool movement
smoother and more precise. An interesting resedirelation related to this topic is in the
parallel manipulator optimal path planning and agslg mode selection. Because there are
areas in the manipulator workspace which can behezhby several assembly modes, it is

important to find a control strategy to autonomgusdlect the most suitable configuration
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for the current task. For instance, a pick and eplaperation may require superior load
bearing performances from the configuration, whigital fabrication would favor
precision. For the same workspace point, one adgembade might be superior in one
aspect and inferior in other, to another assemhgenwhich shares that same workspace
point. A suitable selection of assembly modes mitjein be critical to the successful

accomplishment of a task.

The third research direction goes towards largéegesting and demonstration of
real world applications with a robust prototypeckPand Place and digital fabrication
demonstrations were performed using a single AMe Tdason for this was the limited
scale of the test bed and low complexity of th&ktademonstrated. However, for more
demanding tasks, the use of several AM might beledeEven though the changing of
AM was demonstrated here, in future developmehtgould be interesting to demonstrate
reconfiguration as a means to aid in the accompigstt of complex SCALA operations.
The same applies for the surveillance demonstrafitven tough, to some extent, the
obtained results can be scaled up, one can only validate the proposed system by
testing it in real applications and scenarios, wheeveral moving targets, occluding
objects, light and environment changes and otheahi@s may have a decisive role in the

performance of SCALA.

6.3 Published Scientific Output

From this dissertation work resulted four publishedicles. Two articles are
directly related to the parallel manipulator desagm development, and were published in
the Mechanisms and Machine Theory (MMT) journalnirdlsevier. The subject of
another article was the SCALA conceptual develogeamd was published in the Journal
of Intelligent & Robotic Systems (JIRS), from Sman. The fourth article concerned the
mechanical design and development of the SCALAqtype, and was published in the
IEEE/ASME Transactions on Mechatronics. All joushale from the best quartile (Q1) in
the areas of mechanical engineering and indusamal manufacturing engineering, for
MMT and JIRS, respectively (relative to the yeat 20
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Additionally, there are two submitted journal ae& which currently await
acceptance.

A provisional patent of the SCALA system, contaghandescription of the concept
and the mechanical realization of the agents whedfiin the National Institute of
Intellectual Property.

List of publications

e Carlos Viegas, Mahmoud Tavakoli, Pedro Lopes, RamaDessi, Anibal T. de
Almeida. “SCALA - A scalable rail-based multi-robatystem for large space
automation: design and developmel#EE/ASME Transactions on Mechatroniesl.
22, issue 5, (2017): 2208-2217.

» Carlos Viegas, Mahmoud Tavakoli, and Anibal T. dendida. "A novel grid-based
reconfigurable spatial parallel mechanism with éarggorkspace.Mechanism and
Machine Theory115 (2017): 149-167.

» Carlos Viegas, David Daney, Mahmoud Tavakoli, MhdaAnibal T. de Almeida.
“Performance analysis and design of parallel kinananachines using interval
analysis."Mechanism and Machine Theoy15(2017): 218-236.

¢ Mahmoud Tavakoli, Carlos Viegas, Lucio Sgrigna, afdibal T. de Almeida.
“SCALA: Scalable Modular Rail based Multi-agent Rtb System for Fine
Manipulation over Large Workspaceddurnal of Intelligent & Robotic Systems
(2017), 1-18.

Under review

* Carlos Viegas, Mahmoud Tavakoli, Riccardo Dessidr@elLopes, Anibal T. de
Almeida. “Control and Path Planning of a Multi-Age@rid-based Ceiling Robotic
System”Journal of Control, Automation and System.

* Carlos Viegas, José Prado, Mahmoud Tavakoli, Pedpes, Anibal T. de Almeida.
“Scalable Modular Multi Mobile Agent Autonomous Cpuater Vision System for
Large SpacesAutonomous Robots.

