Results in Engineering 30 111434

Contents lists @vailable g §cienceDirect

Resultsgn &ngineering

journal Bomepage: @ww.sciencedirect.com/journal/results-in-engineering

Researchgaper

A glesigndgramework dor dong-reach gnanipulators ¢gn gon ned gpacesysingg
task-basedkinematic @ptimization @nd gurfaceglustering

Emregzunoglu <, ®oheegiee P, gucaaimondi?, ¢aigiang ghang?, glongtack &im °, g
Youngmin ®ark®, gwonhee ¢long®, lamil gler®, Robert kilton 2

2 United KJngdom/Gomic Ehergy@thority, Spingdon, OX14 EPB, GK
b Korea @stitute & BisionChergy,Opejeon 8133, Republicé] Kprea

article abstract

gnfo g

Keywords:

Kinematic @sign §ptimization
Long-reach fanipulators
Task §pace@istering

Con ned-space i@spection
Nuclear sion @aintenance

Industrial &pplications @volving Bazardous Gaterials Eften @quire Pspection Githin €pn ned Pteriors, Gpsing J
signi cant €hallenges Gue @ Epstricted Gccess@nd Epmplex Geometries. This Paper Gresents @ Gisk-driven Ge-
sign §nthesisBamework @r @ptimizing Ganipulators Gr Gll-surface Pspection Pside @uclear Ysion Ghcuum g
vessel.

g To Gcilitate Ghe Gnematic Gptimization Gpeline, Ge Biroduce @ Ghethodology Gsing Ghsupervised Eurface J
clustering €f QAD-derived @eometries @ €ktract §Empact §pt f @achability Grgets, €pmbined @ith 2P Gane J
projection Gjethod @r st Epllision Efe-checks.Jsing Bis Gduced Gsk pt, @ Bjulti-objective FSGA-II §multa-
neously Gptimizes gnematic §pe @hd Gmensions @ Bhinimize @tal Ghk @ngth Ghd §atic @int Grques Ghile g
satisfying @achability &hd €pllision €nstraints. These@ethods §e Grmed & &h iGtegrated Ppeline Pat §stem-
atically Bfidges @e Ghp Between &pstract hd €olving Gsk-space@p nitions  ghd Gptimized KJnematic §nthesis g
for €nned €hvironments.

J A @presentative Chse §udy 6F g Guclear @sion Gacuum Gessel @emonstrates Bat e Gamework gciently J
identi es €pnsistent @esigns@ith @spect®@ @ ned §rface Pspection Getrics. Jompared @ Epnventional €am-
pling 1@ethods, e @oposed &proach &hievessiiperior @sk-spaceverageth goni cantly fGwer Gachability J
points. While €pnventional B)ethods Can @so Peld Ecceptable @sults hen G ciently Brge Gumber 6F Gsk J
points § Gked, Ghe Proposed @oproach Bhaintains €pnsistent Gerformance ven Gith €jgni cantly @Gwer Ppints, g
achieving @ean @ntime @ductions §f G @ §P%. The @sults @monstrate € stematic §hd Epmputationally €f-
cient &pproach @ @e €hrly-stage Gesign §f Igng-reach Ganipulators Gr &cess-limited €n ned Ehvironments. J
Although @pveloped ©@r Wsion-vessel@spection, Ge Bamework €an &lapt @ Ehangesiy Geometry, Epnstraints, §
and @sk @quirements.

1. @ptroduction tries, &nd €pllision-free @achability @quirements, gl Ghile @aintaining g

the @enerality 6f @esign ¢hallenges gnd gplutions.

Engineering @pplications §r @Yspection @nd Ghaintenance 6f Hterior g During €he @peration gf g @ision gower @lant, @lasma @ gon ned g

surfaces® @rge, ¢on ned Epaces@ith Gestricted gecess,guch @s Bdus-
trial @anks @nd gessels,gose gigni cant @hallenges, @specially ue @ J
hazardous€hvironments. echatronic §/stems,@pmmonly @botic gms, g
have Beengidely @rilized ghd @eveloped @ @dustrial Practice, gs gh-
lighted i@ [d.], @ith §milar ¢hallengesi@lated © €n ned ghd lBazardous g
environments. @mong @arious gervice gpplications @ the Ghanufactur-
ing, Gansportation, @nd Quclear gectors Gee gdvancements® PP—4] G-
spectively), @ision Gpactor gessels@re One Of Ghe host Challenging gon-
ned @nvironments Gue @ eir Gnited GccessPorts, Gomplex Geome-
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within @ @proidal acuum gessel@QvV) @y gtrong ghagnetic Glds @5]. g
Plasma-facing Gomponents gre gxposed® gigh @vels Of Gadiation gnd g
high @emperatures, @esulting @h @naterial Gctivation @Gnd @amage.h
planned @aintenance §chedule @ Berefore @ecessary® Gaximize gant g
availability @6]. @lowever, guman @ntry G @rohibited gue @ @azards, g
making @botic §ystemsCrucial @r Bispection @nd Ghaintenance @ithin g
the @V. Bemote gervice @anipulators @ust Gperate ig Mgh Gdiation ghd g
magnetic @lds, @ndering gonventional grchitectures gnsuitable. ur-

thermore, the gV geometry @equires @ng-reach, glender Ghanipulators g
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that fjice Challengesigcluding §fructural ¢pmpliance, Grge @int Graue, g
and @duced i ness. Bepresentative §fystemsg§lch & the Guper Oragon g
[7] &nd Bye Grticulated Gspection Grm EAIA) B8] exemplify Bje Geed@r g
bespoke @Ghechatronics Gilored @ hese Epnstraints.

Despite @xtensive @esearch @n Ghsk-based@inematic @ptimization, g
including Chpproachesghat gntegrate Glimensional Gynthesis, gnulti-
objective @lameworks, @nd gdvanced Gomputational Beuristics, Gurrent g
literature BasEpt PYlly gdressedBe Ghique Gquirements ¢f Igng-reach, g
slender Ghanipulators @perating B Ghe Gonstrained gnvironments of G-
sion @eactors. th {P], g Ghsk-oriented @imensional gynthesis hethod & g
proposed @r Gser gperations B gero gngines, @emonstrated that Gpti-
mizing iBpth @eometry ghd @int Gariables @r gdjscrete §pt 6f Gsk gpints g
can gigni cantly @nprove @erformance @h garrow §pacesgompared @ g
conventional @rchitectures. This Garadigm Of Giloring Ghodular pmpo-
nents @r @stricted golumes § @irther @ ected B Ghe Gevelopment of g
steel grch Goping Ghanipulators @r @innel Goring §L0] gnd the truc-
tural @ynthesis @f @arallel @bots Gr gryogenic andling ¢11], Ghere g
multi-objective @article §warm @ptimization PSO)§ Gveraged @ Dal-
ance gnematic gciency @gainst gctuator rce Gquirements.

In gobotic @esign, @iverse Gtrategies Ghave Geen @xplored Go @n-
hance gdaptability @nd gorkspace ¢overage Ghrough ghodular @rchitec-
tures PL2] @nd e @hplementation Of @calized Performance Pdices Hr
workspace @ptimization @13]. @hese@ameworks ¢ave gvolved @ ¢h-
clude @nied @tructural gimensional @ynthesis @sing @euristic-guided g
searches@J14,15], gs @ell gs @lack-box gnd geep Einforcement @arn-
ing @trategies @ Ghanage the @Gigh-dimensional @esign Gpacesthherent g
in Ghodular €ystems{)L6,17]. Gnother Critical @spectdf Ghese Gptimiza-
tions § the design gf gptimization Qoals; @r Gistance, Ghen gt @1.[18] g
utilized gmulated ghnealing @ €aluate §§multaneous Kjnematic ghd @y-
namic gerformance, @hile PL9] demonstrated Gow Ghe Selection Of dif-
ferent @rque Ghdices @elds Gistinct @ade-os Between @int gciency g
and @orkspace @Gachability. g @hulti-objective @esign gptimization gp-
proach @ @roposed @h ¢20] @y Ghtroducing @irtual @ints. Fhey Gans-
formed g @on-redundant @hanipulator ghto g ginematically @dundant g
one, ghabling @dundancy @solution Gethods ©§ Gptimize §ructural pR-
rameters.

In Ghe Epntext Of Bbot Gesign Gptimization, e Knematic Gesign of g
articulated grms @r Ghspection Gisks O gower @lants gas got Geen gx-
tensively §fudied gsing Gisk-based@pproaches. gpecialized gpplications g
remain fcused Gh Gecommissioning Patforms, guch g dual §even-DOFQ
arms [P1] @nd gable-driven Byper-redundant ghanipulators designed® g
navigate @arsh Ghdustrial gnvironments {P2]. Becent @asibility @ssess-
ments @r B-vessel Bispection ystems@VIS) Bave Wirther gxplored the g
suitability ©f §ensor@chnologies ghd §jructural Btegrity ghder gacuum g
and gxtreme Ghermal gradients [23].

