&b

ﬂ UNIVERSITEIT VAN PRETORIA
S UNIVERSITY
4

ERS
YUNIBESITHI YA PRETORIA

DESIGN AND OPTIMUM OPERATION OF A
RE-CONFIGURABLE PLANAR GOUGH-
STEWART MACHINING PLATFORM

by
Lukas Johannes du Plessis

A dissertation submitted in partial fulfillment of the

requirements for the degree of

Philosophiae Doctor (Mechanical Engineering)

in the
Faculty of Engineering, Built Environment and Information

Technology, University of Pretoria

December 2001

© University of Pretoria

OF PRETORIA



bivu®2220usg

o

ﬂ UNIVERSITEIT VAN PRETORIA
. UNIVERSITY OF PRETORIA
S YU

NIBESITHI YA PRETORIA

AKADEMIEST MUIG T HGEMENS
UNIVERSITE ™+ "5 "rRIA

2002 -11-13
Klasnomn _,;,ZH("?Z kal\ 66. 12
1o DUSLY Jpu pPLe9slS

-

A&th.‘vhcﬂ-m




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIB

(058

ESITHI YA PRETORIA

Dedicated to my family
and in memory of

“Oom Nap & Tannie Lalie Esterhuizen”



(

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA



NIVERSITEIT VAN PRETORIA

&

e .

0 UNIVERSITY OF PRETORIA
Qe ¥

UNIBESITHI

ABSTRACT
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CONFIGURABLE PLANAR GOUGH-STEWART
MACHINING PLATFORM
by

Lukas Johannes du Plessis

Promoter: Professor J.A. Snyman

Department of Mechanical and Aeronautical Engineering

Degree: Philosophiae Doctor (Mechanical Engineering)
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optimization, constrained optimization problem.

This study presents a computer operating system for a novel re-configurable planar Gough-Stewart
machining platform. The operating system is tested on a physically constructed test-model of the
proposed re-configurable platform. In doing so, the proposed concept of a re-configurable planar
machine tool, consisting of a moving platform connected to a fixed base via three linear actuators is

validated, both from a theoretical and practical point of view,

The computer operating system consists of four sections:

1. Simulation: A computer program for simulating the motion of a planar Gough-Stewart platform
was developed. This was done by applying the basic principles of Newton-Euler dynamics to a
mechanical model of the platform. In particular, this special purpose simulation program allows for
the inverse dynamic analysis of a planar Gough-Stewart platform so as to give closed-form
expressions for the required actuator forces necessary for the execution of a specified trajectory. As
a prerequisite for the inverse dynamic analysis, the special purpose program that was developed, also
performs the inverse kinematic analysis of the mechanism by solving closed-form expressions for
the positions, velocities and accelerations of the individual bodies comprising the machine.

2. Trajectory-planning: A new path-planning interpolation algorithm has been developed with which
a user may specify the desired path to be followed by any planar industrial robot, and therefore in

particular also the planar Gough-Stewart platform. Given prescribed kinematical requirements and
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specified points along the path, a cubic spline interpolation curve is fitted in the time-domain, and
further user-specified information is used to determine how the end-effector orientation angle should
vary along the specified curve. This trajectory-planning algorithm is combined with the above-
mentioned inverse dynamic simulation program to determine and monitor the required actuator
forces as the planar Gough-Stewart platform traces the prescribed trajectory.

3. Optimization: With the ability to determine the required actuator forces at any instant along any

prescribed path, an adjustable geometry planar Gough-Stewart machining platform becomes a viable
option. The rationale is that the simulation of the mechanism allows for the off-line optimization of
the operational geometry of the mechanism for the prescribed path. The single criterion objective
function used is the minimization of the “maximum magnitude actuator force” identified via the
above-mentioned dynamic simulation. The minimization of this objective function with respect to
the variable geometry, ensures that singular configurations are avoided as the specified path is
traced. The minimization of the objective function is further subjected to compliance with
formulated inequality constraints that ensures mechanical feasibility as the constrained optimization
problem is solved.
Once the optimum operational geometry is determined, the physical re-configurable planar Gough-
Stewart platform can be adjusted accordingly to ensure the successful execution of the desired
trajectory. If it is not possible to trace the prescribed path, then user intervention is required. This
may be done in a rational manner since the specific numerical optimization algorithm used here
(LFOPC), gives a best compromised solution if no feasible design exists for the specified trajectory.
The importance of this compromised solution is that it points out which constraints are violated and
to what extent. This provides information for determining a piece-wise execution strategy by means
of which the complete task may be performed, both feasibly and optimally.

4. Control: Apart from optimizing the Gough-Stewart platform configuration for a given task, the
computer operating system also generates the necessary commands for controlling the required
variation of the actuator leg lengths. This allowed for the physical execution of a number of

representative prescribed machining paths.
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Lukas Johannes du Plessis

Promotor: Professor J.A. Snyman

Department Meganiese and Lugvaartkundige Ingenieurswese

Graadbenaming: Philosophiae Doctor (Meganiese Ingenieurswese)

Sleutelwoorde: Gough-Stewart platform, herkonfigureerbare masjienwerktuig, verstelbare geometrie,
terugwaartse kinematika, terugwaartse dinamiese analise, kubiese lat-interpolasie, wiskundige

optimering, begrensde optimeringsprobleem.

Hierdie studie handel oor ‘n rekenaarbedryfstelsel vir die inwerkingstelling van ‘n unieke
herkonfigureerbare viak Gough-Stewart-masjineringsplatform. Die bedryfstelsel is getoets met behulp
van ‘n toetsmodel van die voorgestelde herkonfigureerbare platform, wat spesiaal vir die doel ontwerp
en gebou is. Sodoende is die uitvoerbaarheid van die voorgestelde konsep van ‘n herkonfigureerbare
vlak masjienwerktuig bevestig, beide vanuit ‘n teoretiese en praktiese oogpunt. Die herkonfigureerbare
vlak Gough-Stewart-masjineringsplatform waarna verwys word, bestaan uit ‘n bewegende platform wat

deur middel van drie lineére aktueerders aan ‘n vaste basis gekoppel is.

Die rekenaarbedryfstelsel bestaan uit vier dele:

1. Simulasie: ‘n Rekenaarprogram is geskryf om die beweging van ‘n vlak, Gough-Stewart-platform
na te boots. Dit is gedoen deur die basiese beginsels van Newton-Euler-dinamika toe te pas op ‘n
meganiese model van die platform. Hierdie doelgerigte en toegewyde simulasieprogram stel ‘n
mens in staat om die terugwaartse dinamiese analise van ‘n vlak Goug-Stewart-platform ekonomies
te doen. Dit behels die gebruik van geslote-vorm wiskundige uitdrukkings waardeur die onbekende
aktueerderkragte tydens die uitvoering van die voorgeskrewe baan bereken kan word. As deel van
die terugwaarste dinamiese analise voer hierdie spesiale rekenaarprogram ook die terugwaartse
kinematiese analise uit deur gebruik te maak van geslote-vorm uitdrukkings vir die posisies,

snelhede en versnellings van die individuele liggame waaruit die masjien bestaan,
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2. Trajekbeplanning: ‘n Nuwe intepolerende trajekbeplannings-algoritme is ontwikkel waarmee die
gebruiker die verlangde baan, wat deur enige viak industrieéle robot en gevolglik ook die vlak
Gough-Stewart-platform gevolg moet word, analities kan spesifiseer. Met sekere voorgeskrewe
kinematiese vereistes bekend, asook die gespesifiseerde node-punte langs die baan, pas die
trajekbeplannings-algoritme interpolerende kubiese latfunksies in die tyddomein. Verdere insette
van die gebruiker is egter nodig om te bepaal hoe die orientasie-hoek van die meganisme se
beheerde eindwerktuig moet varieer langs die voorgeskrewe baan. Ten einde die aktueerderkragte
langs verskillende voorgeskrewe bane te bereken, is die trajekbeplannings-algoritme gekombineer
met bogenoemde terugwaartse dinamiese analise van die vlak Gough-Stewart-masjineringsplatform.

3. Optimering: Die lewensvatbaarheid van ‘n vlak Gough-Stewart-platform met ‘n verstelbare

geometrie, 1€ daarin opgesluit dat dit moontlik is om die onbekende aktueerderkragte langs enige
voorgeskrewe baan en op enige gegewe tydstip te bereken. Die rekenaarsimulasie van die
meganisme stel ‘n mens in staat stel om die werkingsgeometrie van die meganisme te optimeer na
gelang van die voorgeskrewe baan. Die enkelmaatstafdoelfunksie wat hiervoor gebruik word, is die
mimimering van die “maksimum-grootte-aktueerderkrag” wat via bogenoemde dinamiese
rekenaarsimulasie geidentifiseer word. Die minimering van hierdie doelfunksie, met betrekking tot
die verstelbare geometrie, waarborg dat singuliere konfigurasies geassosieer met oneindige groot
aktueerderkragte tydens die uitvoering van die voorgeskrewe baan, vermy word. Verder moet die
minimering van hierdie doelfunksie uitgevoer word met inagneming van geformuleerde
ongelykheidsbegrensings. Sodoende word die meganiese uitvoerbaarheid van die berekende
oplossing tot die begrensde optimeringsprobleem, verseker.
Sodra die optimale werkingsgeometrie bepaal is, word die fisiese herkonfigureerbare viak Gough-
Stewart-platform dienooreenkomstig verstel, ten einde die voorgeskrewe baan suksesvol uit te voer.
Indien dit onmoontlik is om die voorgeskrewe baan te volg, moet die gebruiker ‘n beredeneerde
besluit maak. Die spesifieke numeriese optimerings-algoritme wat in hierdie studie gebruik word
(LFOPC), bereken die beste moontlike kompromie-oplossing indien daar geen lewensvatbare
ontwerp vir ‘n voorgeskrewe baan bestaan nie. Die beste kompromie-oplossing dui aan watter
ongelykheidsbegrensings oorskry is, en tot watter mate. Hierdie kompromie-oplossing is
noodsaaklik om ‘n beredeneerde besluit te maak aangaande die stuksgewyse uitvoering van die
voorgeskrewe baan op ‘n lewensvatbare en optimale wyse.

4. Beheer: Afgesien van die konfigurasie-optimering van die Gough-Stewart-platform na gelang van
‘n gegewe taak, genercer die rekenaarbedryfstelsel ook die beheerkode wat nodig is vir die
verlangde variasie in aktueerderbeenlengtes.  Gevolglik is ‘n paar verteenwoordigende

masjineringsbane fisies uitgevoer met behulp van die toetsmodel.

SAMEVATTING v



NIVERSITEIT VAN PRETORIA
NIVERSITY OF PRETORIA
UNIBESITHI YA PRETORIA

@ .
<

ACKNOWLEDGEMENTS

I would like to express my deepest gratitude towards my promoter and mentor Prof. Jan Snyman for his
guidance and input over the past five years. I consider it a great privilege and honor to have studied

under such an excellent scientist and researcher.

This study was made possible through the financial support of the South African National Research
Foundation, the University of Pretoria, the Department of Mechanical and Aeronautical Engineering at
the University of Pretoria as well as my loving mother. A Mellon Foundation grant was also awarded. 1

am very grateful to everybody who was involved in arranging the necessary funding.

A very special acknowledgement goes to Mr. Hannes Smit of Deman CC for all the time and resources
that he has contributed to getting the test-model running. I would also like to thank Mr, Wolfgang

Kaizer and the staff of Jawo Engineering for the excellent job they did manufacturing the test-model.

The kind help of Mr. Mike Spalletta and his colleagues at the University of Pretoria Engineering
Computer Center is greatly appreciated, as is the help of Mr. Waldemar Wandschneider, Mr. Fred
Proctor {(NIST), Mr. Will Shackleford (NIST), Mr. Alex Hay, Mr. Michael Hindley, Mr. Christiaan

Erasmus and Mr. Johannes Jordaan.

My sincerest thanks to everybody else not mentioned here who contributed to the successful completion

of this study.

Praise the Lord!