Patent

Mahmoud Tavakoli, Carlos Viegas. “System for movir@pots on two dimensional
scaffolds”’Patent Request INPI 109859 Beptember 2§ 2017.
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Appendix A - Prototype Drawings

Appendix A
Prototype Drawings

Appendix A1 — SCALA GEN ONE prototype;
Appendix A2 — SCALA GEN TWO prototype;
Appendix A3 — SCALA GEN THREE prototype;
Appendix A4 — SCALA manipulator and tools;

Appendix A5 — SCALA test-bed.
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MOBILE AGENT TOP VIEW

Appendix Al - SCALA GEN ONE Prototype (scale 1:1).
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Appendix A - Prototype Drawings

Top Level
( control board &
battery attachment)

Mid Level

( driving unif)

Base Level . SEE
(attachment unit / slider) "'\@"

Appendix A1 — SCALA GEN ONE Prototype exploded view, not showing control board and batteries. 1-

Slider; 2- Magnets; 3- Drive motor; 4- Magnetic encoder; 5- Drive gear; 6- Battery and PCB support.
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Appendix A2 — SCALA GEN TWO Prototype (scale 1:1).
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Appendix A - Prototype Drawings
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Appendix A2 — SCALA GEN TWO Prototype exploded view, showing its components: 1- Magnetic

encoder; 2- Magnet; 3- Slider; 4- Drive motor; 5- Battery; 6- PCB; 7- Tool support.
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Appendix A3 — SCALA GEN THREE Prototype (scale 1:1).
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Appendix A - Prototype Drawings

5
Top Level >
(end-effector <J >
attachment)
S 4
e ?P“ 2 ST SR \\\\ N
Third Level B &> @? S:
(control & SRR o
communication) Sl > 2B 3
S ?IE’/ =8
0 2
Second Level 5
(driving unit) e
1
Base Level od R ¥=
(attachment unit / slider) ﬂ

Appendix A3 — SCALA GEN THREE Prototype exploded view, showing its components: 1- Slider with

embedded magnetic encoders; 2- Drive motor; 3- Drive gear ; 4- PCB; 5- Tool support.
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Appendix A4 — SCALA manipulator link (scale 1:2).
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Appendix A - Prototype Drawings
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Appendix A4 — SCALA gripper (scale 1:2).
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Appendix A4 — SCALA plastic filament extruder (scale 1:2).
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Appendix A - Prototype Drawings

END-EFFECTOR & LASER TOP VIEW

END-EFFECTOR & LASER LEFT AND FRONT VIEW
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Appendix A4 — SCALA laser (scale 1:2).
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Tool
(gripper)

Appendix A4 — SCALA gripper exploded view: 1- Electromagnet; 2- Claw finger; 3- Gripper body;

4- Actuator; 5- Modular tool attachment; 6- N35 magnet for PM links.

End-effector

Tool
(plastic filament extruder)

Appendix A4 — SCALA plastic filament extruder exploded view: 1- Plastic extruder; 2- Extrusion kit;

3- ABS support; 4- Plastic filament.
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End-effector

Tool

(laser)

Appendix A4 — SCALA laser exploded view: 1- Laser; 2- Driver; 3- Acrylic support; 4- Cooling fan.
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Appendix A5 — SCALA testbed (scale 1:10).
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Appendix B
Algorithms

Appendix B1 — Algorithm 1 — Property verificatioautine;
Appendix B2 — Algorithm 2 — Design routine;

Appendix B3 — Algorithm 3 — Optimal path searchtioe for path planning.

Algorithm 1 Verification Routine

1: procedure WORKSPACE DETERMINATION

2 inputs: [Qdl; [AXd]; [7]; p;
3 fori=1,..., mdo
4: o = {initial[ X]}; n = sizd );
5: while n > 0do
6: b=~ (1), » take B'box of
7 @) =[;n=n-=-1; » erase 1 box of
8 Bnew] = Contract[b];
9: if Contrac fails then
10: gota 5;
11: end if
12: if VX € [brew], Ci (X,p) metthen
13: W= [Wi] U [Drev];
14: elseif Vx € [brew], Ci (X,p) Not metthen
15: gota 5;
16: else
17 if [Dnew] > MinDirr then
18: & bisect[bnen); N =N + 2;
19: else
20: 2 1€ [brewl; » list of boundary boxes
21: end if
22: end if
23: endwhile
24. end for

25: return [W];
26: end procedure
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Algorithm 2 Design Routine

1. procedure DESIGN CERTIFICATION
2: inputs: [Qq]; [AXd]; [7]; [W];
3 [Do] = {initial[ p]};
4: fori=1,..., mdo
5: = [Dia]; n =sizd &);
6: while n > 0do
7 b= (), » take B'box of
8 Q) =[lin=n-1,; » erase I box of &
9 [bnew] = Contrac [b];
10: if Contractfailsthen
11: gotac 6;
12: end if
13: if VX € [W], VP € [bnew], Ci (X,p) metthen
14: [P=[Di] U [brew;
15: elseif vx € [W], Vp € [brew], Ci (X,p) Not metthen
16: gotc 6;
17: else
18: if [bnew] > minDirr then
19: if EQ. (3-71) > 0.8hen
20: " & bisect[bnew]; N =N + 2;
21: else
22: bisect[W]; gotc 13;
23: end if
24: else
25: 7 1€ [Dneu]; » list of boundary boxes
26: end if
27: end if
28: endwhile
29: end for