From @his gnalysis, i) § Hear that Rnematic Gptimization @as Beeng
extensively fjvestigated. owever, ghost gxisting Studies gssumeg pre-
de ned 6t Of Gisk Poses@nd do Got Gddressow Such Gisk Eets hould g
be @erived ghen @perating i§ €pn ned @nvironments Gith €pmplex gur-
face @eometries. B Quclear fsion gacuum gesselsghd gurroundings, -
spection @asibility depends@pt Gnly 6h @Gachability But §so 6h surface g
orientation @nd @ccessibility Gelative @ Constrained gntry gorts. Jhere-
fore, @eriving g eemantically Gheaningful gnd ghysically @presentative g
subset@f Gisk Goints om @ense GAD-derived @oint Gouds Gecomesg g
critical Preprocessing§fep.

Deriving @eometrical Ghformation @rom Ghe Gacuum gessel@oint g
cloud @quires @rocessing the Goint Goud Gata. Gowever, Goint Gouds g
for @tricate 8P geometries @ften €pntain gprohibitive @umber ¢f @pints, g
rendering Bigh-level gnalysis Gomputationally Gitensive. Gonsequently, g
e ective Gownsampling @hethods @re gssential @ Ghaintain Qactability. J
In goint ¢oud Processing, Gduction Of Gensefurface Gata § Gommonly g
performed @sing @euristic @ownsampling @trategies §uch @s @niform g
Downsampling D) 6 Barthest Boint §ampling FPS)[P4,25]. gniform g
sampling gnforces gpatial @egularity Qut €hay @verlook @igh-curvature g
regions Or grientation-speci ¢ gonstraints. §PSnproves Global §patial g
dispersion @y @eratively @electing ghaximally @istant @oints; gowever, g

g
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it @mains Purely geometric @nd @oes got Hcorporate Gisk-speci c €pon-
straints §uch @sgormal gignment o Gference goints P6].

Recent @arning-based gampling gpproaches, @cluding §-NET27], g
SampleNetP8], @nd §S-PD{P9], Bitroduce Gisk-aware goint election g
mechanisms. Jevertheless, these Ghethods gre @rimarily @eveloped @r g
shape gassi cation, §egmentation, @r Gegistration Gisks@nd go got gx-
plicitly Ghcorporate @hbbotic gnematic @asibility Gonstraints. G @artic-
ular, they go got gccount @r Gequirements guch gs gensor@rientation g
alignment @ &-cessibility €pnstraints i €n ned €hvironments, &hd i@ly g
on §upervised fJaining Over @rge ghnotated 8D Shape fatasets.

However, g @otable Gap @mains @r g generalized, Gsk-driven gpti-
mization @ipeline that gpeci cally @xploits gigh degreesdf @eedom @ g
resolve Bhe @herent Gade-o Between @achability ghd cpllision gvoid-
ance@ithin ®e ¢pmplex, @on-linear geometry ¢f Gperation gpacesike §J
fusion i@actor's. This $udy &ldresses)is Gap By Broposing & glaptable g
synthesis lamework gesigned @ Qgptimize he Gnematic Gon guration g
of gpng-reach hanipulators ¢r the gext eneration @f Gusion Ghainte-
nance. Jo gddressthis @esearch@ap, § gew Gamework @ @roposed @ g
extract @ense Gisk goints directly @om Ghe Gesselgeometry. g Gurface-
clustering grocedure & gpplied @ Gondensethese fito g Gduced et Of g
representative goses,Bridging Gisk @ostraction ghd Ghanipulator @esign g
while @ducing gomputational gost. Based@n this €educed ¢hsk get, § g
kinematic @ptimization @rocess@etermines he ¢hanipulator @pology g
and geometry @30], @ith the @bjectives @f Gnhinimizing €the umber gf g
degrees@f @eedom, @tal Ghanipulator @ngth, @nd tatic @int Grques, g
while @nsuring @ollision-free @peration. @he Gfamework @ @hherently g
adaptable gnd @an gccommodate gariations @h gessel@eometry, gper-
ational gonstraints, Gr gvolving @Pspection Gquirements.

The gructure ¢f Yis udy ig @utlined g@llows. Hection Pigtroduces g
the gse @ase, @orkspace getails, gnd @inematic @onstraints. Gection @ g
presentsthe Getails of the Surface Gustering, goint Selection, @nd Gpti-
mization ggorithm. The @sults &re presented i) Gection g, ® Ghich Ge g
bestgplutions @re igenti ed ga BYe Bareto ont goproach ghd ¢pmpared g
against @nventional ghmpling lBaselines.Ejnally, Section §jigresents€pn-
clusions gnhd fiiture gork.

2. @roblem §fatement ghd @esign Epnstraints

The @roblem @an @e §ummarised @s €he design @f @n @Grticulated g
mechatronic §ystem¢hpable @f gperating @ithin iGdustrial €¢pn nements g
through @onstrained gccess@orts. @s Gnematic Ghain Giust gnable the g
end gector © @ach @esignated @perational gpsitions @fstributed &crossg
the @terior gurface 6f Ghe pon nement. This Sfudy gdopts the Gpresen-
tative nvironment 6f Ghe YV Of gQuclear fiision Gactor & §Casesiudy g
to Qustrate Ghe Gesign Problem. Gpeci cally, the design Gisk § de ned g
as @entifying @n gptimized ginematic chain @r gn @rticulated @botic g
arm Performing @sual Bspection @ithin the YV. The @hbot § Gtended g
to @spect Ge Pner gurface Of Ghe Gessellr Potential Gefects gfter Gac-
tor ghutdown. Garameters@lated @ @sual Bispection, Such @s Gewing g
distance gnd gngle, gre Geated gs xed Gpeci cations Gather than gp-
timization @ariables, @llowing @xibility @crossdierent Qgse Gasesgnd g
sensor @chnologies. Fhis gssumption & generally galid, @ecauseguch g
parameters @re gpically @ictated By Ghe Service Gstrument's Gesign G-
quirements.

Fig. § shows The @roidal Geometry of the §mplied YV pnsidered. g
The @hinor Gadius, €, Of the GV § et @ 60 mgthe Genterline Ghdius, g
r,, § 680 m ghd the Bajor Gudius, &, G g 0. The Gtal Gaximum Beight g
of Ghe gosspction, @, § 47 m

The @eployment gort, Girough ghich Ghe Ganipulator g Pserted Q-
side e @V, @ Gghlighted @ith GGd grcle @ Big. O and Bas §Grdius 6f J
300 ghm. When got O Gse, the Ghbot & Sfored B g Cask Qutside The Ge-
ployment gort ghd ¢hn gccessthe Gactors By gctuating g@st Prismatic g
joint. o Prevent pllision Gith Ge evironment, Ge Gvolute @ints €an g
be gctuated gnly ghen 0.3 &) Pside The YV. § gy @int Gmains Fithin g
the €psk, s Govement @ @stricted, hd Ge @bot Fill gtempt @ Gach g
a position @ith Only the DoF Hside e YV.
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Fig. § Gimplied Geometry & Ge Qv @: Bpight, g Ginor @dius, g Enter lthe, & Gajor @dius).

The §V @ gesigned @ith gix gedicated gquidistant gccess@orts Gr g
diagnostics, g Qon guration @onsistent @ith @ision @eactor gort grchi-
tectures &s @fscussed®) B1], Geaning €ach Port Epvers 60° 6f Ghe Yner g
wall's §urface, @ shown B the ®p Gew Of Gig. 2. Big. g Shows Gpacha-
bility @st @oints @reen Garkers) @nd their gssociatedurface Gormals g
(red grows) 6n Be GV Ost @all, @pbtained By Ptersecting Be Geometry g
with @ ection plane. g Biulti-DOF @bot Garrying Qut Surface Gsual §-
spection § displayed @s @ Gpresentative gxample. Jhe Grget foses@re g
derived @om he gurface gormal gnd the Qartesian goordinates @f the g
clustered gpints. This rmulation Epnstrains & 8-DoF Gsk Gquirement: g
the Grget gosition @nd Ghe gignment Of Ghe Primary ol axis @.g., Be g
longitudinal Gaxis), §e Gtation goout Bat &kis ig @t Ghconstrained Gr g
the gplution @r Bis §peci c €hse.The Gt hk @lack) &ts@@GGrismatic g
joint Bat Gpsitions Be @bot Within e Gessel.The iPue Ihks Genote He g
link @imensions @ e gptimized, Ghile the Qurple Bints Gepresent the g
revolute @ints Geated @s Knematic QGptimization @ariables.

The groblem § @ Ghd QGptimized Ghk @ngths gnd Gbot @int §pes g
to glign the @p of the Gpbot Gith he Gelected Geachability @st goints g
and, Gonsequently, Gesign g @hbot Gapable Gf Ghspecting the Gurface of g
the @essel. glowever, §uch gn g@ptimization Gould @e Gery dostly @ gll g
the Qoints @n the Burface Gre Eelected @s @Gachability Gst goints B the g
optimization grocess.The €hallenge of Biis §udy @ © Pentify ghnited J
number of @achability @st goints Ghat Gnsure §u cient  Epverage Gith-
out ¢feating gprohibitively €xpensive ggorithm @ Gptimize Ge @bot's g
kinematics.