ACKNOWLEDGEMENTS v



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Qud” YUNIBESITHI YA PRETORIA




&

E.a UNIVERSITEIT VAN PRETORIA
u

2

NIVERSITY OF PRETORIA
UNIBESITHI YA PRETORIA

TABLE OF CONTENTS

ABSTRACT I
SAMEVATTING I
ACKNOWLEDGEMENTS %

CHAPTER 1 INTRODUCTION: OVERVIEW OF GOUGH-STEWART PLATFORMS USED AS

MACHINING CENTERS 1
1.1 INTRODUCTION ...coviriuseecnsistrsrsrasessssessresasserssssesssssssssosessesessresesessessssesessosansisesssssesseseansssssessssssaresssonssssnssmnsesmss 1
1.2 HISTORY OF GOUGH-STEWART PLATFORMS ....ocuiiiiiiiiiiiiieitinis st sessecasssiae st sovsa sossastacsesess et s ssasesescrcncs 1
1.3 GOUGH-STEWART PLATFORMS AS MACHINING CENTERS .1.vueverecscenerteenerinscmeecseeceasesarasasasssesssercessosessarssnssens 6

1.3.1  6-DOF Gough-Stewart machining PIGIOTMS. .....covovvvvovueeriieeeetcevcceicees s s 6
1.3.2  Planar Gough-Stewart machining platforms

1.3.2.1 The “Smartcuts” planar Gough-Stewart Platformi... ..o e s 10

1322 The “Dyna-M" and “Honda HV8-5000” maching 10015 ........ccconuriiriiniimmoiienrvenesererees 13

1.4 THE RE-CONFIGURABLE CONCEPT ....cooviiiitiiniiaiiniiise st i esstcssass snsass o sssstss s ssanessassasassssassnsssninnsos 15

141 Modular Gough-Stewart PIGIOIIHS ..........coovvivi it ciereresses s eevs s essesssasses s eesncsasanssnn s enans 16

1.4.2  Variable geometry Gough-Stewart pIatfOrms ............cccovmiioiviiiiieeie e 17

1.5 THE OPTIMUM DESIGN OF GOUGH-STEWART PLATFORMS «..oerersss st s csnen s es s essesns 18

151 The Gnalyical QPDFOACH .............covvocceeeiirireeeeieieee ittt sttt sttt entst e ras s es s an bt 19

1.3.2  The RUMEFICAL APDYOACH. ...ttt ess e ec i bessse s 20

1.5.2.1 Genetic AIZOTITRITIS (..ot e b stk sa b 20

1522 The “Democrat” design MEthOAOIOEY ... ..ottt e s crenerraresins 23

1.5.2.2.1  Democrat: the cutting phase

1.5.22.2  Democrat: the refining PBASE ... .cccvrvreririosr e een s ores s acesese s s cs o saeass s esoronsrers 25

1.52.23  Democrat: Optimizing the “HFM2” 6-DOF Gough-Stewart platform design ... 27

1.5.2.24  Democrat: Optimizing the “HDM1” 6-DOF Gough-Stewart platform design.......c.cooiimirrnicicirccnn, 30

1.6 MOTIVATION FOR THE PRESENT STUDY ...otrtiotmieurcorriiinseiss b iosmsssossnsssessananas s sassssssssasssaresssssivsvevssssssanses 31

1.6.1  The concept of a re-configurable planar Gough-Stewart machining platform................c..cccoovvvceenn, 31

1.6.1.1 Mechanical feasibility. ..o G s 31

1.6.1.2 Simulation of a planar Gough-Stewart platform.......coocciiirrerer s e 32

1.6.1.2.1  Inverse Dynamic SIMUIBHON. ... vcvcinrrcemns i et s 32

1.6.1.2.2  Trajectory-PIANNING «..coooo ittt eam s sas e ssc s s s bbb s 33

1.6.13 Optimal adjustment of the variable EOMEITY ..ot e e 35

1.6.2  The concept verification: a re-configurable planar Gough-Stewart platform test-model.................... 36

CHAPTER 2 KINEMATIC AND KINETIC MODELING OF A PLANAR MACHINING CENTER........39
2.1 INTRODUCTION L1t ieiveeiaiiisiciomanesnssiaasssassassssasassessesasessaessasarsrsssssiesssssessessssessessnssosssssseseserseant sosassessanssassssssnarerares 39
2.2 RIGID BODY MODEL ..ovrreeaiiererescsercccssastrintrsseesssessssssassemsesssseresentasatsssstssnsesessntansssacasstessac stseneasasesensasasastassraysen 41

TABLE OF CONTENTS vii



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(@

2.3 KINEMATIC CONSTRAINT EQUATIONS L..e.oieteristieresteteceecensentenmasnssessesnssessasssssseesessasssnsessessesttstetsnessiasssssssssins 44
2.3 REVOIUIC JOTRIS ... iiiiiiecee ettt et ek 45
2.3.2  Translational JOINES ..ottt b 46
23,3 Simplified CONSIFQINES........covooiiitieiccti ettt 49

2.4 DRIVING CONSTRAINTS ..c.ceremiirmmimormeriisurimsiresissssssssssbseses asssssarasss sssssssess sasasssbesssssassssssess s sarsensassssssnsaessessns 49
24,1 FIXEA WOTKDIECE ..ot eveneanaas st s e cs ettt st s r st enits 50
2.4.2  FIXed CUBING T0OL ........coooeeiiiieeieieeeet sttt et ettt b bbbt n e 53

2.5 INVERSEKINEMATIC ANALYSIS 1oooriiiiirieicoeraemmmsnsnstesets s sias s sssetos s nsaba st sttt st s rsce s e s st sasababasas s s sababababas 55

2.0 KINETIC ANALYSIS ooitirierieniimsnmie et tsresesss sttt s asss s st st deasb s ssr s b s s s i s bbb b a bbb bbb b baba e et s 62
2.6.1  Planar equations of motion for a system of unconstrained bodies................ccccovvvvmineiiiiiiininininn, 62
2.6.2  Planar equations of motion for a system of constrained bodies. ....................ovccvciiiniiccicinen e, 63
2.6.3  COnSIPaint FEACHION fOTCES ..ottt bbbttt eb e 66

2.63.1 REVOIULE JOMI. oo ot em et e bbbt sttt e d s b 4 bbb ch bbbt b 67
2632 Translational JOIMNE........coiiiiieiirc oo e et er e n s eh s enenen et e en s 69
264 VeCIOT Of JOFCES ..ottt e 5 ettt bbbt 71
26.4.1 GILBVILY 1.vutveneeiecrerisreoa et et sm e s es s st o4 en et ena s o ben e b a3 01 €2 er e b r e ona e e o r s ot r b ne e eras 71
2.64.2 SHABLE FOTCE .ottt ettt ettt bbb A e e i 88 et s bbb bt 72
2.6.4.2.1  FIX@d WOTKPIECE 1ovvvviini sttt esss e e s e ettt s bbb bk ittt raasaesera s 73
2.6.4.2.2  FIXCA CULLING t00].uiriei ettt is et et es e e e e st s 4 eaea et ea s enes sntesannsern 75

2.6.5  Inverse dynamic QALYSIS ........ooo.ooooiiiiiii ittt 77

2.7 VERIFICATION OF SPECIAL PURPOSE PROGRAM ......coorimirimrmicririmmseressicsorsssiensicescntessssnsesessossessssssesssnsnsmssssss 81
2.7.0 Jacobian MAIFIX VEFIfICAHON ......cco.ouveeoeiiiiitieeit ettt n st 81
2.7.2  Inverse dynamic analysis VEFTfICQIION ...........cc.ciivoeirceioreeer ettt seniae s 83
2.7.3  Fixed workpiece vs. fixed 100l VErifiCatiON. ............c..ccoocvmmminocnnien ettt 84

CHAPTER 3 TRAJECTORY-PLANNING THROUGH INTERPOLATION BY OVERLAPPING CUBIC

ARCS AND CUBIC SPLINES 90

3.1 BASIC INTERPOLATION PROBLEM IN TRAJECTORY PLANNING . ...oititireetiaiarserrosistsstseseeeesesssasassensitsstesesansenes 90

3.1.1  Determination of time pArametric iterVals .......covivvveinicciiinnsiinrieeen e 91

3011 Determination of interpolating and overlapping cubic arcs.......ovverreiiiriicieicire st 91

3112 Computation of total path Tength S ..o s et s s 97

3.1.13 Dependence of curve length on PAIAMEIET t.......c.ccoerierireeres e sceaseresemsasnse s serssssesnis 98

3.1.2  Cubic spline representations for X(1) and Y(1) ...........cccooiioouiiiiniiineinisscesecccnens oot enans 100

3.2 PRACTICAL PROBLEM OF DETERMINING DY/DX AT P AND Py oo e sraes 102

3.3 SYNTHESIS OF MORE GENERAL CURVES L.....iiiiiiiiicieiititcs e sescesiasssiessoesnassraetessessesssnenesasesessansecacasssssesinsosnes 167

3.3.1  Linear segment wWith cubic BIEnds ..............coooiviiiiiiiiii et 107

3.3.2  Treatment of constraint 0n ACCEIEYALION ..............c.cccovviioriviiiiciroiin sttt 112

3.3.21 AHANTIENt OF CENIAL SPEEA V' oo vvevvecerrre oo seseecsss s ssssesseses s eesesses s sesessss s cses s esos s 113

3322 Violation of maximum allowable acceleration ... 114

3.4 INCORPORATION OF AN ORIENTATION ANGLE @, ..ovoiiiiiiisiscre et cniate e s st sasassssasssnasntesasessssnssasasasnns srossnns 117

3.5 TESTPROBLEMS ..ottt es st seocas o esensenss o cossedssamcsescesessosacsssenssntarsesrassnsns 121

350 Parabolic test fURCHON ... et s 121
TABLE OF CONTENTS Vit



3.5.2  Spike test function
3.5.3  Circular test curve
3.5.4  Logarithmic spiral test curve

3.5.5 Non-analytical fest curve

CHAPTER 4 THE DETERMINATION OF OPTIMUM PLATFORM GEOMETRIES FOR
PRESCRIBED MACHINING TASKS

&

UNIVERSITEIT VAN PRETORIA

EOH UNIVERSITY OF PRETORIA
A 4

4.1 INTRODUCTION
4.2 FORMULATION OF THE CONSTRAINED OPTIMIZATION PROBLEM

4.2.1  Design variables describing the adjustable geometry of the planar Gough-Stewart platform

machining center

4.2.2  Objective function used to optimize the planar machining center eOMELry .........cocvvvvvovvoricrnnerninn,

4.2.3  Constraints applicable on the planar machining center

4.3 EVALUATION OF THE CONSTRAINED OPTIMIZATION PROBLEM

4.3.1  Evaluation of the OBJective fUnCHON ... st niaranaenases s

4.3.2  Evaluation of the in€quality CONSIFUIRES ......cc.ccooovivieeinecricritscnsene s s esvsimss s eesas b st s b e sres e eseneanes

4.4 SOLVING THE CONSTRAINED OPTIMIZATION PROBLEM
4,5 DISCUSSION OF OPTIMIZATION RESULTS

CHAPTER 5 DEMONSTRATION OF THE OPTIMUM EXECUTION OF REPRESENTATIVE

...............................................................................................................................................

.......................................................................................................