30: return [D];
31: end procedure
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Algorithm 3 A* Optimal Path Search Routine

1: procedure OPTIMAL PATH SEARCH
2. init. varia bles: ni=ns; n=target; valugn);
3: repeat
4: valugn) =0 » current node becomes non transitable
5: ford=-2,-1,1, Ao » dmoving direction for adjacent position: -2 left,down, 1 up, 2 right
6: nj = adj(r,d) » chooses adjacent nofla function ofd
7 if valugn) = 1then » adjacent nodgis transitable
8: directionn;)) =d
9 if directior(n;) = directior(n;) then
10: gn) =1
11: else
12: g(n) =3
13: end if
14: calculate f(n;) » determine evaluation function (eq. 4-6) score
15:  open & N » addn; to open node list
16: end if
17 end for
18: ni=min( f(n) )¥ N € ~ gpen » nextniis then node with lowest score in the open node lis
19: ~ open > Ny » removen; from open node list
20: until m=n
21. repeat

22: path=path& n;

23: path_cost path_cost+ g(n)

24: ni = adj(n;, -directior(n;)) » moves backwards until the start node
25: until ni=ns

26: return path; path_cost;

27. end procedure
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Appendix C
Complementary Tables

Appendix C1 — Table XXIV — Characteristics of inthied serial manipulators;
Appendix C2 — Table XXV — Characteristics of indigdtparallel manipulators;
Appendix C3 — Table XXVI — Spatial parallel manigtdr configurations.

Appendix C4 — Table XXVII — Commercial componensged in SCALA.

Table XXIV - Characteristics of industrial serial manipulators from ABB[264], Fanuc[265] and KUKA[266].

Robot Mass | Load | Repeatability | Load/ | Reach| Base | WorkS/ | Max Vel. | Max Acc.

[kal | [ka] [mm] Mass | [m] |Size[m]| InstS [m.sY] [m.s?]
IRB 140 98 6 +0.03 0.061 0.81 0.45 12.96 25 20
IRB 2600 272 12 +0.04 0.044 1.65 0.67 24.26 NA NA
IRB 4400 1040 60 +0.19 0.058 1.96 0.92 18.16 NA NA
IRB 6620 900/ 150 +0.03 0.167 2.20 1.01 1898 NA NA
Fanuc CR7 53 7 +0.02 0.132 0.72 0.30 23.04 NA NA
Fanuc M710 540 12 +0.15 0.022 3.12 0.55 128.72 NA NA
Fanuc M20iA 250 20 +0.08 0.080 1.81 0.34 113.36 NA NA
Fanuc M410 = 2430 450 +0.50 0.185 3.13 1.08/ 33.60 NA NA
Kuka KR16 254 26 +0.05| 0.102 1.61 0.65  24.54 NA NA
Kuka KR1000 4750 750 +0.10 0.158 3.60 1.36/ 28.03 NA NA
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Table XXV - Characteristics of industrial parallel manipulators from ABB[264], Fanuc[265], Adept[267] and

Symétrie[268].

Robot Mass | Load | Repeatability | Load/ | Reach| Base | WorkS/ | Max Vel. | Max Acc.
[ka] | [kol [mm] Mass [m] |Size[m] InstS [m.s] [m.s?]

IRB 360 120 3 +0.10| 0.025] 0.40 0.74 1.17 10 100
Fanuc M1 HL 21 1 +0.03| 0.048 0.21 0.37 1.29 NA NA
Fanuc M2 6H 115 6 +0.10| 0.052] 0.40 0.80 1.00 NA NA
Adp. Q. s650H| 117 6 +0.10/ 0.051 0.65 NA NA 10 150
Adp. H. 565 52 3 +0.10| 0.058 0.57 0.89 1.64 NA NA
Sym. Sirius 85/ 200 +0.000006 2.353] 0.15 0.88 0.12 0.008 NA
Sym. Notus 100/ 200 NA| 2.000 0.25 1.20 0.17 0.8 10
Sym. Mistral 450/ 1000 +0.50| 2.222/ 0.460 2.28 0.16 1 10
Sym. Sirocco 850/ 2000 NA| 2.353 0.600 3.35 0.13 2 6
Sym. Aquilon 3000 6000 NA| 2.000 0.800 4.50 0.13 1.8 7

Table XXVI — Spatial parallel manipulator configurations and their complexity level.