For gpplication-speci ¢ @ptimization ¢f @e Ihk igngth ghd jdint Gpe g
synthesis, the ©llowing Epnstraints gre ¢onsidered:

First Brismaticgpint. Jrhe @st Prismatic @int lows e Ghanipulator © g
be @eployed fom Be Forage Gaskigto WYe GV. The j@int Gan €ktend Tom g
a ppsition B7 @ igside e Chsk, k. Outside Bhe GV, Gp © Ye Center ihe J
of Bhe YV ©rus @hdicated By Ge gellow dashedithe © Gg. 0), @aching g
2.2 & pside the gessel@om €he @ntrance @ort, Gr g Gtal haximum g
travel gf 4.9 €h. Guch@st Q@rismatic Granslational) @int ghechanisms,g
sometimes @ferred @ gs Geployment gystems,@re Gommonly gdopted g
to @rovide Gu cient @psertion @epth Gf Ghanipulators @perating @ithin g
tokamaks; the GASK-baseddeployment of the GFETRBeavy-duty Gpbot g
[32] and the GIA system{Pr OER B3] €an Be presented &8s §xamples.

Degrees)f Greedomgnd @pint Jypes.gro gnsure Geachability @ Both go-
sition gnd @rientation, g Ghinimum gf @ @oF G gonsidered @ith gddi-
tional @dundant QoFspptentially gdded Guring e Eptimization of Ge g

3

kinematic ghumeration G, ) ® Enable @voidance of gglf-collision ghd g
collision @ith e gnvironment. Jo §mplify Ghe Gctuation, the Gbot § g
designed @ @ave @nly @evolute @ints gon gured @ith gaw gnd @itch, g
following @he gst @rismatic @int. Jhroughout the Gaper, the Gon gu-
rations f Ghe @volute @ints @ill Be @entied gsing Binary ¢odes; gaw g
joints @ill Be @beled g and gitch @ints . Bor §kample, g ¢pn guration g
code 6f 010 @r g8-DoF @bot Pdicates g€pquencedf gaw, Gitch, gaw, J
pitch @ints @llowing g Erismatic @int.

Link Qengthsgnd gpint gimits. grhe thk @ngth g g =1,2,.,np,r) B Gon-
strained § Ghe Ginge 3 m</; < 1.5 m{9r Gasedf Geployment ghd Gha-
neuverability Giside the gV. Qikewise, the @ptation ghinge @r the Gvo-
lute @ints @ i@ Epnstrained  The Ginge PO ° < 6, < 90°. b gddition, © 0
prevent gpllision @ith Ghe ghtrance gort, the Gvolute @ints Can Ditiate J
motion Gnly @fter Being 0.3 ) Bside Ghe Gessel.

Static Qorque Galculation. gro Chlculate the Gquired @int Grques gnder g
static €pnditions ©r ggjven €pn guration 6f Bhe Ganipulator, gepyload g
of @O Ry gt the Gp Of the Gst Ghk § Gonsidered. his Galue, gs Ghown g
in @ther Gtudies §J7,8], @& @n @stimate ¢h gxcessdf the Ghajority gf the g
end-e ector ©ols, gg., Cameras,Gsed® Pspect ghd Gaintain Ysion G-
actors. gach Gptermediate Gnk & @hodelled gs g gniform @Gody @ith @s g
massgoncentrated gt the Ghk @entre, Ghose GhassGcaleslhearly @ith g
its @ngth, gelding gpproximately § kg/m, Epnsistent @ith the § Ky Per g
1.2 @h Gection eported Gy OB4] @r g Gomparable gystem. Quring Gpti-
mization, Ghk @ngths gre godated @ynamically, @nd Ghe Gorresponding g
link Gyassesfye @calculated gccordingly. Qhe §fatic @rque & €ach@int g
is @etermined By Ghe Gravitational @ad of gl Gownstream lthks gnd Ghe g
end-e ector Payload, ®gether gith Gheir Gspective Gioment &ms Gla-
tive © Mat @int. This Geatesgh Pherent Gade-o @ithin Be Gptimiza-
tion. Jhe Qurrent @hass@hodel Gerves@s g @reliminary @stimate @r the g
kinematic gynthesis §tage; @ ned @tructural @arameters @ill @e Ghcor-
porated @hce e Knematic @pology @ Galised @nd @etailed §ructural g
design @ gndertaken.

3. @ethodology

The Qitial Part of Ghe Ghethodology Presents @ Gew Qipeline that G-
ducesthe gumber Of Geachability @st goints @ Kjnematic Gptimization, J
while @reserving the @eometric gnd directional @ariety @f ¢he Gurface g
to Be gxamined. This @pproach gms © &ccelerate Gptimization Fithout g

sacri cing Cpverage Guality, gspecially & @Gpstricted gGeometries §uch gsJ
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Fig. @ @ Cfoss-section®f Ghe @D Geometry G ned By @ Bue Pane, Ehowing Geachability @st Goints @reen Gharkers) Gith Gormals Fed Grows) Gn Ghe Eurface.
The Bulti-DOF Gbot @ithin Be YV Batures BJack Erismatic @int @r Epsitioning, Bue Bhks @r Gptimized Gmensions, Ghd Eurple Gvolute @ints Gr Knematic J
parameter Gptimization, @Qustrated i 8P @p &hd §Jde Gews. (For Gterpretation 6f Qe @ferences® Eplour P Bis Gure Bgend, Ye Bader g Gferred @ Ge Feb §

version 6f Bis ticle.)

the Oterior Of g @uclear @ision @Gessel.Jhen, g Gnematic Gptimisation g
with @vo gbjectives, the @tal Ghk @ngth gnd the Gum gf @int Grque Jd
requirements @ §fatic ¢pnditions, @ Ptroduced @ Gnsure the Gbot can g
reach gl Ghe Grget Epints P Eosition Ghd Gfientation. Bor Gis, Ge Fon-
dominated Gorting Genetic @lgorithm ¢ NSGA-II) §35] & gmployed, g
which @ g@idely Qsed Guulti-objective Qptimization @gorithm That gi-
lizes g€rowding @stance Gechanismig Gaintain gdjverse gptof Bareto-
optimal gplutions. This Ghethod gciently Balancesgxploration By pre-
serving gplution @jversity @hile ¢pnverging @ward the Bareto fjont.

3.1. @urfacegustering@nd @achability goint Selection

Evaluating @eachability @gainst @very discretized Gurface @oint & J
computationally prohibitive @r Kjnematic Qptimization © ¢on ned ge-
ometries. Jhe gpproach Gonsists Gf Giree Gitegrated Gtages:(J) Guster-
ing the Gurface gsing g @ybrid Ghetric Gombining @osition, Gurface @ri-
entation, @nd @istance-to-port; () 6electing g globally gware fut Gom-
pact §et Of Gpresentative Gachability points per guster Ga g djversity-
optimized €coring; @nd (i) Building the §CA-basedgD Boundary Bulls g
for st Epllision grreening. This @duceste gumber 6f @st gpints Ghile g
maintaining €pverage 6f @eometric &d @rectional gariation @levant © g
optimization.

The @rocedure gegins @ith the @xtraction gf goints Gom the Ghesh g
le @eneratedfjom Ghe GAD ghodel. Bach €xtracted gpint § Gpresentedd
by the @llowing Gata:

Ap,my,dil ,-Zl (1)
where g E R® gre Qartesian ¢pordinates, f E R3 gre gnit gormals, ghd g
d; E R & he gigned @istance @ €he ehanipulator gntrance gort. Gor g g
case-speci ¢ §emonstration, the gxport Ghesh@e @nd the Gurface gor-
mals @irected @wards he gperation gpacedf the Gesselgre gxtracted g
from Ghe Ghodel Gpresented® Big. 0.

3.1.1. @ybrid g meansgurfacegustering
Clustering G g @indamental gnsupervised @arning @chnique gsedd

to Partition @data Gto Groups Basedgn Bature §milarity. G Popular Gp-

proach @ gmeansgustering, @hich gms @ Binimize Ye Githin-cluster g
sum gf gquared Qistances Qariance) @ Gluster Gentroids. Jhis Ghethod g
is @idely @mployed Becausetf i Glative ¢pmputational ciency ghd g
conceptual §mplicity, €specially ifj grge-scale@pplications ke §egmen-
tation ghd @ector Quantization PB6]. Gtandard gkmeansgsesg nimodal g
distance getric @pically Buclidean), @hich i@inits g gpplicability When g
data gxhibit Gwltiple Gatures Ghat distinguish Ghem Gr Ghen gmilarity g
cannot @e Gaptured @y Gpatial Gistancesglone. th Guch Gases,g Gybrid g
distance @etric fat ¢pmbines Gultiple @atures Can hable Gore §eman-
tically @yeaningful gusters.