PRESCRIBED MACHINING PATHS
5.1 INTRODUCTION cotvieririieersirrieereecssarertesiessensetosessesesssonssasesssasesssssssssssssasssssssnsassessessrass sssesesseessssnsssnersessensrarens
5.2 PARABOLIC TOOL PATH .oovuiieiiriiiniir oo iseaise s st bt se e ssesssssba b s s sae e bbbt sas s bbb s un s ensb b eb e eon
5.2.1  Nodal points and orient@tion angle..................cccccccooviiinciiiiinio s
5.2.2  OPHMIZALOR FESUILS ...ttt ettt e bbb s
5.2.3  Analysis of CONVErgence t0 OPHIMUM .........cccov.vvov et semenens
3.2.4  Execution of parabolic 100l Path ...ttt iesntie et cnse s
5.3 SPIKE TOOL PATH ..ottt ter sttt ess s s be bbb s es st s e bbb b s bbb b s e sa bbb b s b b
5.3.1  Nodal points and orientation QRIe...............cccccccovirinioiicciniinii e
5.3.2  OPtimizalon FeSulls ........ccovovoe i s st
5.3.3  Anclysis of CONVErence 10 OPTIMUM ..........c.cccvveeieiireriviir e e
5.3.4  Execution of the Spike 100l PAtH.................coccovieeieieii ettt ettt et
54  CIRCULAR TOOL PATH covvsimtiresisscesisniscosvsesserssnsesissss iessesssssssessecssass s e ssos s rssssststssssssassssssssonssssasssssssessssossessssses
5.4.1  Nodal points and orientation GRgle...............cciviriiciiiiiiiiie s s
542 ODHMIZALION FESUILS ..oovecrecvvii e ccetsieiri e st
5.4.3  Analysis of CORVErgence 10 OPHIUM ... e
5.4.4  Execution of the circular 100l Path ...
5.5 SPIRAL TOOL PATH ...ooooiiimiiinnieieiet et tiir e ses s s e e b aEaEaafa o bbb e 444044414 e 0828 a8 b n bbb bkttt n s
3.5.1  Nodal points and oFientation QRGIE................cccccoovniccioiniciiiinnini e
5.5.2  Optimization FESUILS ...........c.ccccovimiiiiii et e s
5.5.3  Analysis of convergence 10 OPHBIUM ................cccccouimmiiiieiiiiiice ittt s s
TABLE OF CONTENTS X

YUNIBESITHI YA PRETORIA



ﬂ UNIVERSITEIT VAN PRETORIA
@, UNIVERSITY OF PRETORIA
A 4

YUNIBESITHI YA PRETORIA

5.5.4  Execution of the Spiral t00] PAtH............cocccoiviviiiciiiiciiiican s 191

5.6 TREBLE CLEF TOOL PATH ...cvcvutumimioreroreereinemmmessrsiesansis s s isssasssnssssesis s besess s e bbb sesesabesesasasssssscscssssaseces 193
5.6.1  Nodal points and orientation Gngle ... 193

5.6.2  OPHMUZANON PESUILS ..ot s 194

5.6.3  Analysis of CONVErgence 10 OPIIIMUM ............ccoooiiiiiiiii s 196

5.6.4  Execution of the freble clef 100l DAtH. ..........co.cooicceiniiiii s 198

5.7 BIGGER PARABOLIC TOOL PATH .c.ooirrirrirririietst s sesececicacensmencaestaiasmsensesesesisonsssss s srcntssorsssonssnsassassssssssssasesens 199
5.7.1  Continuous prescribed t00] PAH .............ociiviiiimicrioeeriee e teninnene s srnr s e 200
5711 Nodal points and orientation BNEIE. ... enesist s r e 200

5.7.1.2 OPHIMIZAHON TESUIS. ... eveses ittt s bbb d bbb 201

5.7.2  Dividing the prescribed path into SEZIMERLS ...........ccoouiimmiinieicanesaesecsisises st cese e eeseeeobiesees 205
5721 Nodal points and orientation ANGIE........c..oriiiiiiii sttt s 205

5722 Optimization results for segment (b) of FIZUIe 5.34. .ot v cacacesr s s 208

5723 Optimization results for segment (a) of FIZUre 534, ..oooiniiicinniiiscscecese s 211

5.7.3  Execution of the prescribed bigger parabolic 1001 path ..o 214
5731 First execution of segment (b) (se€ FIgure 5.34) ..o i i eessessare e 214

5732 Execution of segment (2) (S€€ FIZUre 5.34) ..ot ecrercan i 215

5733 Second execution of segment (b) (s€€ Figure 5.34)....cccooi i 216
CHAPTER 6 CONCLUSION 219
6.1  COMPUTER SIMULATION ...oc.ovrtiiiiiiiniarmireeimsis s ssstssiescs et stacssesesesssssesasasensessesssenseasescseracaeounsssscssesssenen 219
6.1.1  Kinematic and kinetic MOAElINgG ..ottt e 220

6.1.2  OCAS trajectory-planning @lGOrItRm ..........c.cccccviirtiiiios et s 220

6.2 FORMULATION OF THE CONSTRAINED DESIGN OPTIMIZATION PROBLEM .....oovciiiniiniieinniincsnseesesssesessseceens 221
6.3 THE LFOPC-ALGORITHM ..ottt tisiate ettt ettt sasb st se bbb s b e nanes 222
6.4 THE ADIUSTABLE GEOMETRY PLANAR GOUGH-STEWART PLATFORM TEST-MODEL ...cccvevrecmmeriiererrercenvernas 223
APPENDIX A DERIVATION OF THE PLANAR EQUATIONS OF MOTION 226
Al NEWTONS SECOND LAW....cotitirerirerinmeriiieeierieescsesesecessesessseottinerassssaensossasssnssissasasessssssssssrasssasarasasasasasas 226
A2 PLANAR EQUATIONS OF MOTION  c..veutiuevmseccorecrsserassseccrensssnmsssaseesassessssessossssessessssesssssssrasasess seressasissassssrans 228
A.2.1  Planar translational equations Of MOUON .............coocccceioorcca et ascessresssesesneastessesasesssones 229
A.2.2  Planar rotational equations Of OUOMN ...t sassser e 230
APPENDIX B FLOWCHART OF THE OCAS TRAJECTORY-PLANNING METHODOLOGY ...........235
APPENDIX C THE LFOPC MATHEMATICAL OPTIMIZATION ALGORITHM 239
C1 BACKGROUND Lot ccensiniesrere e cseecesesnens s eseenesssser e o sstasscocesesensnstane s caesssssssssssnsssesesssenensasuessreseneseansbnie 239
C2 BASIC DYNAMIC MODEL......covoiiiiiiitii i coinmsmseerms e rest st st e e sa st aesasarectoat sttt eeanessneseesesesussenesessantssesens 239
C3 LFOP: BASIC ALGORITHM FOR UNCONSTRAINED PROBLEMS .......c.oviuiiimiinnieriniemvcicnininscene s rercseneseneions 240
C4 LFOPC: MODIFICATION FOR CONSTRAINED PROBLEMS ...c.evininiieciite ettt seee st sessacssssasssnas 241

TABLE OF CONTENTS X



APPENDIX D PHYSICAL SPECIFICATION FOR SIMULATION AND OPERATIONAL

CONSTRAINTS OF THE TEST-MODEL 243
D.1 INTRODUCTION .. eveseteviesrscetrssessastesesastssseostrrsssesesstestestassesnantessassassasssstesitssassanes setosasssenmeneartssesreeseeesassesses 243
D.2 PHYSICAL SPECIFICATIONS FOR SIMULATION OF THE TEST-MODEL.....cvcveeerirniirivereraarasssnsrsasrsmsssossesnes 243

D21 Operational GEOMEIrY ............cooccvoiviictiie ettt st et e 244
D22 LOCAICOOFAINAIES. ...t e st et s et 245
D.2.3  Gravitational and frictional Xternal fOTCES..........cooiveeviviiviviicccitiniris vt 246
D3 SPECIFICATION OF THE PHYSICAL OPERATIONAL CONSTRAINTS OF THE TEST-MODEL..vccvcvvviveeireviriannnns 249
D.3.1  Inequality constraint specification for the prevention of mechanical interference............ococnnvccn, 249
D.3.2  Linearly adjustable reVOIULE JOINLS ..........couriicniecniieiniris et st s 252
D.3.3  EXIreme MOION CONSIFQINLS ........ooocoviiiiiireiies ittt ettt en bttt an bt e 253
D.33.1 UPPer frame BOUNAAIY.....coi i s st e ca b st s 254
D.3.3.2 LOWET fTAINe DOUNGAIY ...cc.cocoiiimieericeecntctier e tren et cb st st s enen b ntns s sessnces 255
D333 Left hand frame bBoundary ... st 257
D334 Right hand frame BOUNAATY ...t sisse s en o e s e s n s st sanesae 258
D.3.4  Revolute joint mechanical interference CORSIIAINIS .........ccccccuvmiiiininnniiie i 259
D341 Revolute joint C mechanical interference COMSIANLS .........ccoivcuvrieririieiiirrceeres ettt esessens 260
D342 Revolute joint D mechanical interference constraints ...........o.oorceo i 264
D.3.43 Revolute joint E mechanical interference Constrains. ... i i i e o 264
D344 Revolute joint A mechanical Interference... ..o v 265
REFERENCES 268

TABLE OF CONTENTS xi



@ .
< !

Chapter 1

1 INTRODUCTION: OVERVIEW OF GOUGH-STEWART

PLATFORMS USED AS MACHINING CENTERS

1.1 Introduction

The main objective of this study is to verify the feasibility, both from a theoretical and practical point of

view, of a novel proposed concept of a re-configurable planar Gough-Stewart machining platform.

The selective literature presented in this chapter gives a brief overview of the history of Gough-Stewart
platforms, and then focuses on the limited industrial application of this technology to machine tools. The
potential of re-configuration is put into perspective, and the existing methods for optimizing the designs
of Gough-Stewart platform machine tools are presented. In the concluding Section 1.6, the novel

concept proposed in this study is motivated based on the literature survey presented in this chapter.

1.2 History of Gough-Stewart platforms

A robotic manipulator 1s a mechanical device for the remote handling of objects or materials. Broadly
speaking, industrial robotic manipulators may be categorized as either serial manipulators or parallel

manipulators.

A serial manipulator consists of a number of links connected one after the other in series. The most well
known serial manipulator is in fact the human arm since it fulfills this requirement. Most industrial
robotic manipulators in use today are serial manipulators [1, 2]. An explanation for this phenomenon is
given in [2]: “As the science and technology of robotics originated with the spirit of developing
mechanical systems which would carry out tasks normally ascribed to human beings, it 1s quite natural
that the main thrust was towards using open-loop serial chains as robot manipulators. Such robot
manipulators have the advantage of sweeping workspaces and dextrous maneuverability like the human

¥

arm, ...”.
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In spite of the many applications where serial manipulators are used with great success, researchers agree
that these manipulators are not ideally suited to deliver high load carrying capacity, good dynamic
performance or precise positioning [1, 2]. Many serial manipulators have a cantilever structure, which
tends to bend under heavy load and therefore inhibits the mamipulator’s load carrying capacity [2]. To
address this problem, bulky links are used for certain applications, but this has a negative influence on

the ratio of load capacity to manipulator mass {1].

The intuitive alternative for greater rigidity and superior positional capability is to have the end-effector
linked to the base via several parallel-actuated chains as illustrated by two very practical examples in
121

e human beings use both arms in cooperation to handle heavy loads, and

e for precise work such as writing, three fingers actuated in parallel are used.

More formally, Merlet [1] defines a generalized parallel manipulator as a closed-loop kinematic chain

whose end-effector is linked to the base by several independent chains.

Dasgupta and Mruthyunjaya [2] distinguish between two classifications of robot manipulators (serial vs.

parallel) and (open-loop vs. closed-loop) and explain that although open-loop manipulators are always

serial and parallel ones are always with closed loop(s), 1t is possible to have closed-loop manipulators

which are serial in nature. As an example, they mention that a robot manipulator having single degree-

of-freedom (DOF) closed-loop linkages in series is essentially a serial manipulator. They further point
out that some robot manipulators have both open and closed kinematic loops and /or complicated series-
parallel combinations of actuators, concluding that such manipulators are called Aybrid manipulators,

since they can be hybrid in the sense of both classifications.

A particularly important and famous subclass [2, 3] of generalized parallel manipulators is the so-called
Gough-Stewart platforms. For the purposes of this study, a Gough-Stewart platform is defined as a
parallel manipulator consisting of two platforms: a fixed platform (the base) and a moving platform. The
moving platform 1s connected to the base by six prismatic joints acting in parallel to control the 6-DOF
of the moving platform. Furthermore, all the fixed base joints and the moving platform support joints,

respectively, lie in the same base and platform planes.

The first working prototype of such a parallel manipulator is the tire test machine of Gough and

Whitehall [4] shown in Figure 1.1, and which was operational in 1954-1955 [5].

™
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Figure 1.1: The tire test machine of Gough and Whitehall (after [5]).

1t is however the classic 1965 paper of Stewart [5] that attracted research attention to the field of parallel
manipulators [2]. The mechanism that Stewart proposed as a flight simulator is shown in Figure 1.2, It
consists of a triangular platform supported by ball joints over three legs of adjustable lengths and

adjustable angular altitudes. The three legs are connected to the ground through two-axis joints (see [2]).