Complexity Level
DOF of each limb Examples
Number of Joints Number of Links

3,33 3-PU* 21 9
3-U*P 21 9

4,4,4 3-PU*R 24 9
3-PAUR 21 6
3-cun 18 6
3-~UC 18 6
3-RPC 9 3
3-RRC 9 3

55,5 3-PU*U 21 9
3-PMUU 21 6
Delta 15 9

55,3 2-PU*U & 1-PU* 20 9

6,6,3 2-PUS & 1-PU* 12 5
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Table XXVII — Main technical specifications of the commercial components used in SCALA.

Designation Manufact.urer ! Reference / Technical data
Supplier Model
Drive motors Pololu, USA 2218 Available in annex A
Motor mounting bracket Pololu, USA 1089 Plastic, mass: 1g
Motor hubs Pololu, USA 1996  17.5x5mm diam/thick, mass: 2.8g
Magnetic linear sensors AMS, Austria AS5304 Available in annex B
Magnetic strip AMS, Austria MS20-150 Available in annex C
Shaft collar BearingKing, UK CABU08z Steel 16x8x8mm OD/ID/W
Steel balls Imporseal, Portugal Chrome Steel AISI 52100, Qracie
10, 10mm diam
Links Decathlon, France 795700 Carbon, 8x6mm OD/ID
Magnets HKCM, Germany 9960-3494 hgf;;eg;i?;,r(ii?i?Nl\fdr::sBé: '\éifg
6DOF tracking sensor Polhemus, USA Liberty Available in annex D

Laser

Extrusion kit

*on a steel plate

OSRAM, Germany PL TB450B
BQ, Spain| HeatCore DDG

Available in annex E

Available in annex F
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Annex

Data Sheets

Annex A — POLOLU MicroMotors Specs

Annex B — AS5304 Linear Encoders Specs

Annex C — MS20-150 Magnetic Multipole Strip Specs
Annex D — Polhemus Liberty Specs

Annex E — OSRAM Laser Specs

Annex F — BQ HeatCore Extrusion kit Specs
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Annex A - POLOLU MicroMotors Specs
Overview

The brushed DC gearmotors, of high-power (HP) tye,intended for use &V,
though in general, these motors can run at voltagdse 3 — 9Vrange. The brass gearbox
has a3mmdiameter D-shaped metal output shaft, and a geiar of 298:1 The gearmotor
can have an additional output shaft, in the reathef motor, to install an encoder, to

provide motor speed or position feedback.

Product specs

Nominal voltage | Stall current @ 6V No-load speed@ 6V | Stall torque @ 6V | Mass

6V 1600 mA 100 rpm 0.5N.m 109
1
6.9 ®[0.o4}
[0.27] 12
Il [0.47]
5
1.2
[0.05]
10 15 5
[039) L __ [059] [02]
3
- ®lo12]
I |
10 2 AN
- IK:
5
4 o 4 J 07 ?lo2]
45 45 [0.16] 0.03 ]
[0.18] [0.18] T 55
[0.1]

Micro metal gearmotor dimensions (units: mm [in]). L =9mm.

Available in: https://www.pololu.com/product/2218
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Annex B - AS5304 Linear Encoders Specs
Overview

The AS5304 is an incremental position sensor faedr and rotary off-axis
applications based on contactless magnetic seesbnology. To measure position and
motion a multi-pole magnet strip or ring has taused. There ar&60 pulseperdmmpole
pair length on the standardized quadrature outpigrface with an index pulse (ABI

interface) with a maximum speed20m/s

r N\
AS5304 / AS5306
| SIN | | SN,
' Signal Al > A
Hall Array ; Quadrature
Processing ADC
& 8 8 — Incremental . B
Frontend — Interface
Ampifier | cos Channal [ ot &
Amplifier = Index » Index
{} magnetic
Automatic field alarm
M Gain Analog
' > » AOQ
Control Output
& 7
Key Features
+ Contactless motion and position sensing
+ High speed measurement
« Immune to external magnetic stray fields
Product specs
Resolution | Minimum pole pair length Max speed Voltage Temp. range
160 step 4 mm 20 mis 5V -40 to +125 °C

Available in: http://ams.com/eng/Products/Posit®ensors/Linear-Incremental-Magnetic-Position-