In Ghis Ghethodology, Ghe Gybrid istance g pyy.1, j/ Getween Gvo g
points gand @@ de ned s e §um Of Biree Gormalized Gomponents:

hyb-bs il = posiidl * ang-b il +  gist-bh il

where Qs § Ghe Buclidean osition @istance hat groups gpatially gd-
jacent @gions @urvature/extension), g 8ccountsfgr Ge gormal gec-
tor gngular @i erence @hich Qroups @imilarly griented @atches gool-
ing/iview @plevance), gnd § 4i: Cefers @ @i erences @ igned Gistance g
to @ @ference goint @hich gmphasizes@ccessibility flom the gntry gort g
with gigybrid @stance Bat IBalancesgpatial Goximity, Igcal Gfientation, g
and @ccessibility. Ghese®@rms gre @e ned gspllows:

_ llp; * p;ll2
g, jl = ———, 2
pos-tsJ max. pos/ 2
- arccosh, A,/ 3
ang-LJI = “max. 1 ang/ > (3)

_ ld, * d|
st b Jl = ———, 4
dist->J max. g/ (4)

where @hax. posf, Ghax. ang/, @nd Grax. g/ Gepresent he Graximum g
pairwise @istances®r gosition, @ngle, @nd gntry-port @istance @und @ g
the gpeci c gurface goint ¢oud.

Clustering @ @hitialised @ia @* means ++ @37] gnd gpdated @era-
tively @sing Ghe Bybrid @stance Gyetric.During Ghe @erative Gpdate pro-
cess,gach gpint § gssigned® Ge Guster Ginimizing Gpyp, 8nd Ge Cen-
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Fig. 8 @lybrid Qustering @sults @r @) &= 4, @) O= 8, §hd @) = 16. Jolors @enote fusters. Cpcal BCA Ekesfpr fuster &e Gerlaid @ @dicate @pminant Gngent J

directions @sed @ter @r Bpundary-hull €pnstruction.

troid @r €ach guster g,, § Gpdated Bpsedon tie Grean 6f Ghe pmbined g
feature @ector @,,, n,,, d,,]. This @pproach igveragesiich geometric igfor-
mation © @ign Gusters Ghore gosely @ith Ghe Knematic Gisk Epntext.

Fig. @ ghows the Qutcome @f the @roposed Gybrid @ means gurface g
clustering ©@r ree @ erent Gumbers Of Qusters. Bach ¢plor Gpresentsg
a @istinct dluster gerived om €he GAD-basedBask gurface. Gor gach g
cluster, gigcal Brincipal Qomponent gnalysis @PCA) @ gerformed 6h Ge g
point goordinates @ @lentify @s gominant Gingent @irections. §peci -
cally, BCA@ecomposesthe lgcal Epint @stribution Gto Grthogonal €pm-
ponents: e Gt @hd gecondincipal €pmponents, §pan@e igest-t Gn-
gent @ane, Ghile ©e Gird ¢pmponent rrespondsg e gyurface@prmal g
direction 1, &, @&). Jhe @cal GCA@xes@re Qverlaid @s fhe §egmentsg
in Ge Plots ® Psualise Ghese Gominant Gfrections, Ghich &re Gter Gsed g
to gonstruct Ghe Boundary Bulls @r Epllision ghd Gachability Checks.

3.1.2. @lobally @ware erative electionfjom gachuster

To gnsure that Ghe Kfnematic gptimization § Griven by @ @orkspace g
representation ¢hat @ @oth @cally gccurate gnd @lobally gomprehen-
sive, ggJobally gware gplection §jrategy @ goplied @ e GJustered Bsk-
surface @oints. @vhile @ybrid @-means gurface @lustering gnsureshat g
points @ithin @ach uster gre gpatially Goherent, gurely Gcal Sampling g
can @verlook Cpverage Gapsi he gobal Gorkspace. Qo gddressthis, §J
selection gyocessat €valuates Gandidate gpints Got Gnly By Geir Grox-
imity @ @e Quster €entroid IBut gso By Yeir Gobal Gversity ig Gosition g
is gsed.

After the Gurface Qustering § Gompleted, g Gked @umber gf Gpre-
sentative gpints ig $elected@om €ach guster Pr Shbsequent@achability g
test gpint §klection. Bor €ach guster, Bhe §m G @ Bave Ghe Genter Goint g
(medoid) @nd @ Omited Eelection @f Gst @oints, Gnsuring Gadial gxtent, g
global goverage, @nd directional gpread. JJo gnsure Guster giversity, §J
sequential gdjacency-aware gelection glgorithm @ @roposed. Fhis gp-
proach @aintains igcal @jversity By @vouring gpints @ith @fstinct Gdial g

5

and gngular @roperties @ith @spect@® the Quster Genter, Ghile Gtro-
ducing g Gightweight gwareness@rm hat @enalises @edundancy @ith g
recently §plected @st goints @ Geighbouring gusters.

Letg, = "pm,i‘g'f @enote the Get Of &/, Goints B Quster g, gnd @,
its Gentroid:

1Y
Pn = N_ y4 pm,i (5)
m =1
For gach goint f},,; @ Gdial @stance § @e ned Gom Ge Gentroid:
Fimi = ”pm,i * pm”Z (6)
and {5 Onit direction @ector:
ﬁmj = M’ Tmi >0 (7)

rm,i

If gnit gurface gormals fi,; @e @vailable fom Ghe Ghesh Geometry, they g
are @ormalized @nd gssociated@ith gach goint.

The @st @presentative gpint @r €ach guster g BYe Gedoid, selectedd
by:

®)

This gnsuresthat the Gcal Quster genter @ glways gpresented Gh the g
reachability @st goints.

For the choice Of Ghe gdditional Eoints @ithin €ach guster, gs§foring g
function § Greated:

argminip,,, * Byll2

Smj = ARyt )“aAm,i * prprox-m’ il 9)

where @ @nd @, gre e Grdial gnd gngular Geight @rms, gnd @, gdja-
cency @eight genalty.

o
R, = %, r90 = percentilgy.r,, ;" (10)
m
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Fig. g @epresentative @achability iGpints §fter §Jobally gvare lection. Bpr €xch Quster: he &nter Gear g),) €hd Epints Eplected@fth Pe gorithm Gr Epundary g
representation. The €ptig @dially €ktended, Gobally €pread, §hd &nhgularly §verse, Goviding &Empact But Gformative @st §ptGr Gptimization.

Here, ¢f° genotes ghe goth @ercentile gf Gadial gistances @ithin g g
cluster, ghich @ ects Ghe gpical Quter gxtent Of gach Qusters.
For g Candidate @ith girection @, ; @d gready-selected@cal Grec-

tions O, ;

A [T}

m,i o m,j )’

=1*max
J
This @rm gncourages@ide ghgular geparation githin the §ame Guster. g
In Ghis @erative @djacency @enalty gddition, @nly @reviously @rocessedd
clusters @ithin gn gdjacency @indow @ @re gonsidered. get @0, ge-
note Ghe et OF Bpresentative Points gelected® Ghe @st g Yusters, Gith g
positions g, @enoting the Get Of Gepresentative Goints Glready Gelected g
across@he Qusters gp @ Geration @, gnsuring global @wareness@uring g
selection.
The Penalties gre Gomputed gs:

2
p i/ = maxexd * “pm,i *qill2
.m, il = _ .
prox p o r?no

|a, (11)

m,i

(12

where g, Gan ge gsed @ Gontrol the Gecay @ith distance gnd gngular g
di erence.

Fig. gidustrates @Ye @achability @pints @htained @sing Ye Eocedure g
proposedi@r &= 4, &= 8, &hd f= 16 Qusters. j €achChse,PYe ggorithm g
selectsg@ne gentral Goint @ocated @ear the Guster Gentroid @,,) Gnd G-
lects g gpints @ith @Eerative gelection fom €ach Guster Gpat e Grdially g
extended gnd gngularly Giverse. gs @ Gicreases@® g gnd @6, the @oint g
distribution @ecomes@enser gnd hore Gcally € ned, @ith goundary g
points €ppturing @er @eometric Getail Ghile Gaintaining @jobal §pread g
through @djacency-aware genalisation.

3.1.3. @ollision plane @enerationgnd Epllision Ghecking® the GV

During Ghe @ext Gtage, @here the gnematic QGptimization @lgorithm g
is @in, gpllision Ehecking @ Gecessary® ensure the @bot ¢pn guration g
can @ach the hosengpints gpfely. Yo Gerform Gis gciently, Te Gus-
ters previously Created &re Gsed, ghd Ghe 8D pPoints &re projected onto g9

2D @lanar @epresentation, @hich gnablesg Gist, gpproximate theck @r g
potential gpllisions.