Figure 1.2: Stewart’s proposed flight simulator (after [S]).

Note that this particular mechanism cannot be strictly categorized as a Gough-Stewart platform in the

sense of the definition given above, because of its leg arrangement (“polar coordinate control leg
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system”) depicted in Figure 1.3. However, in his paper Stewart [5] points out that the moving platform
may be controlled in any combination by six “motors” each having a “ground abutment”. As a result of
this, he describes the use of a “linear coordinate control leg system”, (see Figures 15 and 20 in [5]),

resulting in a Gough-Stewart platform consistent with the definition used here.
iz

X ‘ Three-axis joint

Platform :‘

Axis of

freedom \Ciﬁ

Two-axis joint

One-axis joint

Foundation

Two-axis joint

Figure 1.3: Stewart’s original platform: “polar coordinate control leg system” (after [5]).

Stewart [5] comments that although his platform fitted with linear control leg systems is very similar to
Gough’s mechanism, it was independently conceived, and therefore the current usage of the name

Gough-Stewart platform to denote such a parallel manipulator.

Researchers agree that parallel manipulators in general evolved into a popular research topic only in the
1980°s [2, 6]. This happened after Hunt {7] realized that the stiffness and precise positioning capabilities
of parallel manipulators are distinct advantages over serial mampulators, and as such, potential

applications of parallel manipulators should be studied in more detail [2].

The systematic study of parallel mamipulators in general, and Gough-Stewart platforms in particular,
revealed that many theoretical problems that are easily solved for serial manipulators are much more
difficult to solve for parallel manipulators, and vice versa, According to Dasgupta and Mruthyunjaya
{21, the generalized 6-DOF Gough-Stewart platform is the parallel manipulator in which the contrast
with respect to serial manipulators is manifested in the most prominent manner, making it the most

celebrated manipulator in the entire class.
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One specific contrast is the limited workspace of a 6-DOF Gough-Stewart platform compared to the
sweeping workspace and dextrous maneuverability of a 6-DOF serial manipulator. The Gough-Stewart
platform designs of the 1980’s made use of pair wise meeting of the legs on either or both the moving
platform and the fixed base. However, researchers of this era soon realized that the coalescence of

spherical joints severely restricts the mobility of the manipulator [2].

Based on the definition of Gough-Stewart platforms, the most general 6-DOF Gough-Stewart platform

would have six distinct leg support joints on both the moving platform and fixed base planes (see Figure
1.4).

A B e S ey

Ball joint

Extensible leg

Ball joint

Figure 1.4: Schematic representations of a general 6-DOF Gough-Stewart platform (after [2]).

Over the past two decades, there has been an ever-increasing research interest in the field of parallel
manipulators [1, 2]. In their recent review article, with an extensive list of more than 200 references,
Dasgupta and Mruthyunjaya [2] present a state-of-the-art review of the literature on Gough-Stewart
platforms with critical examination of solved and unsolved problems in various aspects of kinematics,
dynamics and design. According to them, and with regard to Gough-Stewart platforms in particular,
three of the main areas in which open problems exists are:

e dynamics and control,

e workspace and singularity analysis, and

e design.

Chapter 1 5



&

UNIVERSITEIT VAN PRETORIA

INTRODUCTION: OVERVIEW OF GOUGH-STEWART PLATFORMS USED AS MACHINING CENTEREi YUNIBESITH1 YA PaeToRiA

More specifically, Dasgupta and Mruthyunjaya [2] state that there are very few works on the systematic
design of Gough-Stewart platforms and emphasize the importance of further research in this direction for

the enhancement and realization of the mechanism’s potential.

With reference to parallel manipulators in general, one of the concluding remarks in the Gough-Stewart
platform review [2] is that the different nature of parallel manipulators, compared to their conventional
serial counterparts, calls for unconventional strategies and novel concepts for analysis and design. This
is in agreement with one of the main conclusions reached by Merlet [1] in his recent comprehensive
book on parallel robots and in which more than 600 literature references are cited. He states that:

“Among the open research fields are synthesis, design and optimal design”.

1.3 Gough-Stewart platforms as machining centers

1.3.1 6-DOF Gough-Stewart machining platforms

In reaction to Stewart’s paper [5], researchers immediately realized the potential application of Gough-
Stewart platforms as machine tools. For instance, in the communications on Stewart’s article [5],
Tindale presents an artistic impression of a “universal mill” based on the platform Stewart proposed as a
flight simulator. In his accompanying description, Tindale explains that such a milling machine could be
used to machine complicated shapes (such as propellers) with simple cutters. He adds that the
economically viability of such a machine tool would require a period of expensive study and

development.

In 1966 Lewis [8] also gave a very detailed description of how such a machine tool could be applied in
practice. In spite of this, it was only 28 years later that “...two American machine tool companies,
Giddings & Lewis and Ingersoll, surprised the world with the presentation of a new type of machine tool
at the 1994 International Manufacturing Technology Show (IMTS) in Chicago”. This quotation is taken
from Pritschow’s [9] presentation on “Research and development in the field of parallel kinematic
systems in Europe™ at the first “European-American Forum on Parallel Kinematic Machines: Theoretical

Aspects and Industrial Requirements” that was held in Milan, Italy in 1998 [10].

The machine tools that were presented in Chicago in 1994 were the “Variax Hexacenter” by Giddings
and Lewis [11] shown in Figure 1.5, and the “Octahedral Hexapod” machine tool from the Ingersoll
Milling Machine Company [12] shown in Figure 1.6.
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Figure 1.5: The “Variax Hexacenter”.

Gindy et al. [13] explain that the “Variax” structure consists of a triangulated arrangement of three pairs
of crossed legs. The prismatic legs of the “Variax™ are all based on a “simple ball screw design, each
powered by a separate servomotor”. By inspection of the left hand photograph in Figure 1.5, the fixed
base joints and the moving platform support joints all lie in the same base and moving platform planes.
The additional cylinders that can be seen in the right hand photograph in Figure 1.5, are the three
“counterbalance cylinders” that “support the weight of the upper platform so that the ball screws can
perform the singular task of moving the machine” [13]. In spite of these additional cylinders, the

“Variax Hexacenter” is categorized as a general Gough-Stewart platform.

¥ - ]

e

Figure 1.6: The “Octahedral Hexapod” (after [12]).
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From Figure 1.6 it is evident that the pairs of base joints (each pair consisting of three joints), of the
“Octahedral Hexapod” lie in two separate parallel planes. The offset between the two parallel base
planes appears to be very small compared to the overall size of the machine, which is reported to be
approximately 5m tall [12]. Visual inspection of the enlarged view on the right hand side of Figure 1.6
shows that the moving platform support joints all lie in the same plane. Hence, for the purposes of this
overview, the “Octahedral Hexapod” may also be considered a general Gough-Stewart platform

according to the definition given in Section 1.2.

Interestingly, both these Gough-Stewart platform machine tools were installed at research mstitutions
shortly after their introduction. The Department of Mechanical Engineering and Operations
Management at The University of Nottingham purchased the “Variax Hexacenter” as part of a four-year
research initiative, and in doing so, was the first research establishment in Europe to acquire a parallel
manipulator type machine tool [11]. The Ingersoll Milling Machine Company installed its “Octahedral
Hexapod” at the American Department of Commerce, National Institute for Standards and Technology
(NIST) in May 1995 [12].

By 1998 the respective research institutions concluded that:

e “The research into these machines (parallel manipulator machine tools) is in its early stages and
much work is still required in their design, optimization and control” [11], and

e “Parallel kinematic machine tools continue to look promising, and vet some very interesting and

difficult challenges remain” [12].

Apart from the above less than promising conclusions, the unveiling of these Gough-Stewart platform

machine tools in 1994 triggered the search for new improved kinematic siructures for machine tools [9).

Conventional machine tools are largely constructed as serial kinematic chains connecting the workpiece
to the tool. By far the largest majority of machine tools are of the Cartesian type, with two or three linear
slides arranged in a mutually perpendicular fashion [14] such that the lower axis carries the one above it
[15]. Ziegert et al. [14] comment that this basic type of machine tool has been in widespread
development and use for nearly 200 years. During that time, this machine configuration has become
well understood and now represents a very mature technology. Continuous improvements in technology
and manufacturing methods have led to the high levels of performance expected of “modern” machine

tools.

In spite of the success of this technology, increasingly challenging requirements with regard to
productivity, economy and flexibility in manufacturing increasingly revealed the limitations of

conventional machine tools:
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the machine structure is subject to bending loads, causing deformations,
the structure of the machine requires large masses to be moved, and

there is an accumulation of errors due to the in series arrangement of the axes [15].

Consequently, after the “surprise” unveiling in 1994, many joint research efforts and consortiums were

formed by industry and universities worldwide, which were aimed specifically at applying parallel

manipulators as machine tools [1, 9, 11, 12, 16]. In order to further stimulate the exchange of ideas and

findings in this regard, a biannual international conference is organized for this research community.

The first gathering was at the 1998 “European-American Forum on Parallel Kinematic Machines”

mentioned earlier, and the second was the “Year 2000 Parallel Kinematic Machines International

Conference”, held in Ann Arbor, Michigan USA [17].

With reference to 6-DOF Gough-Stewart platforms, the conclusive outcome of this intensified research

effort is that there are limitations prohibiting their application as production machine tools [16]:

the unfavorable ratio of manipulator size to manipulator workspace,
limited dexterity and tilting angles (15" —30°),
inherent danger of strut collision, and

singularities inside the workspace.

It is therefore no surprise that one of the more successful parallel manipulator type machine tools used by

industry is not a Gough-Stewart platform. Instead it is a 3-DOF parallel manipulator with fixed leg

lengths, and actuated base joints. The patented “Z* -head”, developed by DS Technologie Gmbh (DST),

is shown in Figure 1.7. It has two rotational DOF with tilting angles of £ 40" within a 370 mm stroke

length of the translational DOF. The maximum stroke length of the translational DOF 1s 670 mm [18].

Figure 1.7: The “Z°-head” (after [18]).

The “Z°-head” accommodates a motorized spindle that holds the cutting tool. It forms part of a five-

axis hybrid machine tool [19], with the parallel manipulator head mounted on a two-axis Cartesian base.
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This machine tool is marketed in the aerospace industry through the alliance formed by Cincinnati
Machine and DS Technologie [18].

1.3.2 Planar Gough-Stewart machining platforms

1.3.2.1 The “Smartcuts” planar Gough-Stewart platform

Dasgupta and Mruthyunjaya [2] also review the so-called “lower dimensional parallel manipulating
structures” that are similar to the 6-DOF Gough-Stewart platform, in that they are also equipped with
hnear actuators. One such sub-class is the “planar 3-DOF parallel manipulator” schematically shown in

Figure 1.8,

Hase
Frame

X
Figure 1.8: Planar 3-DOF parallel manipulator (after {2]).

The research relevance of this mechanism is evident from the respective overviews given in [1] and [2].
More specifically, the book by Duffy [20] presents the kinematic analysis of several planar parallel
mechanisms. Many other authors have studied planar parallel mechanisms in a context of robotics. For
instants, the mverse and direct kinematic problems have been solved [21, 22, 23, 24, 25], dynamic
models have been developed [26], the singularities have been studied [27] and the kinematic design has
been addressed [28, 29, 30].

For the purposes of this study a planar 3-DOF Gough-Stewart platform is considered a subclass of the
(general) planar 3-DOF parallel manipulator shown in Figure 1.8. More specifically (and in
correspondence with the Gough-Stewart platform definition given in Section 1.2), the revolute joints
connecting the three linear actuator legs of the planar 3-DOF Gough-Stewart platform to the moving

platform and base, respectively lie in the in the same base and moving platform lines.
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Of particular importance with reference to this study, is that Satya et al. [31] have proposed a planar 3-
DOF Gough-Stewart platform as an alternative to the “6-DOF Gough-Stewart platform” type machine
tool in 1995. They also constructed a prototype 3-DOF platform as part of the “Smartcuts” research
project of the University of Illinois at Urbana-Champaign [32]. A schematic representation of the

“Smartcuts” planar manipulator, showing its three DOF, is given in Figure 1.9.