Sensors/AS5304
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Annex C - MS20-150 Magnetic Multipole Strip Specs
Overview

This specification defines the dimensional and nesigrproperties of a multipole
magnetic strip for use with the AS5304 magnetiedinmotion and off-axis rotary angle
encoder. Material: Strontium ferrite bonded. The2@4.50 magnet strip is magnetized on
the top side and bonded on a steel support wist@izer adhesive (bottom). Note that the
polarization of the magnet will change when it itated as the pole arrangement not
symmetric. In order to get a stable 12-bit absotataling, it may be necessary to filter the
values by averaging, e.g. a moving average caloualah the external microcontroller.
Averaging 4 readings results @B (=50%) noise and jitter reduction. An average 6f 1
readings reduces the jitter by a factor of 4. Tediwval distance between the magnet strip
and the top of the IC package should<b@.8mm Note that the vertical distance depends
on the strength of the magnet. The AS5304 autoaibtiadjusts for fluctuating magnet

strength by using an automatic gain control (AGC).

B / ) (f N\

1 2 3 4 5 (]

=, & recommended

" e scanning path

E

T=2
L =300 '
MS20-150 strip dimensions (units in mm).
Product specs

Pole length Number of poles Resolution Max cumulative error Air gap
2mm 150 25um 25pum/m < 0.8 mm

Available in: http://ams.com/eng/Products/Magnésition-Sensors/Magnets/AS5000-MS20-150
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Annex D — Polhemus Liberty™ Specs
Overview

The fastest, most accurate, scalable electromagimatker available, LIBERTY™
represents a quantum leap in new technology. $fatee-art Digital Signal Processor
electronics make it the perfect real-time solutiftor 6 Degree-of-Freedom needs.
LIBERTY has speed, ease-of-use via an intuitive pBieal User Interface, scalability,
distortion sensing, and improved signal-to-noiséiosa which increase stability and
resolution while providing consistent high qualitsita. Note that large metallic objects,
such as desks or cabinets, located near the soursensor, may adversely affect the

performance of the system.

Range vs. Resolution

,g 0.300 /
o 0.250 —
o P i
g 0.200 7 Orientation
® _ o
% 0.150 = _
£ 0100 = Position
= _ __’__,_F//
2 0.050 - —
=
2 "% 50 200 400 600 800 1000 1200  Range (inches)
= Range Position Resolution Orientation Resolution
(inches) (inches) (degrees)
12.0 0.00005 0.0004
24.0 0.0002 0.0014
36.0 0.001 0.0048
48.0 0.005 0.0117
72.0 0.031 0.060
120.0 0.145 0.280
Product specs

Update rate | Number of sensors | Position static accuracy | Orientation static accuracy

240 Hz lto8 0.03in. 0.15°

Available in: http://polhemus.com/motion-trackintaackers/liberty
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Annex E — OSRAM Laser Specs

Features

» Optical output power (continuous wave): 1.6 Wedse = 25 °C)

» Typical emission wavelength: 450 nm

 Efficient radiation source for cw and pulsed operat

Optical Output Power

Popt = f (/F)

Product specs

Operating Voltage

Ve=1(lp

T, =40°C

03 0.6 0.9 12 15

Optical output power

Operating current

Operating voltage

Emission wavelength

16W

15A

48V

450 nm

Available in: https://www.osram-os.com/osram_oggeoducts/product-catalog/laser-diodes/visible-

laser/blue-laser/
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Annex F — BQ HeatCore Extrusion kit Specs
Overview

The HeatCore Unibody was designed with the priasftgnsuring that the printing
system was stable and free from leaks. The bestovdy this was by reducing the number
of parts and joints. This is why the HeatCore Udipbot-end is formed of a single piece
of AISI 303 stainless steel. This material was elé for its high thermal conductivity
which enables the system to reach the desiredimyinemperature even faster. What's
more, to facilitate passage of the filament, theat@ere Unibody has been electro-
polished: electro-polishing is a chemical and eieak process that polishes the internal
walls and reduces the number of irregularities,ciwtiptimizes the passage of the filament

and reduces the chance of blockage.

Extrusion kit 3D model with an exploded and cut views.

Product specs
Nozzle diam. Filament Stepper Heater Thermistor Mass
0.4 mm 1.75 mm NEMA 17| 40 W ceramic cartridge NTEDK 650 g

Available in: https://www.bg.com/en/heatcore-ddgreder-kit
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