For gach @,,, §CAQGn @ny @; gields @n grthonormal @asis &, vo, va/
where G, v,/ §hanthe @ominant @ngent Gane ghd ¢ Goproximates Ge g
local gormal. Qhe grojected Epordinates gre:

u=.p;* I_’m/Tvl, v;=.p;* l_’m/TVZ» w; =.p;* pmlTVS' (13)

A 2D Boundary Bull g,, § Gomputed om G, v;/ @ Brm gcpnservative g
guard Band @ . § @int Gosition gJE R § Gapped B

ST
u,=.x*p,/ vy,

In Gig. 6, §@presentative fJuster Giken fom Ghe processedyV Gith g
a Qybrid @means gurface glustering glgorithm & ghown glongside the g
plane gnd the @D Boundary projected gnto the Plane, Ghich § Gsed @r g
reducing the @mensionality of 8D §cattered goints.

Fig. @ ghows the @sulting Qollision Gurfaces@enerated ¢pr the VvV g
geometry @artitioned @ito @6 Clusters. §ach Quster gnd @s Goundaries g
are @ppresented @ith Ged Ohes, Ghich how the Gesult of the @lgorithm g
to Generate the @educed Gurface €presentation gf gach gluster @r the g
VV © Be @sed @r cpllision detection.

An gditional 1@le-based@hte i Gsed@ checki ghy jdint ¢f e @bot g
inside the gessel® O Gontact Qr gose @ gny @D Qollision @lanes. or g
each@int gosition @ Buclidean gpace,@presented @ith §=[q,,q,,4.]. §
the pllision ©f €ach@int @ith e gurface § Checked @ith Glgorithm O

v, = .X* Pl v, w,=.x* P,/ v, (14)

3.2. @ptimization Gethod

Two Opjectives, @ &nd @, &e de ned gs e ¢pstfinctions Pr gach g
candidate gplution E P © Ge gopulation:

npoF

f1= 0 (15)
i=1
1<, .

f2= =Yl (16)
m =
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Fig. § @CA-plane ghd Bpundary @knerated Jr g @presentative Guster. Ogft: fojection Gf Guster Gpints Ghto §,,v,/. Bight: Bpundary §,, &hd Gutward €pansion J

H; Ged@r Gst Epllision Ereening §f [dint Epsitions.

Fig. € gD Bpundaries @enerated Gr Ge KF16 Euster Case@r Greliminary @st J

collision §preening.

Algorithm @ BCA-planeBull ¢pllision check @r @@int Position.
Require: Joint @osition g E R3; guster @gata: gentroid gl BCAQasisg
V1, Vo, Val, gounq_elry Bull §; of gach guster
Ensure: Collision g “true, false’
: Plane @stance: @ < vi.q* u,/
Projection ® Plane: § < q* d,vj3
Local gD gpords: g
Qu<.q * ﬂ;/Tvl,gue.q
Hull Bclusion: @< InPolygon (.u, v/, H/)
Decision: g
if @, |<dy & h=true fhen
return Que (ollision}
else
return flse
rend §

* v,

©OXNDT AN E

o
[NES)

where @; @presentsthe @tal Ghk @ngth, @, the gverage gorm of the g
static @int @rque Gector Gvaluated Gver gll Gon gurations @=1,8 ,m, g
and @ the gumber Of Gachability Gst Points.

The @vo Opbjectives gre @valuated gether 8s Ghe Objective gector:
-f13f2/: FF.T,Evl, 17

where @ =~T,,T,,8 ,T,, § the et df desired Gisks Gpresenting the g
required ghd-e ector Posestdr the g Gachability Gsk goints, and g de-
notese design Gariables, iPcluding Kk igngth igwer ghd gpper Igpunds g
that @e ne Ghe Epnstraints.

The @alues @f @andidate @olutions g @enerated @y the @enetic gl-
gorithm @GA) @epresent ¢he Ginematic gee gnd @re gharacterized gy g
np,r + 1 Parameters:

E=[48 &), ,] (18)

For gach gandidate gplution, The @st @, Barameters gre Gubjected @ g
the ¢pnstraint @e ned © Ga. @9), @ith & @presenting Ge IYwer Bound g
and @ Gpresenting the Gpper Bound ©r Ghe Ghk @ngths, 8 detailed B J
Section &

Ib < 5.15§ Mpor! <ub (19)

The @st Garameter, g, .1, @sesbinary goding. Bhe gecimal Ghlues g
ranging @om @ @ @'ror *1 @ach @epresent g gnique gon guration gf g
the gnematic Gee, Hcorporating Gariations © gaw gnd gitch @ints, g g
discussed@® gection @. Jhis @pproach gnables the Gpresentation of @ll g
joint @pes @ithin Ghe Knematic Gee Brough @§ngle Gariable.

3.3. @itnesdinction ggorithm

Algorithm @ @rovides @ @chematic @verview @f Ghe @ptimization g
work ow @ @alculate ¢he gost gf goth gbjectives ¢pr gach gandidate g
solution @enerated By Ghe GA. This gork ow cuseson Gding Te §p-
lution @r gach Geachability Goint @nd Gomputing Ghe Gness Abjectives g
/1 8nd @. Bn Giverse Gnematics §plver gKS) § @pplied @ Gach gener-
ated Knematic §ructure @ @st Be @achability gpints ghd @ determine g
its asibility @r gptimization. The Gptimization Of Kjnematic humera-
tion § Gpresented @r @, + 1 Gariables B @ector Grm By @.8). Given g
a Gesired get of Gisk gosesW E 7 ©r gn gnd-e ector, Ghe OKS gomputes g
the @int gon guration @ectors G Gpat Bralize the Gesired gnd-e ector g
poses@hile @nsuring pmpliance @ith @esign Epnstraints.

The gness @valuation @inction @ F gssesseghe @erformance gf g 0
kinematic @tructure gy Qetermining @s gbility @ @ach g get Of Garget g
poses@ @hile @voiding Qollisions @ithin @ @rede ned @orkspace. Jhe g
algorithm Gkes the Knematic Garameter gector £ Ghe Set Of Grget Pose g
T;, gdditional design Gariables g @lated @ the Kinematic Gee Gon gu-
ration, @gnd @he geometric Ghodel Geo Gpresenting the gnvironment gs g
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input. The grocesslBegins By €humerating &h gdegree-of-freedom@oF) g
kinematic Gee ghd €ptting @ @itial @int €pn guration gector §,,; Gith g
a Glerance hreshold @ @ssessgccuracy. Jhe glgorithm €hen @erates g
through gach gachability @st goint §;, §plving the Bverse Gnematics g
(IK). @nce g plution G, ; § Obtained, the @lgorithm @valuates Gacha-
bility @a gn gror @inction @,,, @hich Gheasuresthe Geviation Between g
the gchieved gnd-e ector gosegnd the Gurget ;. Gh his gtudy, @, & 9
speci cally gon gured @ @honitor @ositional gccuracy @nd @xial glign-
ment @ith Ghe gurface @ormal, Ghile Gtentionally Gmitting e axial -
tation @oll) €pnstraint @ Gatch Ge BDOF ghture ¢f Ye Pspection Gsk. g
If g, Qls githin The Prede ned @lerance, the Cpllision Getection §ep
CollCheck @ performed © €nhsurete @int €pn guration dpes@pt Yo-
late gnvironmental ¢pnstraints @e ned By Geo. B Cases@here o Galid g
solution @ fPund, gcindomization §fep Explores Gternative Pitial @int J
con gurations By §ampling Gultiple §arting Epints i® Be €pn guration g
space,@ducing Be Gk ¢f Cpnvergenceld igcal Ginima Pherent ig Gon-
convex (K @roblems. @hen g @alid, gollision-free golution & @entied g
for gl ppints © g, Ge Gness Gpjectives § ahd @ &e Cplculated, Ghich g
are Qtilized @ @d The Bareto-optimal §plutions.