Figure 1.9: Schematic of the “Smartcuts” planar Gough-Stewart platform (after [31]).

Satya et al. [31] acknowledge that in order for a machine tool to perform any task, it should have five
DOF (three orthogonal translations with rotations about two of these axes), and hence propose a hybrid
serial-parallel scheme with two of the “Smartcuts” planar platforms (see Figure 1.10). The simultaneous
control of both mechanisms shown in Figure 1.10 is required for five axis machining. In particular, if the
spindle carrying the cutting tool is attached to one of the planar platforms, and the workpiece to the
other, the two rotational DOF of the hybrid machine are about two orthogonal translational axes, both of

which are also orthogonal to the third translational axis.
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Figure 1.10: Schematic of two “Smartcuts” mechanisms in a series-parallel hybrid 5-axis
machine tool (after {31, 33]).

Besides the fact that a simplified Gough-Stewart platform is easier to analyze than the 6-DOF version,

another noteworthy advantage of the suggested series-paraliel hybrid approach over purely parallel

schemes [33] is that the use of 3-DOF systems obviously results in simplified mechanical construction.

In spite of its promising features, the use of the “Smartcuts” planar Gough-Stewart platform is inhibited

by two potential drawbacks: small workspace and insufficient lateral stiffness as discussed below.

In another related paper, El-Khasawneh and Ferreira [34] determine the reachable workspace of a
modified “Smartcuts” planar Gough-Stewart platform. This specific mechanism has the three
“moving platform leg joints” in line, but not the “base leg joints”. Although it is not explicitly
stated, from the results presented it is clear that the associated workspace of this planar parallel
manipulator is very small compared to the physical size of the manipulator. In correspondence with
the disadvantages of the 6-DOF Gough-Stewart platform (Section 1.3.1), an unfavorable ratio of
manipulator size to manipulator workspace is considered a severe limitation for the practical
application of the mechanism as a machine tool.

Although a planar Gough-Stewart platform has as an inherent characteristic a good stiffness in the
plane of motion, the lateral stiffness (perpendicular to the plane of motion of the moving platform) is
in general dependent on the bending stiffness of the “beam-like” actuator legs. The problem is that a
cantilever beam in general shows large deflections under a bending moment load [35], and hence

insufficient lateral stiffuess of the moving platform can be expected.
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1.3.2.2 The “Dyna-M" and "Honda HVS-5000" machine tools

Both the above drawbacks associated with the “Smartcuts” platform have been addressed in the similarly
designed “Dyna-M" {36} and “Honda HVS-5000" {37] planar parallel manipulator type machine tools.
Both machines are hAybrid 3-axis machine tools with the three orthogonal translations of a Cartesian
coordinate system as the three axes of motion. More specifically, the “ram” [36] or “head” [37] of the
machine tool is positioned in the xy -plane by a planar 2-DOF parallel manipulator consisting of two
linear actuators, the respective stationary ends of which are connected to the base via two revolute joints,
and the respective extendable ends of which are connected to each other and to the ram / head via fork-
type revolute joint. The ram / head is a serial mechanism which moves in the z-direction, and carries the

tool.

The xyz-translational workspace of the “Dyna-M” is reported to be 630 mm x 630 mm x 500 mm  with
the projected area of the machine 3mx6m [36]. A three-dimensional schematic representation of the
“Dyna-M”, and its associated workspace 1s shown on the left-hand side of Figure 1.11. The right-hand
side of Figure 1.11 1s a photograph of the “Dyna-M” prototype machine tool.

i

Figure 1.11: The “Dyna-M” (after [36]).

The “Dyna-M” shows a slight improvement in terms of the workspace to “projected machine area”
relation over the 6-DOF Gough-Stewart platform type machine tools. For example, according to
Tonshoff and Grendel [16], the 6-DOF “Ingersoll HOH-600" has a workspace cube in the xyz-Cartesian

space of 600 mm x 600 mm x 800 mm , with a projected machine area of 6.7mx5.6m.
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Furthermore, once an angular tilt is specified for the moving platform, the associated workspace volume
of the spatial Gough-Stewart platform decreases significantly. Researchers at the University of
Nottingham specify the angular capabilities of the “Varax Hexacenter” in terms of cone angles, where
the perpendicular axis to the moving platform is tilted from the vertical by a fixed angle but in any
direction [38]. The “Variax Hexacenter” reportedly has a 57 angular capability within a 630 mm work
cube [39]. However, the maximum angular tilt changes depending on the position within the workspace,
and hence Whittingham et al. [39] express the need for additional analysis tools to define exactly what
these angular limits of the machine are throughout the workspace. In this regard, Du Plessis and Snyman
[40] have recently proposed a new numerical method for determining workspaces and their results, for
both planar and spatial Gough-Stewart platforms, confirm the earlier statement about the decreasing

workspace size associated with larger angular orientation specifications.

Evidently, the “Dyna-M” and the “Honda HVS-5000" machine tools are not affected by this orientation
limitation, since they only have three translational DOF. Furthermore, Moriwaki [37] reports that the
“Honda HVS-5000" has a more compact structure compared to the “Dyna-M”, which would further

improve the workspace to “projected machine area” ratio.

In terms of the lateral stiffness of these machine tools, the ram / head is connected to the frame with two
additional chain links. Each of these additional chain links consist of two pivoting bodies connected to
both the base and ram / head via separate revolute joints. Figure 1.12 (a) shows an assembled view of
the “Dyna-M” machine tool. Two isolated views of the “Dyna-M” ram as positioned by the two linear
actuators, and supported laterally by the stabilizing chain links are shown for illustrative purposes in
Figure 1.12 (b) and (c). The middle cylinder attached to the ram and shown in Figure 1.12 (b) and (¢), is

presumably a measuring device.

Figure 1.12: (a) The “Dyna-M”. (b) and (¢) The “Dyna-M” ram as positioned by the two linear
actuators and supported laterally by two stabilizing chain links (after [36]).
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The minimum lateral stiffness of the “Dyna-M” prototype is 60 N/um , which compares well with the
minimum stiffness of 39.4 N/um (2.25x10°1b/in ) reported by El-Khasawneh and Ferreira [35] for the
specific spatial Gough-Stewart platform they studied. Note that for a single leg of the latter mechanism,
the stiffness in average is about 175 N/um (1.0x10°1b/in ). The minimum stiffness in the x- and y-

directions of the “Dyna-M” is 30 N/um , which is of course dependent on the linear stiffness of the two

linear actuators.

It is of interest that the “Dyna-M” 1s a prototype 3-axis machine tool intended for application in the

automotive industry. It is reported to have a maximum velocity of 90 m/min and a maximum

acceleration of 15m/s® in all three axes [36].

The “Honda HVS-5000" 1s presumably also a prototype, since it is infended to replace existing transfer
machines in the automotive industry for the machining of automobile cylinder heads and cylinder blocks.
The stabilizing links are made of aluminum, and it is also equipped with an automatic tool changer that

requires only 0.5s for a tool change. The positional accuracy of the HVS-5000 is 0.01 mm (10um),
and the “accuracy of dnlling is +0.05mm (50 um)” [37].

1.4 The re-configurable concept

Looking at machine tools from a different angle, the recent trend in manufacturing systems is re-
configurability. Gopalakrishnan et al. [19] explain that “re-configurable machine tools assembled from
machine modules such as spindles, slides and worktables (see also [41]) are designed to be easily re-
configured to accommodate new machining requirements”. They elaborate, stating that these systems
are required in order to quickly respond to changes in market demand and the resulting product design
changes. Furthermore, the essential charactenistics of re-configurable machine tools are listed in [19] as
modularity, flexibility, convertibility and cost effectiveness. Finally, Gopalakrishnan et al. state that “the
goal of re-configurable machining systems, composed of re-configurable machine tools and other types
of machines, is to provide exactly the capacity and functionality, exactly when needed”. According to
Koren [42] a recent report of the US National Research Council (Visionary 2020) mentioned that
adaptive re-configurable manufacturing is considered as first priority for future (manufacturing)
systems. As a result 2001 saw the “CIRP l1st International Conference on Agile, Re-configurable

Manufacturing” {42] as a communication forum for this important issue.

Researchers have come to realize that Gough-Stewart platforms in particular, have unique features

allowing for re-configurability, thus making these manipulators applicable for consideration as re-
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configurable machine tools. The two main approaches that have been proposed for the re-configuration

of Gough-Stewart platforms are modular design and a variable geometry.

1.4.1 Modular Gough-Stewart platforms

The prototype re-configurable 6-DOF Gough-Stewart platform, of the Department of Mechanical
Engineering at the New Jersey Institute of Technology [43, 44], is discussed here as an illustrative
example. Its re-configuration is achieved through modular design such that any of the leg modules can
be replaced with a different range of motion, and can be placed on the mobile platform and the base at

any desired location and orentation.

A previous study by Ji [45] has shown that the moving range of the legs and the placement of the legs
have a great effect on the shape and size of the workspace. Ji and Song [44] further comment that since
the workspace of a Gough-Stewart platform is difficult to visualize, and usually /imited, such a
mechanism should be re-configurable to allow for the specification of different task requirements,

especially the workspace requirement.

Given a set of legs, the Ji [43, 44] approach to re-configuration involves the determination of the position
and orientation of joints on the mobile platform and the base for a specified task. When legs of different

ranges are available, the re-configuration must also consider what combination of legs to use.

J1and Leu [43] explain that they use a discretization procedure to determine the so-called foot-placement
space for a given desired workspace of the mobile platform. The foot-placement space is a set of all base
locations where the foot of the leg can be placed to ensure the required workspace. Here, having chosen
the position of the leg joint on the moving platform, the motion limits of the upper spherical joint and the
minimum and maximum leg length linuts are also taken into consideration. If the resultant foot-
placement space is the null space, then the desired workspace cannot be obtained no matter where the
foot is placed. One then has to choose a different location for the leg joint on the moving platform, or
use another leg of different range. The same process has to be applied to all six legs to obtain six foot

placement spaces, one for each leg.

In essence, this 1s a trial-and-error methodology to re-configuration. Ji and Song [44] conclude by
saying that the idea is to develop an inventory of standardized leg modules and customized mobile and
base platforms, so that their modular Gough-Stewart platform can be custom-configured, portable and

easy to repair.
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1.4.2 Variable geometry Gough-Stewart platforms

In their 1993 layman evaluation of (Gough)-Stewart platforms for manufacturing, Fitzgerald and Lewis
[46] recognized that a variable geometry base would improve the practical working volume of the
manipulator “so singularities can be moved relative to the workpiece”. They explain that one of the
problems with a Gough-Stewart platform is that it can collapse and may not be able to recover under its
own power when it loses control near singularities. Correspondingly, a “straight forward” solution is
proposed: “Stay away from singularities, which effectively are regions of non-performance in the robot’s
space. Predict where they will be and plan paths around them; many applications do not require
operating near singularities, and more flexible applications will depend on routine generation of large

path sequences that will require new, more intelligent path-planning methods.”

At the time, Fitzgerald was the Program Coordinator, and Lewis the Technical Leader of the Advanced
Controls and Sensors Group, Automation and Robotics Research Institute (ARRI). This research
institute, which is affiliated with the University of Texas at Arlington, built a prototype Gough-Stewart
platform with a variable base geometry. Figure 1.13 shows a photograph of this manipulator, from

which it is clear that each of the three pairs of base joints are individually adjustable.

. -

Figure 1.13: Photograph of the ARRI-(variable geometry base) Gough-Stewart platform.

The specially designed moving platform joints (gimbals) of the ARRI-Gough-Stewart platform are

however not adjustable (see Figure 1.14).
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Figure 1.14: Photograph of the moving platform gimbals of the ARRI- Gough-Stewart
platform.

Machine tools are continually being reprogrammed to move along different prescribed paths, implying
that the corresponding workspace requirements of the machine tool is also continually changing.
Therefore, a re-configurable Gough-Stewart platform type machine tool, where re-configuration is
achieved via a variable geometry, may potentially overcome the workspace limitations that has been
hindering its application as a machine tool. Experience with such adjustable tools will also contribute to

the important research field of re-configurable manufacturing systems.

The potential improvement that the variable geometry capability could have on the practical working
volume of Gough-Stewart platform type machine tools can, however, only be realized if its adjustable
capability is combined with an efficient methodology for determining the optimum geomeriry for the
machining task at hand. This observation follows simply from the fact that, if each leg joint can be
adjusted separately and in a continuous manner, then infinitely many possible combinations exist. Thus
if such a capability could be found it would be far superior to the trail-and-error selection method in

situations where the task requirement varies.

1.5 The optimum design of Gough-Stewart platforms

Although to date re-configurable geometry Gough-Stewart platforms have not received much attention
in literature, the related and extremely important subject of the optimum design of (fixed configuration)

parallel manipulators has indeed been a very important issue.
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Merlet [1] explains that the (optimal) design of a general parallel manipulator essentially is “the
determination of the dimensions of the manipulator so that it complies as closely as possible with the

performance needed for the task at hand”.

Speaking in very broad terms, parallel manipulator research is conducted via two fundamentally different

(but complementary) approaches, namely the analytical approach, and the numerical approach.

1.5.1 The analytical approach

In his review paper of the optimization of multi-DOF mechanisms, Chedmail [47], distinguishes between
the analysis phase (“given a set of design variables of a mechanism, which is its mechanical behavior?”),
and the synthesis phase of a mechanism (“given an expected mechanical behavior of a mechanism,

define its design variables™).

By far the most popular choice when it comes to the analysis of parallel manipulators, the analytical
approach would be to find an analytical relationship between any given set of design parameters, and the
mechanical behavior of the manipulator. The two very recent reviews by Merlet [1] and Dasgupta and
Mruthyunjaya [2] respectively, give comprehensive and detailed accounts of the work done to date in
this regard.

Some of the very successful analytical results that were obtained are based on the “monumental theory of
screws of Ball” [2] that was developed over a century ago. Dasgupta and Mruthyunjaya [2], explain that
Ball's theory of screws provides an elegant framework for the analytical representation and analysis of

mechanical systems.

Merlet [1] should be credited, not only for presenting an extensive overview of the research done on
parallel manipulators, but also for contributing towards the analytical approach for the analysis of these

mechanisms.

The inverse of the analysis process is the synthesis (design) process, and indeed, if an analytical
relationship — between any required performance criterion / criteria and the chosen design parameter(s)
— exists, such that analytical closed-form mathematical equations may be formulated, then the optimum
values of the design parameter(s) may be determined exactly and very efficiently, using algebraic
methods. Unfortunately, it is a very challenging task in general to formulate such closed-form
mathematical solutions. This may explain why the leading authority, Merlet [1], states that in spite of all
the research that has been published in this field, there is still no answer to the question of determining

the best paraliel manipulator for realizing a given task.
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1.5.2 The numerical approach

The use of (numerical) optimization techniques in mechanical engineering is becoming increasingly

more popular, due to the sustained increase of computer power [47].

As far as the optimum design of structures is concerned, numerical techniques are currently in
widespread use [48]. Chedmail [47] mentions, for example, that it is now possible to (numerically)
optimize subsets of complex products such as the wings of an airplane, and hence conclude that

(numerical) optimization is one of the possible approaches to mechanism synthesis.

Following the explanation given in [1], the typical layout of the numerical approach to the design and
optimum design of parallel manipulators involves
o the selection of a specific mechanical architecture for the parallel manipulator (Gough-Stewart
platform or any other type of general parallel manipulator), and
o the computer simulation of the specific architecture for determining the physical and geometrical
characteristics (values of the design variables or parameters) of the mechanism that are best suited
for the prescribed task. Two general techniques are listed for utilizing the simulation output:
» the simulation output may be used directly by the user to selecr values of the design parameters
via trial-and-error, or
= the simulation output can be used to construct a cost-function, and one of several available
numerical optimization techniques may be applied to determine the optimum values of the

design variables through the minimization of the cost-function.

1.5.2.1 Genetic Algorithms

Due to the inherent characteristics (such as non-linearity, discontinuity and the presence of local minima)
of typical cost-functions formulated for parallel manipulators, it is no surprise that numerical
optimization using genetic algorithms is preferred by most researchers attempting to optimize a parallel
manipulator design through the minimizing of a cost-function. Genetic algorithms are easy to program,

and are able to take into account any type of variable (discrete or continuous) [47].

Typical of work done using a genetic algorithm in the optimal design of parallel manipulator machine
tools is that of Zhang and Gosselin [49]. They optimized the “Tricept” machine tool with respect to its
global stiffness, using a genetic algorithm, and explain that genetic algorithms are powerful and broadly
applicable stochastic search and optimization techniques based on the evolutionary principle of natural

chromosomes. The evolution of chromosomes due to the operation of crossover, mutation and natural
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selection, is based on Darwin’s survival-of-the-fittest principles, and is artificially simulated to constitute

a robust search and optimization procedure.

The “Tricept” machine tool is a special type of parallel manipulator, although it has similarities to the
Gough-Stewart platform, with prismatic actuators connecting the moving platform to the base. It is also
equipped with a passive constraining leg between the moving platform and the base. The specific
degrees of freedom of this type of parallel manipulator are determined by the specific degrees of freedom
of the passive leg. In particular, the “Tricept” machine tool has three DOF (one translational and two
rotational). The respective leg joints on the moving platform and the base coincide with the vertices of
two respective equilateral triangles, one on the moving platform and one on the base. The radii of the
respective circles circumscribing the respective equilateral triangles are referred to as the radius of the

base platform (R ), and the radius of the moving platform (R ).

In order to obtain the maximum global stiffness of the “Tricept” machine tool, three architectural
parameters are considered as optimization variables. They are R,, R and the height of the moving
platform relative to the base (z). Zhang and Gosselin [49] comment that using these three parameters, it
is very difficult obtain the analytical expressions for each of the six stiffness elements of the moving
platform (also see Section 1.5.1). The six stiffness elements are related to the 6-DOF of a rigid body in
three-dimensional space. They further comment that traditional numerical optimization methods can be

expected to experience convergence problems when faced with these types of cost-functions they

consider.

In searching for an optimal design, the feasible ranges of the three architectural parameters of the

“Tricept” machine tool may be expressed as inequality constraints: 200 <R <300, 400<R, <600

and 900 € z <1500, where all extreme values are given in mm .

Fixing the two rotational DOF of the moving platform, Zhang and Gosselin [49] maximize the sum of

the six stiffness elements, starting with an initial design given by: R =225mm, R, =500mm and

z=1300mm. The sum of the six stiffness elements for the initial design is 0.0078189. The optimal

design found after 100 generations of the genetic algorithm, is given by R =300mm (maximum

allowable), R, =600 mm (maximum allowable) and z =900 mm (minimum allowable). The sum of

the six stiffness elements of the optimal design is 0.0153369.

Zhang and Gosselin [49] thus improved the sum of the stiffness elements by a factor of 1.96 using a

genetic algorithm. In practical terms their approach may be used not only for the optimal design of a
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machine tool, but also for the optimum placement of the workpiece relative to the base. This placement
is an important issue as explained by Chrisp and Gindy [38], who studied the component (workpiece)
positioning for the “Variax Hexacenter”, mentioned in Section 1.3. Another recent paper on this subject
is the one by Wang et al. [50].

Although the solution of the problem posed by Zhang and Gosselin [49] is an important achievement, the
particular design optimization problem they considered is incomplete. In their problem the stiffness of
the moving platform is optimized for a single position inside the workspace of the manipulator, and with
the moving platform fixed at a specific orientation. Machine tools are, however, normally required to

have good stiffness characteristics over the complete workspace.

Kirchner and Neugebauer [51] emphasize that a parallel manipulator machine tool cannot be optimized
by considering a single performance criterion. Also using a genetic algorithm, they consider multiple
design criteria, such as the “velocity relationship” between the moving platform and the actuator legs, the
influence of actuator leg errors on the accuracy of the moving platform, actuator forces, stiffness as well
as a singularity-free workspace. These specified design criteria are summarized into three discrete
objectives (cost-functions) related to the Jacobian matrix of the manipulator:

e maximize the minimum singular value of the Jacobian matrix over the workspace,

e minimize the maximum singular value of the Jacobian matrix over the workspace, and

s maximize the inverse condition number over the workspace.

The size of the workspace, and the rotational capability of the moving platform inside the workspace are
additional design criteria, i.e. the rectangular shaped workspace should be as large as possible, with a

maximum rotational capability of the moving platform inside the workspace [51).

Kirchner and Neugebauer [51] use 13 architectural design parameters in the simulation of their six-DOF

Gough-Stewart platform machine tool.

As an alternative to solving the optimization problem by formulating a weighted multi-criteria objective
function, the so-called “Pareto optimal-region” is determined. The number of criteria in the multi-
criteria objective function determines the dimension of the Pareto optimal region. If only two criteria are
optimized for, the associated Pareto-optimal region should be a curve representing all the optimum
designs, and showing how the respective criteria weigh up with one another [52]. Once the Pareto
optimal region is determined, the user evaluates the individual criteria against each other, and selects a

design based on the compromise reached between the different criteria [51].

Some specific disadvantages associated with the use of genetic algorithms are [47]:
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e the stochastic exploration of the space of design variables is very expensive in terms of CPU time,
® itis necessary to experimentally predetermine the mutation and cross over parameters,
e there is no proof of convergence, and

e compared with a pure random approach, the gain is rarely greater than a factor of 5.

1.5.2.2 The “Democrat” design methodology

Merlet [1, 53] lists some disadvantages of the classical approach to optimizing a parallel manipulator

design through the minimization of a cost-function:

e the weights given to the various criteria of a multi-criteria cost-function strongly influences the
results that are obtained by numerical optimization procedure,

e a single criterion objective function, such as for example maximizing the workspace, does not
always account for “hidden criteria” such as singularity considerations throughout the workspace,

e non-continuous cost-functions are difficult to handle for most numerical optimization techniques. In
addition to this difficulty, the cost-function may have numerous local minima and consequently the
minimization procedure may have difficulty to locate the global minima, and

» the computational time may be excessive if the evaluation of the cost-function requires computer
simulations of the performance of the manipulator over the whole workspace. This is considered a
serious drawback for most numerical optimization methods requiring frequent evaluations of the

cost-function.

As an alternative to the cost-function approach, Merlet [1, 53] proposes the so-called “Democrat” design
methodology for the optimum design of parallel manipulators, where a specified set of performance

requirements are considered to determine the optimum design.

This design methodology is based on the concept of the parameter space, where each dimension of this
space represents a design parameter of the parallel manipulator. It works in two phases: during the
cutting phase different analytical design criteria are mapped as criterion regions in the parameter space.
The subset of all the criterion regions in the parameter space where all specified criteria are satisfied, is
isolated and referred to as the search region. Finally, during the refining phase, the search space is
sampled at regular intervals for evaluation against the specified set of performance requirements, to

obtain the optimum parallel manipulator design(s).

1.5.2.2.1 Democrat: the cutting phase
For a general parallel manipulator with six in-parallel links, and under the assumptions made in [1] and
[53], six architectural parameters represent the positions of the respective six leg joints on the base,

relative to the base coordinate frame. An additional six architectural parameters represent the respective
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positions of the six leg joints on the moving platform, relative to the moving platform coordinate frame.

These twelve parameters are in fact radii of twelve circles, six of which are centered at the base

coordinate frame, and six of which are centered at the moving platform coordinate frame. The respective

heights, and respective orientation angles of the moving platform and base joints are assumed to be

known relative to the respective coordinate frames. The twelve architectural parameters specified result

in a twelve-dimensional parameter space.

The following two criterion regions are considered in [1]:

The prescribed workspace criterion is associated with known minimum and maximum values of the
respective actuator legs. The user defines line segments inside the prescribed workspace for the
moving platform to trace with a specified fixed orientation. The “workspace criterion region” in the
twelve dimensional parameter space indicates all the allowable designs of the parallel manipulator,
i.e. all the designs that would allow the parallel manipulator to follow the prescribed line segments

without violating the extreme leg lengths.