Algorithm g Bvaluation of Ghe @hess finction.
Require: &, @, 6, Geo

Ensure: fy, f>

1: Initialization: ¢

2: Generate@, Knematic Gee Gsing § v

3: Set@itial @int ¢pon guration gector G,; @nd Gachability gror ©l-
erance

4: for =1 ©® @ do

5. Solve @verse Rnematics: G ; < IKS.T;, ;¢ /

6: if gr.T; FK O, !/l <tolerance then

7 while QollCheck .60 ;, Geo/ == true @o

8: Update 8,; @a Qull-space @pulsive gradient g

9: Re-solve: 8, ; < IKS.T;, ;¢ /

10: if go @asible gplution Githin Pmited @erations Gen

11: break

12: end @

13: end ghile

14: if gollCheck .05, ;, Geo/ == false Bhen

15: Calculate gtatic @rque gorm {r; || ©r gh @st goint g

16: Oinit < Oso1; Pvarm-start gext Goint}

17: end @

18: else

19: Attempt Gindomization ©r gmited Gumber Of Sfepsg

20: if go @asible gplution Githin QGperational §pacethen

21: break

22 end

23: end @

24: end ©r

25: Calculate Ghess Opjectives @, f»
26: Return @, f»

The (K & golved gsing the gon-linear Gonstrained @ptimization @p-
proach, rmulation ®llowing Ghe Goproach Gtroduced By B8], Ghich g
evaluates e rward KJnematics g €achiteration ® €pmpute Ghe Grsk-
space@rror gnd @rovides gumerically €bust gonvergence @ithout €e-
quiring @xplicit gngularity @andling. Jhis @rmulation Ghcludes Gdun-
dant QoF@rough ®e @amped gseudoinversedf ®e Thcobian [30,39]. To g
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achieve Ghe plution Gonsistency gcrossgpatially gdjacent Gisk foses,d J
well-known ¢€hallenge i @dundant K ghere @ nitely Gany ¢hlid ¢pn-
gurations €kist fgr €ach@rget [B0], Be $hlver Gsesgcpntinuation Frat-
egyWhile ¢hecking f@r @achability gplutions. This gethod €hmprisesie g
converged @int gector @, ;+; om e Grevious Gsk Epint sprves@sBe g
initial Sped®r Ghe Gext, Bt ; = Oso+1 - Becauselhe Gisk Qoints ge oF-
dered By Quster gijacency, Bis arm-starting Gaturally @vours §nooth g
con guration @ansitions gnd Guppressesgdiscontinuous Himps getween g
IK golution gcross@i erent @eachability @st goints. @vhen the garm-
started gplution @sults @ g cpllision, g Q@ull-space Gepulsive gradient § g
used @ Grive the Gpitial int gon guration @;,; Gway Gom Che gbsta-
cle, @llowing Ge @dundancy @solution amework 6f [Gt0]. This glows J
the @pbot ® Gyd @ Epllision-free Posture that Shtis es Ghe Positional G-
quirement @ithout QGolating Bard @int Omits. @ Go Gasible §olution § J
obtained @ithin g gounded gumber @f gttempts, the @oint § Gcorded g
as gnreachable @nd genalised @ Ghe @ness @valuation. urthermore, 9
tube €pnstraint ig §plied G GGgical Yask: &y jgint Qopsitioned @itside g
of Ghe Gacuum Qessel@olume Before the Geployment @ort & Geated @s g
unactuated (; = 0), gectively Gducing the @ctive degreesaf fleedom g
until Ghe Bhk enters Ghe Ghain Gesselgorkspace.

4. @esults @nd @scussion

The @gorithm @ @hplemented gnd @sted & PIATLAB B2024a Gsing g
the guulti-objective SGA-II linction Pi1], Gxecuted @r g Ghaximum Of g
50 @enerations @ith g @opulation gize @f @0, Ginction @lerance & get g
to g§.005, gnd ghaximum @ftall generations § et @ g @r Gtopping Gon-
ditions. Jhese@alues @re Gelected Based gn g Balance Petween Gompu-
tational gciency @nd gplution Quality, gnsuring u cient gxploration g
of €he Gearch gpace@ithout Gacricing o Guch Gomputational gost. g
The Bareto fjaction i@ §pt©® @35, groviding gBplanced klection 6f Gon-
dominated gplutions. g grossover fJaction @f 9.8 § gpplied @ @romote g
genetic djversity @hile Gaintaining g@asonablefpnvergencegpeed.fs J
previously @escribed, @r gach gandidate golution, g ginematic gee & g
generated, gnd the gost @inction @ gvaluated gs Getailed Gh Gection G g
and gith Epnstraints Ghentioned ©® Gection 2.

A @-DoF gase® @hitially @valuated @ @neet the gesign gbjectives; g
however, go @asible golution ¢ @btained gecause@achability goints g
near Ghe gntrance gort Gsulted B Cpllisions Gith Ghe gnvironment. § § g
concluded Ghat Ghe Ganipulator Giust Gecessarily gccommodate Gedun-
dant gegree gf Geedoms @ gomply @ith the Ghape @f the gperational g
spaceghd @esign €pnstraints. The @dundancy @so ¢ntributes @ @ding g
a splution @r gny Gachability goint githout €elf-collision ghd cpllision g
with @he gnhvironment.

To gvaluate the g ectiveness gf the @roposed @famework, Ghdepen-
dent @ptimization @ins gre Gonducted @r gach Qluster gsolution ¢k =
4,8,16).The @ptimization @sults ¢pr the J QoF gase@re @resented th g
Fig. 0 © ©is @ure, Ye Gaxis @presentsfje Gt @pjective Chlue, Ghich g
is Ghe §um Of Ge hk @ngths, Ghile Ghe Gaxis @presentste gecond G-
jective, @hich @ the @tal Grque Gequirement gt gll eachable goints g
under glatic ¢pnditions. The Bjue Points Pdicate gl Candidate §plutions g
with @@glid Bverse Knematic §plution gnder Ghe §pecied Epnstraints, g
while e Green gpint @presentsje Bareto fJont §plution Gptained Gith g
the GA.

In gach Gase, the Gachability goints @re @btained By Yustering the g
CAD-derived gurface goints gnd the @ssociated@ormals gs @escribed & g
Section @. Oy gach glot Of 8ig. @, the gbow goint Jrade-o Eplution) § g
highlighted, @presenting g Balanced Gompromise Between Ginimizing g

Table g

Elbow-point @ade-o0) §plutions &Frossg
K fm  f, Nm/ Jgnt Qpe @inary) LGk Gbngths €h)
4 53es0  5@0.6858 1011101 10298 @4860 @7904 @6256 @8553 9104 7982
&) sS831 63598 1011010 00492 @7807 @5226 §7294 @5986 o031 o977
1§ 53238 632.8205 1011011 03272 @6104 @5879 7014 @7170 @8999 Go786
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Candidates Candidates
P Pareto Front
areto Front Elbow Point
1000 Elbow Point 1000 F‘ttozl)vC o
Fitted Curve 1ted Lurve
800 o 800
600 600
400 400
5 5.5 6 6.5 5 5.5 6 6.5
f1 fl
(a) k=4 b) k=8
Candidates
1000 Pareto Front
Elbow Point
Fitted Curve
800
&
600
400
5 5.5 6 6.5
f1
(¢c) k=16

Fig. § Qareto fipnt €plutions Gr K4, KF8, &hd KF16, €howing Be @stribution €f Gasible §hlutions i§ Ge G, 1o/ Ebjective §pace.Bed Parkers igdicate Pe €bow J

point €plution i@ €ach Ehse.

/1 8nd @. This § Selected @sing Ghebyshevfalarization Ghethod B2], g
in @hich gach @areto golution & Gormalized, gnd he Gne Ghinimizing g
the Ghaximum Of Ghe Gvo Gormalized @bjectives § ChosenBi3].

To @rovide @ gonsistent Benchmark @crossguster Gases,the glbow-
point @rade-o) €Golution Gom @ach Gareto Gont § @Gresented. Jable § g
summarises@je gbow-point @ade-o) $€plutions Gptained @r Y= 4, P=
8, @nd g = 16 QJusters.

All three glbow-point golutions Gonverge @ gmilar @int-types, €-
ecting gs§jrong Bas Gwards proximal gaw @ints Gterleaved Gith @fs-
tal gjitch @ints. This §fructure Supports Ghe Earlier Goservation Gat gaw Jd
joints @laced @roximally €educe gctuator @rque gemands @y Gverag-
ing Gravitational upport. Gcross@l ases,the Gtal Ganipulator @ngth g
stabilises ground §.48-5.53 @h, @hile the Gtatic Grque Gequirement G-
mains gonsistently @igh ¢ 570-675 §m). Jhe @int Gpe Gpdicates that g
yaw @ints QL) Gominate the @roximal Gnks, @ith @itch @ints ) gsedg
sparingly i Ge Giddle 6f Ge Chain. B gl Yree Cases,Be Gptimal §plu-
tions gxhibit Proximal placement 6f gaw @ints, Ghich Geducesgctuator g
torque @quirements B Wansferring Gavitational Igads @ Ye Ganipula-
tor §ructure igstead 6f Ye Gtuators. This Goservation @ €pnsistent @ith g
the @ends @entied gr Ghe YOoF €pn guration @sults, Ginforcing Ge g
design @rinciple @hat @roximal @aw @ints gre gene cial G @ng-reach g
manipulators.

Beyondigentifying @¢peci ¢ @vtimal €n guration, e Baretoonts g
generated gcrossthe garying @luster @esolutions @k = 4, 8,16) gemon-
strate Ghe @ramework's @apacity @ @xtract Gundamental @ngineering g
heuristics @r Ghe fystem@ith @ Caseffudy. Gystead Of Gherely Gonverg-
ing 6n g¢ngle @sult, Bie goproach Puminates e @on-linear Gade-os g
between @tal Ighk i@ngth, @int §quencing,@hd &ctuator @rque @quire-
ments.

* Low-torque, Igng-length $plutions Typically @ u 5.80-6.301@ @ith g
f> U 450-5509m. Thesedksignsgilize groximal gaw @ints © Gver-
age e gructure @r Gavitational gupport, §gni cantly @ducing &c-
tuator @emand.