At any time instant, each of the six leg lengths only depend on the position and orientation of the
moving platform along the specified line segment, and the respective positions of the two leg joints
(moving platform and base) of that specific leg. Hence, the twelve dimensional parameter space is
decomposed into six different parameter planes. For a “circular” 6-DOF Gough-Stewart platform
with the respective moving platform and base joints spaced at known angular intervals on two
circles, the twelve dimensional parameter space reduces to a single parameter plane, since the
respective radii of the two circles are the only two architectural parameters needed to describe the

design of the manipulator,

The analytical workspace criterion that Merlet [1] formulates, allows him to trace the “workspace
criterion region” in the parameter plane in approximately S00ms. Furthermore, for the 6-DOF
“circular” Gough-Stewart platform described above, Merlet [54] shows that interferences between

the actuator links may easily be included in the analytical workspace criterion.

The second criterion considered by Merlet [1] deals with constraints on articular velocities of the in-
parallel links of the parallel manipulator. Here, the requirement is that a specified point on the
moving platform be able to reach a specified velocity (speed and direction), at all locations in the
desired workspace, without the articular velocities violating the allowable extreme values. The
desired workspace is again approximated by a set of line segments, and the parameter space is again

decomposed into parameter planes.
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The analytical “articular velocities criterion” is used to trace the “articular velocities criterion
region” in the parameter plane in typically 2.5s. Merlet [1] points out that this region is not
necessarily closed. Hence mapping the “articular velocities criterion region” requires the

specification of the maximum values on both parameters of each parameter plane.

In [53] Merlet reports that the mapping of each criterion region can be as quick as 100 ms, or can take a

few minutes, depending on the number of line segments analyzed inside the workspace.

In each parameter plane, the two-dimensional search region is then isolated as the intersection of the
“workspace criterion region” and the “articular velocities criterion region”. For the general parallel
manipulator considered by Merlet [1, 53], the six two-dimensional search regions constitute the twelve
dimensional search region. Six points, one in each two-dimensional search region, are required to define
a unique geometry. For the 6-DOF “circular” Gough-Stewart platform, there is only a single two-
dimensional search region, and any point in this search region defines a unique geometry that satisfies
both the workspace and articular velocities design criteria. Some user interaction is required to isolate

the search region [53].

1.5.2.2.2 Democrat: the refining phase
Once all the feasible geometrical designs are isolated, the fully automated [53] refining phase discretizes
the search region, and compares each feasible design based on a set of performance criteria deemed

necessary for that application, in search for the optimal design.

A high-level computer language was developed for the evaluation of specific parallel manipulator
performance criteria in a modular fashion. As an example, Merlet [1] shows that the absence of
singularities inside the prescribed workspace, monitoring of positioning errors, as well as stiffness
consideration may readily be incorporated as performance criteria. The high-level computer language
also allows for the evaluation of any cost-function that would normally be defined for a numerical

optimization procedure.

Note that the performance criteria are evaluated for all positions of the moving platform in the specified
volume — the “translation workspace” [53]. The evaluation is done without discretizing the translational
workspace because of the ability of the high-level computer language to treat specific types of
“translational workspaces”. In particular, the translational workspace can be a normal cube, or it can
have a complex shape (see Figure 1.15), in which case it will be defined by a set of two-dimensional

cross-sections in three-dimensional Cartesian space.
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Figure 1.15: An example of a translational workspace volume that can be treated by the
algorithms in Democrat (after [53]).

The volume can also be specified in the high-level computer language as a prescribed “hypercube” in the
“articular space”. The number of articulated in-parallel links of a parallel manipulator determines the
number of dimensions of the articular space, For a 6-DOF Gough-Stewart platform with six arbitrary
spaced actuator legs, a six dimensional “articular space” is required to define the “hypercube”
<l <™ i=1,2,..,6; with /™" and £7 respectively the minimum and maximum allowable leg

lengths of legs i =1,2,...,6.

Merlet [53] distinguishes between a translation workspace as described above, and a general workspace
which, apart from the specified Cartesian volume, also includes specified ranges for the three orientation
angles of the moving platform. In the latter case, the high-level computer language “continuously”
evaluates the performance criteria for the specified three-dimensional displacement volume, but the

“three-dimensional orientation volume” is discretized during the evaluation process.

As a specific example of how the high-level computer language works, Merlet [53] explains the

instruction:
% VO = minimal stiffness in cubecenter 0 0 30, 0 10 10 10

This instruction commands the computation of the “minimal values of the diagonal of the stiffness
matrix of the parallel manipulator” for all positions of the moving platform in the specified cubic volume
(10x10x10), centered at (x,y,2)=(0,0,30). The returned minimal values are stored in the array

VO.

The user specifies allowable minimal values as the “stiffness performance requirement”, which is then
used in the evaluation of the different feasible designs given by the discretized search region. In

particular, the high-level computer language returns “0” if the feasible design does not fulfill the user’s
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requirement, “1” if it fulfills the requirement and *“2” if it fulfills the requirement and is better than the

previous solution [53].

It is reported that the computational time of this final stage of the proposed design methodology is
dependent on the size (and dimension) of the search region, and the efficiency with which the

performance criteria is evaluated [1].

1.5.2.2.3 Democrat: Optimizing the “HFM2” 6-DOF Gough-Stewart platform design
The “HFM2” 6-DOF “circular” Gough-Stewart platform “meant to be used for fine motions of heavy
loads (850kg) in a relatively small workspace”, is presented in [1] and [53] as a case study for the

“Democrat” design methodology.

Figure 1.16: Rectangle (scale 1:1) showing the x and z workspace constraints of the “HFM2” [1]
6-DOF “circular” Gough-Stewart platform.

Figure 1.16 shows a rectangle in the x — z plane, where the position of the coordinate system is chosen

to represent the x and z workspace “constraints” as given Merlet [1, 53] for the HFM2 manipulator:

X (mm)

y (mm)

z (mm)

+30

+20

The remaining workspace constraints listed for the HFM2 platform are

8, (mrad)

6, (mrad)

8, (mrad)

+5 +5 0-10

which may be interpreted as follows:

The three respective orientation angles of the moving platform, 6, , 8, and 0, , are required to assume all

values in the respective ranges [(—0.2865°)—(0.2865")], [(-0.2865")—(0.2865")] and
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[(0)—(0.573")], at any point inside the rectangle shown in Figure 1.16. Such a workspace, where

positional and rotational requirements are specified, is formally known as a dextrous workspace [40].

Other than the workspace constraints, Merlet [1, 53] specifies positional and accuracy requirements, the

most stringent of which are +0.01mm positioning accuracy in the x-direction, and +0.05mrad
(£0.002865" ) rotation accuracy about the z-axis (8, ). Optimization of the manipulator should be done

firstly with regard to maximizing the “rotational stiffness” about the z-axis, and secondly with regard to

maximizing the “positional stiffness” in the x-direction.

One of the issues in determining the optimum design of the manipulator is, of course to determine the
position of the prescribed dextrous workspace and manipulator base relative to each other. This “base /
required workspace’-position introduces additional parameters to the two “leg joint position”
parameters that are required for describing the design of the 6-DOF “circular” Gough-Stewart platform.

They should also be considered during the optimization procedure.

Merlet [1, 53] does not mention this “base / required workspace” position as such, but in requiring the
use of linear actuators with known and fixed stroke lengths, he indirectly addresses the positioning
problem by determining a minimum actuator leg length for all six actuator legs. In essence, for any
specified “base / required workspace”-position, the “base / actual workspace”-position may be adjusted,
until it coincides with the “base / required workspace”-position. In practice this adjustment is made
possible in one of two ways:
e extensions may be added to the lower ends of all six actuators to lengthen the minimum actuator leg
length of all six actuators, and hence /iffing the “base / actual workspace” (see the illustrative 2-DOF

example in Figure 1.17), or

/ (2N

Lengthened 7.,

{__Actual
workspace

Original £,

o - B > SR VA s 7 T a2

Figure 1.17: The adjustment of the base / actual workspace position by lengthening the
minimum actuator lengths.
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» shortening the minimum actuator leg length of all six actuators by mounting the actuator leg base
joint at the required location along the casing of, for example, a hydraulic actuator (see the

illustrative 2-DOF example in Figure 1.18).

Actual
workspace

Prescribed
workspace

Original £,

Shortened ¢,

S S S

ST 77

Figure 1.18: The adjustment of the base / actual workspace position by shortening the minimum
actuator lengths.

For the “HFM2” manipulator, Merlet [1, 53] defines 19 line segments to analytically represent the
prescribed dextrous workspace, and then calculates the “area of the search region” as a function of the
“minimum actuator leg length”. This is presumably done by choosing different “minimum actuator leg
length” values, and calculating the corresponding “area of the search region” value. This being the case,
the discrete data points could be represented on a graph, either by connecting them using straight-lines,

or by fitting an approximation polynomial through them [55].

With the best value of the “minimum actuator leg length” (750 mm ) determined through a “systematic
search” involving “various trials” in the domain plotted (590 mm ~835 mm ), Merlet [1, 53] finally
shows the associated search plane from which the optimum HFM2 “circular” Gough-Stewart platform is
to be determined, using the high-level computer language algorithm. Merlet {1, 53] comments that the
optimum manipulator geometry in terms of the “rotational stiffness” about the z-axis, is to be fitted with

sensors capable of a + 2 um accuracy in order to comply with the specified manipulator accuracy.

Without giving specific parameter values or reporting on the computational effort, a photograph of the
prototype “HFM2” manipulator that was built according to the optimum design parameters, is shown in

[53]. Merlet [53] reports that the repeatability of the prototype under a load of 230 kg is estimated to be

better than 0.1pm , and that 10 other prototypes have subsequently been built.
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1.5.2.2.4 Democrat: Optimizing the “HDM1” 6-DOF Gough-Stewart platform design

In a second example, which has a similarly small dextrous workspace requirement (see Figure 1.19), and
exactly the same accuracy requirements as before, Merlet [1] attempts to optimize another “circular”
Gough-Stewart platform (“HDM1"), firstly in terms of the “rotational stiffness” about the z-axis, and
secondly in terms of the positional stiffness in the x-direction. As additional constraints, the respective

radii of the base and moving platforms are also limited.

Z
28 —t
T
+— —+> X
5|1 11s
g1

Figure 1.19: Rectangle (scale 1:1) showing the x and z workspace constraints of the “HDM1” {1]
6-DOF “circular” Gough-Stewart platform.

For this case study, Merlet [1, 53] considers the “rotational stiffness™ about the z-axis, as a function of
two additional design parameters: the angle between two adjacent joint centers on the moving platform,
and the angle between two adjacent joint centers on the base. Note that for the 6-DOF “circular” Gough-

Stewart platform, the three pairs of adjacent joints on the moving platform, as well as the three pairs of
adjacent joints on the base, are equally spaced at 120" angular intervals. The minimum limits imposed

on the respective angles are 10° for the angle between two adjacent joint centers on the base, and 20°

for the angle between two adjacent joint centers on the moving platform.

Subject to the above constraints, different values of the two angles are iteratively chosen [53]. For each

choice of angles, Merlet [11:

e determines a best value for the minimum actuator leg length, which is associated with a maximal
possible “rotational stiffness” in the z-direction for the manipulator in its nominal position (the six
linear actuator legs in the middle of their respective ranges),

¢ calculates the associated search plane, and
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¢ utilizes a special “procedure” in the high-level computer language, to discretize and analyze the
search plane, in search of a manipulator design with which the required specified accuracies may be

obtained with the least stringent sensor accuracy.

No information is given regarding the number of different choices of angle-pairs evaluated.
Furthermore, without giving any specific parameter values or reporting on the computational effort,

Merlet [1] comments that the two best solutions, in terms of least stringent sensor accuracies, are 2.4 pm

and 2.79 um respectively.

As a conclusion to the discussion of the Democrat design methodology, some of its reported advantages
and disadvantages are listed here. Merlet [1, 53] points to the advantageous modularity and versatility
with which the high-level computer language can evaluate almost any type of performance requirement.
Furthermore, although the reduction of the parameter space into a search region is considered as an
advantage in limiting the required computational time, the constraints imposed on the criterion regions
(Section 1.5.2.2.1) and consequently also on search region, admittedly, limit the number of feasible

designs when searching for an optimum parallel manipulator design.

1.6 Motivation for the present study

In conclusion to, and as part of the literature review presented here, the concept of a novel re-
configurable planar Gough-Stewart machining platform will now be motivated. In doing so the scope of

the present study will also be outlined.