High-torque, gshort-length Qgsolutions QCharacterized gby gf; U
5.20-5.35 @ gnd @, > 700 @m. Jhese Gompact gon gurations @Gften g
employ g @ase@itch @int, @hich Gcreases@int @rque Que @ €e-
duced §fructural @verage ggainst gravity.

Elbow-point @rade-o) @designs @r gach @ Galue Gl Gonsistently g
around @ U 5.40-5.70@ @hd @ U 570-700Fm. Thesecpn gurations J
are @haracterised gy @ @rismatic pint Gpllowed gy gaw gnd @itch g
joints, @here gaw @mains Gominant § Ghe Groximal Gortion of the g
chain. @his @tructure @alances@eachability @nd @rque @ ciency, g
yielding gompact get ghechanically asible Ghanipulators.

Fig. 8 @ustrates Qe splution & Ge gbow Epint ©Gr Ge = 8 Yuster. g
In @e Gsualisation, Fhw jgints &e ghown ig i@d ghd @tch jgints ig Green, g
while e Ghanipulator Gp & Gepresented By @ Gone Gadicating the @ld g
of gew. @n the GAD-extracted Gessel§urface, the Gesignated gntrance g
port @ @harked Gy @ grcle, through @hich the @bot § deployed dsing g
the Base Prismatic @ctuator.

The @ptimized @lbow @oint Ginematic Gtructure @an ge Gompared g
against @xisting ¢hanipulators @esigned @r gimilar gon ned @nviron-
ments. Jhe Guper Qragon 7], the GIA 8] that gmploys Gerial ghains g
with @entical gonsecutive gevolute dnk Gections. Glowever, @rismatic g
translational deployers gccompanied @ith Gpitial gaw @ints Gave Been g
adopted @r Grger Beavy-duty @ision @hbots, Such @s the GFETRGulti-
purpose gverload @bot CMOR) (B2], §9-DOF gerial Ganipulator @ith g
a @ptal Gength @f gp @ 0.8 @, deployed @ia g @rismatic pil Gystemg
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Fig. 8 Gour €pn gurations Gr Gachability @st Gpints §f Ge Gptimized Ganipulator Gven i Table OGr KF8.

Fig. @ @raphical @presentation &f Ge Epverage Getric.

for Beavy-duty Gaintenance githin §g45° gector 6f Bhe Gacuum gessel.g
Similar @esigns@ith Gitial gaw @ints Bave Been Gdapted Gr Brger de-
ployers [#4,45] @ enable @mote ghaintenance Of fision Gactors. How-
ever, @ the guthors' gnowledge, go Gptimized Gnematic Gtructure @r g
a fiphtweight Gapid Bspection Ghanipulator { fWision gnvironments fas g
been @ported O the Grerature, Gicking g @irect Gomparison gf the €e-
sulting ®pology.

4.1. @omparative@sults@r g=4, §=8, ghdg= 16

To gssesdhe Gtability @f the gptimization, Chree Ghdependent gins g
are Gponducted @r gach guster @solution. he gbow Eplutions Gre Gre-
sented @ Jable @ @ith Ghean Galues gnd Gtandard geviations @r gach g

run. gl @mputations &e Performed 6h @ptop €quipped Gith & Gitel g
Core (J-13700H (.40 GHz) @rocessorgnd @6 GB gf @AM. gcross the g
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Table g g
Summary €f Gptimization @sults gcross@ree @ns Gr @ erent g
cluster @solutions @).

@psters@)  Mpan @] Mpan g ©®m]  Man Buntime
9 552,0.08 58177,16 .5 24 7(0 45 3 K9
&g 551,0.07 657.64,32.2 P IgQ 9
19 5.55,0.09 63188,21.3 099G 9

resolutions, e @tal Ganipulator Gngth ) abilized Between 845 & g
and .65 @, @hile the Gtatic Grque ¢f,) Gemained @ithin @ Gonsistent g
range ¢f §70-676 gm. Fotably, e @ptimized jgint €bn gurations gerossg
di erent @ns ¢pnsistently grioritized Eroximal gaw @ints Gllowed By &9
pitch @int © gl 6f Be @sults, @inforcing Ge Gesign Erinciple Bat guch g
an @rangement Igetter igandles @ravitational Igadsig ilgng-reach §ystems.g
While fhe €pmputational €pst@creasesdith Bhe Gumber 6f Gusters, G-
ing lom @pproximately 5§08 ®r € =4 © Gore Ghan U0 § Gr g= 16, the g
convergence §f the @, gnhd @, Galues shows that Gven @wer Guster Gps-
olutions €an §fill @entify Gable ghd Gonsistent Gnematic Gandidates.

When @valuating @hree @luster gpsolutions, @ = 4,8, 16, goubles ¢he g
test @oints @hile @ystematically Gronitoring @onvergence, the @im G g
to @entify €he mallest @ that greserves@ose goverage Quithin @osi-
tion/normal ®@lerances) gnd gelds g table Bareto fJont. Yherefore, @r g
the Gelected @eometry gnd @lerances, § = 4 @rovides the Ghstest§can, g
while g =8 gan Qe Geserved @r Gases@equiring gxceptionally Ghe ur-
face @etail g§hd @ Gpserve Be §pread Over lgrge Gumber Of @st Points. g
On Ge Gther Band, g= 16 Gemonstratestat g Ghnecessarily Gense §e-
lection ©f Ppints @oes@ot Epntribute © Enproving Esults Ghile Pereas-
ing Ghe Gomputational Gost. Jhis Gesult on rms Ghat the Gonventional g
approach Of 8electing @ Grge Gumber of gniformly §parse@st goints § g
unnecessarygnd often gndesired.

4.2. @omparativegsults@ith gther Samplingghethods

To gvaluate the gciency Of the groposed fhethodology, g Gompar-
ative gtudy @ gonducted @ggainst ¢hree @tandardized gpatial §ampling g
baselines: garthest Goint Gampling ¢FPS) (4], gpatial §-medoid Q46], g
and @niform oxel-Grid @ownsampling §47]. Gach ¢hethod @& @valu-
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Fig. @0. @omparative @nalysis 6f Gptimized gnematic §ructures Gsing G erent Eurface Gownsampling Gyethods: Garthest Goint Gampling FPS), §-medoids, Ghd g
Uniform Sampling. @op) Dfistribution € @achability @st @pints @V = 16) Gapped Ehto He Ghcuum Gessel V) §hirface Gr €ach Gethod. iddle) Bareto Epnt Gots J
illustrating e ©ade-o IGktween Pe Yo @ptimization @pjectives Gr €ach €hmpling €n guration. @ottom) Byaluation ¢ e €hosen€lbow-point Gructures Bhsed@h J
the Gurface Joverage @ ov~) Getric, Ehlculated crosshlidation €kt 6f 0500 Ghiform §irface Gpints & ustrated P Gg. 9 Detailed Garameters Gr Ge Gptimized J

con gurations e Gfovided i§ Qable

ated g shmpling Gumbers 6f § = .16, 32 64/, @hich g Bie $gmeGumber g
of geachability @st goints gsed @h the gptimization @ith g=.4,8,16/. g
For the proposed §urface fustering Ghethod, gach Of Ghe g Gusters ¢pn-
tributes @ne ghedoid gnd Ghree Goundary @oints, Gesulting th @V = 4k
reachability @st goints Q.e., @ =16, G2 gnd G4 ¢r =4, g, gnd g6, g
respectively). Jhe Baseline Ghethods @re Gvaluated @t Ghatching §ample g
sizes® @nsure gfir Gpmparison.

For €ach gptimized Knematic §ructure, igverse Knematics i@ splved g
for gl @500 Qalidation @oints. Jhree @hetrics @re then Gomputed: Gosi-
tion Grror (PE%), the Percentage Of Ghe G500 Points ©r Ghich Ghe gnd-

e ector Qositional grror gxceeds@O01 @h; Qrientation grror DE%), the g
percentage @pr @hich the @ngular geviation Getween the @ol @xis gnd g
the gurface @ormal gxceeds@b deg; gnd Gurface Goverage Cov%), the g
percentage ¢f goints Bhat Can Be Ehveloped By Bie Shmpled goses.Thesed
thresholds gre gelected @ glign @ith ¢he Gtrict Gequirements @r @ine-
matic @ositioning @ @mote Ghaintenance. Yhile Gal-world gperations g
will @corporate gdditional €ror €pntributions @uch &lthk @e ections, J
joint @acklash, gnd @Gontrol/feedback @ariances) the @lerances @r the g
kinematic @ptimisation QPE &d GE) &e Kppt @tentionally Gphter than g
expected ghysical @psitioning €ror @r Kinematic ¢hecking. This éhsuresg
that fhe @enerated nematic §fructures provide g@bust Pundation ©r g
the @verall Gositioning @quirements.

11

The ¢pverage Getric g €valuated By §mulating gQuncated gyramid g
Field-of-View @FOV) gblume & €ach liccessfully @ached gose. §s Qus-
trated @ Big. 8 €achénd-e ector €pon guration @ Godeled Gith g go°
FOV @nd @n @perational depth ¢inging @om g.1 ¢h @ J.4 6. Gor ach g
target, g @achability @st goint § @e ned 0.3 th Gway Biom e urface g
along the gormal @ector (ndicated @ Olack). @ Surface goint § Passi-
ed @sCpvered (ndicated @ Green) @) @ Gsides@ithin Ghe Oitersection g
of Ghe gnd-e ector's GOV @lume gnd the Grget Surface. Ghe Ghal Opet-
ric, ov~, § Chlculated gs Ghe Gitio Of Ghe Gumber Of Govered Points @ J
the @tal Gumber Of goints B the Galidation Eet. Phis Ghetric Gectively J
quanti es @e Ehpacity 6f g§peci c @ptimized KJnematic §ructure @ -
velop e Gperational gea gsing the Spmedjscrete §et 6f Sampled Posesy
for Gpe Gsual Pspection Chse.

In gig. JO ¢he Qaselhr @ = 16 @r Che Gampling Ghethods gsed Ghr g
comparison @ @ustrated @y Cheir €eachability @oint, Gareto @lot, gnd g
surface goverage @presentation. Burthermore, Oable g Presentsg gom-
parison 6f gl Gyethods, Gcluding e Proposed Ghethod, Gith Gumerical g
results @br the @erformance @netrics PE%, QE%, gnd Gov%).Notably, g
the BPShethod @ppears® Perform Better Ghen Ghe Bareto-optimal g-
bow gplution § gvaluated gcross@500 @eachability @oints. Jhe @Gybrid g
Surface Glustering @hethod gonsistently Qutperforms gpatial-only gase-
lines @y @veraging gormal-vector glignment gnd gpeci c @achability g
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Performance aluation € iGhematic §ructures gptimized @r Gachability @st @ints @) Ging @erent g

down-sampling @ethods.

Method NG bR g G

g% dF%n @ g% &% @ve G @& % @ve
Wiform Gid $hmpling 1940 1933 8ge60 53  7G3 g9 0 a3 9916
Fgs 1@ 1927 6§21 40 40  9G43 oQo g3 9dGsi
KGMedoids 60 Ho7 5853 2@ 1947 7@83 sPo 5F7 @58
Yrface Qustering 7 637 P46 2AP3 403 9995 130 3P4  9gel

distances, gnsuring uperior geometric Qlelity @ven gt hw gampling g
densities.

The gpomparative Gesults @ Table 8 provide @ practical guideline §r g
early-stage @esign gynthesis. @hile gtandard Beuristic Gethods guch @sg
Uniform Gampling gnd §PS@ave @een gtilized gniform gpatial gistri-
bution [p4], they @re @indamentally Gisk-agnostic §nd Gan Bad @ Qer-
formance @egradation @y Gonstrained @botics @pplications (P9]. s &/
increases® 64 @r = 16, Ghese Gethods Begin © Goproximate Ghe Per-
formance @hetrics @f the groposed Ghethod. Glowever, gt Gwer @solu-
tions QN = 16) Gr g = 4, Gurface Qlustering gigni cantly @utperforms g
alternatives, gchieving §7.46% Goverage Gompared @ Only §3.53% @r g
K-Medoids, §0.60% @r g QOniform Grid, gr §8.21% Gr §PS.Gonsider-
ing the §raling 6f pmputational Gme Gom =4 © g= 8, the Proposed g
clustering @pproach gnables@n gective @reliminary gcan. 8y @entify-
ing Gtable Rnematic §ructures @t @w Guster Gounts Fithout Gquiring g
high- delity @e-tuning, e amework @ducesé€prly-stage Gesign @in-
time.

5. @onclusion

This §fudy Presented g Rfnematic @ptimization @amework @r ©Ong-
reach @rticulated @Ghechatronic gystems,Je., @botic @hanipulators, §pe-
cialised @r Gervice gpplications @iside Ghdustry gon nements €hrough g
port gccess.The groposed @esign Glamework § @resented BasedGn the g
use Gase df Bhspection Gpside g @ision Gacuum Pessel. Ghe Gore Govelty g
lies @ g Bybrid Gurface-clustering gf GAD Geometries gombining @osi-
tion, gormal, ghd @stance-to-port) @ith g globally gware Selection of §J
speci ¢ gumber @f goints, gnd g Gghtweight §CA-plane @rojected gol-
lision ghecking. @vith hese, the @inematic @ptimization @ipeline @ith g
NSGA-II @ @htroduced @ @nsure hese gomponents groduce gompact, g
coverage-preserving Geachability gets@hat €igni cantly @duce Gompu-
tational @ost @hile Ghaintaining Gisk @elity. @hile the Ghodel Gsed @r g
the Case§judy provides gundational geometry @r dentifying Gptimal g
link-joint €pn gurations. The @presentation gervesgs gGkcessary@er-
ing Stage @ Bolate figh-performing Gandidates r Wirther gngineering g
re nement.

After @ptimization, @nce @areto gutcomes @tabilized, the @esigner g
can g Ohe §mallest Quster Cpunt that PreservesCpverage ghd Gen g-
ciently gxplore Rfnematic Gpnstraints @.g. Ghanging Gaximum @glowed g
link @engths, Ghspection @lerances, @r @iewing distances) gt Gubstan-
tially @educed gomputational @ost. @he famework gemonstrates ¢hat g
clustering-based Gisk @:duction Gicilitates §ystematic, garly-stage gne-
matic ynthesis @®r gon ned @nvironments, @hile @maining gdaptable g
to Ghangesi) Gessel@eometry, Epnstraints, O Bspection Gquirements.

With Ghe Gaseffudy Presented @r Ghe Guclear @ision gacuum gesseld
inspection, g @hulti-objective QSGA-II @intly @ptimizes the @hanipula-
tor's @inematic @pology @nd @imensions gn the Geduced Gask Gets® J
minimize @tal @Gngth gf;) gnd Gtatic Grque gf,). Fhree thdependent g
optimization @ins @r gach gluster @solution ¢k =4,8,16) Gonrm e g
framework's €pbustness,@ith glbow golutions gonsistently Gonverging J
to @tal Ghk @ngths Of 05.45-5.65 @ gnd @roximal gaw @ints gmerg-
ing gs the gominant @tructural @end gcrossgll @ins. Jhe Gomparative g
results @on rm €hat Gonventional §ampling Ghethods gan glso @lentify g
satisfactory @inematic @tructures @hen @ gu ciently Girge gumber gf g
task goints @ gsed. gowever, Bhe Proposed Surface ustering gpproach g
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achievesEpnsistent @sults gith g¢§Jgni cantly @duced get 6f Gachabil-
ity @pints, @hich @ garticularly gdvantageousfyr @grative design gork-
ows @here gesselgeometry, gort gimensions, @r Ghspection gquire-
ments Ghay gvolve, gnabling Gapid G-evaluation @ithout Ghe Gomputa-
tional ¢pst Of GenseSpmpling.

This §udy €ptablishesgi@bust Ppeline @r €prly-stagekjnematic €yn-
thesis, gtilizing mplied QAD @hodels @ @haintain he Gomputational g
e ciency @ecessarylyr the fGigh-volume @Eerations Of Ghe Genetic lgo-
rithm. @s guch, gects icluding §fructural @e ection, @brations, @int g
backlash, gnd gontrol @ccuracy gre got Gaptured Gh the Gurrent Game-
work @nd @present imitations hat Ghust Be GddressedBefore ghysical g
implementation. @uture @esearch@ill @cus @gn Ghtegrating Chese gpti-
mized §jructures igto gh- delity Gulti-physics €nvironments © €valu-
ate @ynamic gerformance, Pcluding gructural Gbrations ghd @ ection g
under @arying @ayloads, @hich gre @ritical @hctors Gr @ng-reach ha-
nipulators @ fision ghvironments. Barallel ® Gese §mulations, irther g
investigation @hto @mote gctuation Ghethods gnd Gardware Gasibility g
tests @ill Be Gonducted @ Gnsure the Gptimized §fructures Can Be phys-
ically @alized @ithin e Gactor's §fringent ghvironmental gonstraints. g
Building gpon the @reliminary K trategy @resented gere, ubsequentg
work @ill gvolve the @amework Gto @ @ajectory @lanner. Jhis Gllow g
investigation @hd @hplementation 6f gdvanced €pntrol ghd &ktive Ybra-
tion guppression§rategies @ gnsure foth gpllision @voidance gnd Pre-
cision @ositioning. Ginally, the Gptimized €fructures @entied @Grrough g
this @hethodology @ill Be Galidated Ga Gxperimental Gsting Gn g ghys-
ical prototype ©@ bridge e Gap Between Kjnematic §ynthesis @nd Gper-
ational Gpality.
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