1.6.1 The concept of a re-configurable planar Gough-Stewart machining
platform

1.6.1.1 Mechanical feasibility

Although to date the concept of a re-configurable planar Gough-Stewart machine has not been
satisfactorily demonstrated, researchers have recently shown an increased interest in such re-
configurable platforms. This renewed interest is stimulated by the desire to overcome the workspace and
singularity limitations (see Section 1.4), which have been inhibiting the practical application of
conventional Gough-Stewart platforms as machine tools. The case studies presented by Merlet [1, 53]
reconfirm the fact that the conventional 6-DOF Gough-Stewart platforms have very small usable

workspaces (see Figure 1.16 and Figure 1.19).
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The simplified mechanical construction of the planar 3-DOF Gough-Stewart platform (see Figure 1.9) to
be studied here, makes it well suited for the implementation of re-configuration. This is so because its
variable geometry allows for the easy adjustment of the relative positions of the base and moving

platform revolute joints as shown in Appendix D.

Furthermore, the existing “Dyna-M” and “Honda HVS-5000” machine tools (Section 1.3.2) prove that a
planar parallel manipulator can be constructed in such a way that sufficient lateral stiffness 1s provided

for hybrid serial-parallel machining operations.

The above indicates that the successful implementation of a planar re-configurable platform as a machine
tool is not so much limited by its mechanical design, but rather by the availability of a suitable operating
system. Here the operating system should ensure that any reasonably specified trajectory is feasible and
can accurately be followed. In particular, the operating system should be able to a priori simulate the
motion of the mechanism along the prescribed trajectory. Based on the simulation the system should be
capable of deciding on the necessary adjustments of the variable geometry so that the prescribed
trajectory can accurately and optimally be followed. The first part of the current study is therefore the

development of a reliable and efficient dynamic simulation module for the “overall operating system”.

1.6.1.2 Simulation of a planar Gough-Stewart platform

1.6.1.2.1 Inverse Dynamic simulation

Shamblin and Wiens [56] characterize the dynamics of two 6-DOF Gough-Stewart machining platforms
for which they derive the equations of motion with inclusion of the strut masses. They state that in order
to capture dynamics (i.e. determine the actuator forces), a motion trajectory must be specified, along
which the mechanism’s dynamical behavior is simulated. Accordingly Chapter 2 of this study shows
how the inverse dynamic analysis of a planar Gough-Stewart platform may be performed so as to give
closed-form expressions for the required actuator forces necessary for the execution of a specified
trajectory. This inverse dynamic analysis is specifically developed for implementation on a computer in
near real time, hence the need for closed-form mathematical solutions to the forces at discrete and

appropriately chosen time instants along the path.

The advantage of the inverse dynamic analysis is that for different adjustable parameter values, which
give rise to different mechanism geometries and different relative positions of the prescribed trajectory,

the corresponding motions may be analyzed and compared with each other.

The output of the inverse dynamic analysis is a set of actuator forces at discrete time instants. The

usefulness of this information lies in the fact that if the prescribed trajectory is positioned such that the
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simulation shows that the Gough-Stewart platform will move through or near a singular configuration
in tracing the trajectory, then this will be evident from the near infinitely large actuator forces in the
simulation output at certain time instants. By comparing the discrete computed actuator forces at the
discrete time instants for any specific prescribed trajectory, the computer simulation can be utilized to
isolate the “maximum magnitude actuator force” for the specific positioning of the prescribed trajectory
and the given mechanism geometry. This information can in turn be utilized to determine an appropriate
relative positioning for the prescribed trajectory, as well as an appropriate mechanism geometry, such
that a large “maximum magnitude actuator force” resulting from passing through or near a singular

configuration, may be avoided.

In their related investigation, Shamblin and Wiens [56] specify a trajectory to “simulate a chamfering
and deburring operation along the edge of a workpiece as well as to show the dominant forces under a
variety of conditions”. It follows that a further function to be performed by the operating system being
developed here, is that of kinematic trajectory-planning. This subject will be dealt with in the next sub

section.

1.6.1.2.2 Trajectory-planning

Many researchers have studied trajectory-planning from the point of view that, given an initial and final
pose of the manipulator end-effector, it is required to determine how the manipulator should be actuated
in between these two poses (see for instance [57]). With specific reference to Gough-Stewart platforms,
this approach is popular, since it allows for the avoidance of singularities inside the workspace of the
manipulator [58]. To avoid singularities, Merlet [59] proposes a trajectory verifier and indicates
analytically which part of the specified trajectory is outside the reachable workspace of the parallel
manipulator, and whether the specified trajectory will lead to a singular configuration. The application
of this trajectory verifier is limited to a 6-DOF Gough-Stewart platform, although it is claimed to be

easily extendable to general parallel manipulators.

Trajectory-planning as defined by Wolovich [60] is the specification of desired time-dependent paths in
either Cartesian or link space. In terms of performing the inverse dynamic analysis of a planar
machining platform, the tool trajectory must be specified in Cartesian space. The inertia forces in the
dynamic analysis of the motion of a machine are of course dependent on the manner in which the
Cartesian path is specified in the time domain [56]. If the trajectory is specified in such a way that the

resulting accelerations are discontinuous, then the inertia forces will also be discontinuous.

With specific reference to trajectory-planning for existing Computer Numerical Control (CNC) machine
tools, Zhang and Greenway [61] state that CNC systems typically only support motion along straight-

line and circular paths. However, fiee-form design and machining have become important in a variety of
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applications in the automotive-, aerospace-, and ship building industries. Specific examples are the
design and machining of dies and molds, as well as propeller and impeller blades [62]. The consensus
seems to be that free-form surfaces can easily be modeled in 3-D space, but that the manufacturing of

free-form surfaces has been a difficulty up to now.

The difference between various representation schemes with which free-form surfaces are modeled in 3-
D space, lies in the utilization of different geometrical and polynomial properties required to control and
modify the desired geometrical shapes [62]. More specifically, Non-Uniform Rational B-Splines
(NURBS) have long been favored in Computer-Aided Design (CAD) systems, since “they offer exact

uniform representation of both analytical and free-form parametric curves” [61].

Bahr et al. [62] explain that a typical way to machine parts with spline surfaces (including NURBS) on a
CNC machine tool is converting or transforming the surfaces to linear or circular segments according to
a prescribed error tolerance, so that the CNC machines can reproduce the parts. For many applications,
these conversions or transformations will produce a large amount of data. Furthermore, with the path
divided into straight-line segments, in current five-axis machining with off-line programming, the fool
orientation is maintained constant during each segment. This implies that the orientation of the tool
must be changed abruptly between two segments, which according to Kim et al. [63] can produce an

unpredictable reaction at the point of contact with the surface and prevent a smooth finish.

Kim et al. [63] acknowledge the value of a real-time NURBS curve interpolator for a 6-axis robot
developed by Zhang and Greenway [61]. They state that real-time parametric interpolators reduce the
memory requirement and communication load in guaranteeing continuity in the first-order and second-
order properties of the tool position. They emphasize however, that the most significant problem in the
generation and control of a five-axis NC trajectory is a continuous and smooth description of the tool
orientation that will change smoothly along the contour surface. Therefore, an important area of
research is to generate a control algorithm that will accommodate a continuous and sufficiently smooth

description of the orientation of the tool.

Kim et al. [63] focus on the fact that the tool tip and a unit line vector attached to the tool generate a
ruled surface. The curvature theory of a ruled surface, which is a study of the differential motion of the
ruled surface, is then used to provide the properties of the tool motion in a strictly mathematical manner.
When the surface to be machined is a free-formed surface and cannot be represented by an analytical
closed-form equation, Kim et al. [63] use the Ferguson curve model to geometrically represent the ruled

surfaces for the tool trajectory.
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In Chapter 3, an alternative trajectory-planning interpolation algorithm is proposed and developed with
which a user may specify the desired path to be followed by any planar industrial robot, and therefore in
particular also by a planar Gough-Stewart platform. Given specified points along the path, an
interpolation curve is fitted in such a way that continuous displacement, velocity and acceleration curves
are generated in the time-domain. The user-specified information is also used to determine how the end-
effector orientation angle should vary along the specified curve, and in particular, generates continuous

orientation angle, orientation angular velocity and orientation angular acceleration time curves.

In terms of the current research, which is focused on a planar Gough-Stewart machining platform, the
relevance of the proposed free-form trajectory-planning algorithm lies in the fact this machine tool is
ideally suited to machine along non-linear curves. Powell et al. [11] explain that for a conventional
machine tool, based on serial kinematic chains, the simplest movements are linear motions along the
orthogonal axes (X, y and z). To provide more complex motion requires the synchronized movement of
all three of the axes. With the Gough-Stewart platform type machine tools, all motion is derived from
the simultaneous motion of all the actuator legs, hence the moving platform orientation can also be

varied in a continuous manner.

Of particular importance here, with reference to the machining problems previously experienced and
outlined above, is that the algorithm proposed in this study allows for the generation of a kinematically
smooth trajectory. The resulting beneficial effect is that the inertia forces in the actuators, as well as the
orientation of the tool will vary in a continuous manner. This should ensure smooth finishing during the

machining operation.

It should be noted here that for the actual motion of the physical machine tool to correspond with its
simulated motion, the proposed trajectory-planning algorithm can not simply be loaded on a
conventional CNC controller. In fact, Kim et al. [63] explain that the implementation of any extended
algorithm that allows for interpolated motion beyond straight lines and circles, requires an open
architecture controller, which is considered a new concept in CNC machining. Although this practical
aspect is very important, it falls beyond the scope of this study. However, the ability to accurately
simulate the continuous kinematics and associated dynamical behavior of the motion of the planar
Gough-Stewart platform along non-trivial prescribed paths, is imperative in determining the optimum

mechanism geometry for any prescribed path.

1.6.1.3 Optimal adjustment of the variable geometry

With reference to Sections 1.5.2.1 and 1.5.2.2, Merlet [1, 53] and Kirchner and Neugebauer [S1] agree

that a single performance objective criterion cannot be used to optimize a Gough-Stewart machining
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platform. In particular, Merlet [1, 53] points out that there are “hidden criteria” such as singularity

considerations that are not considered when, for example, the workspace is maximized.

In spite of the above reservations, a single criterion cost-function will nevertheless be used in this study
to determine an appropriate relative positioning for the prescribed trajectory, as well as an appropriate
planar Gough-Stewart platform geometry for different machining tasks. In particular, the cost-function
to be minimized here will be the “maximum magnitude actuator force” mentioned in Section 1.6.1.2.1.
The rationale is that if the “maximum magnitude actuator force” is as small as possible, the
corresponding relative positioning for the prescribed trajectory and the particular mechanism geometry
will be such that the prescribed trajectory will successfully be traced. This will be so since the planar

manipulator will be “as far as possible” from any singular configurations.

Many numerical optimization techniques also allow for non-trivial inequality and equality constraints to
be specified. The careful formulation of such constraints extends the value of the solutions to the
corresponding constrained optimization problems, beyond that where only simple limitations are
imposed on the minimum and maximum allowable design variable (parameter) values. For example, the
minimum and maximum allowable actuator leg lengths of a planar Gough-Stewart platform may be
incorporated as inequality constraints, to ensure that the design parameters are adjusted so that the

prescribed trajectory lies inside the mechanism’s workspace.

In Chapter 4 it will be shown that, in spite of the non-smooth nature of the “maximum magnitude
actuator force” cost-function and “actuator leg length” inequality constraints, the gradient-based
mathematical programming LFOPC optimization algorithm [64] used in this study, successfully solves
the comprehensively constrained optimization problem. Indeed, LFOPC has in the past been
successfully applied to many engineering optimization problems where noise and discontinuities were

present in the objective and constraint functions {64].

1.6.2 The concept verification: a re-configurable planar Gough-Stewart
platform test-model

In Chapter 5 the ultimate task of designing, constructing and putting into operation a re-configurable
planar Gough-Stewart platform test-model is tackled. The chapter shows in particular how the
simulation and optimization processes are integrated in an operating system, that allows for the set-up of

the machine and the execution of the prescribed tasks.

The constructed test-model may be seen as a technology demonstrator rather than a prototype. The value

of this demonstrator lies in the fact that it enables a practical assessment of the feasibility and potential of
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the re-configurable device, and associated operating system, as