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�g a b s t r a c t

Industrial �gapplications�ginvolving �ghazardous�gmaterials�goften�grequire�ginspection�gwithin �gcon�ned �ginteriors, �gposing�g
signi�cant �gchallenges�gdue�gto�grestricted�gaccess�gand�gcomplex�ggeometries.�gThis�gpaper�gpresents�ga�gtask-driven�gde-
sign�gsynthesis�gframework �gfor�goptimizing �gmanipulators �gfor�gfull-surface�ginspection�ginside�ga�gnuclear�gfusion�gvacuum�g
vessel.
�g To�gfacilitate �gthe�gkinematic �goptimization �gpipeline, �gwe�gintroduce �ga�gmethodology�gusing�gunsupervised�gsurface�g
clustering�gof�gCAD-derived�ggeometries�gto�gextract�ga�gcompact�gset�gof�greachability �gtargets,�gcombined�gwith �ga�g2D�gplane�g
projection �gmethod�gfor�gfast�gcollision �gpre-checks.�gUsing�gthis�greduced�gtask�gset,�ga�gmulti-objective �gNSGA-II�gsimulta-
neously�goptimizes�gkinematic �gtype�gand�gdimensions�gto�gminimize �gtotal �glink �glength�gand�gstatic�gjoint �gtorques�gwhile �g
satisfying�greachability �gand�gcollision �gconstraints.�gThese�gmethods�gare�gformed�gas�gan�gintegrated�gpipeline �gthat�gsystem-
atically �gbridges�gthe�ggap�gbetween�gabstract�gand�gevolving �gtask-space�gde�nitions �gand�goptimized �gkinematic �gsynthesis�g
for�gcon�ned �genvironments.
�g A�grepresentative�gcase�gstudy�gof�ga�gnuclear�gfusion�gvacuum�gvessel�gdemonstrates�gthat�gthe�gframework �ge�ciently �g
identi�es �gconsistent�gdesigns�gwith �grespect�gto�gde�ned �gsurface�ginspection�gmetrics.�gCompared�gto�gconventional �gsam-
pling �gmethods,�gthe�gproposed�gapproach�gachieves�gsuperior�gtask-space�gcoverage�gwith �gsigni�cantly �gfewer�greachability �g
points.�gWhile�gconventional �gmethods�gcan�galso�gyield �gacceptable�gresults�gwhen�ga�gsu�ciently �glarge�gnumber�gof�gtask�g
points�gis�gused,�gthe�gproposed�gapproach�gmaintains�gconsistent�gperformance�geven�gwith �gsigni�cantly �gfewer�gpoints,�g
achieving�gmean�gruntime �greductions�gof�gup�gto�g52%.�gThe�gresults�gdemonstrate�ga�gsystematic�gand�gcomputationally �gef-
�cient �gapproach�gto�gthe�gearly-stage�gdesign�gof�glong-reach�gmanipulators �gfor�gaccess-limited�gcon�ned �genvironments.�g
Although �gdeveloped�gfor�gfusion-vessel�ginspection,�gthe�gframework �gcan�gadapt�gto�gchanges�gin�ggeometry,�gconstraints,�g
and�gtask�grequirements.

1.�g�gIntroduction

Engineering�gapplications�gfor �ginspection�gand�gmaintenance�gof�ginterior �g
surfaces�gin�glarge,�gcon�ned �gspaces�gwith �grestricted�gaccess,�gsuch�gas�gindus-
trial �gtanks�gand�gvessels,�gpose�gsigni�cant �gchallenges,�gespecially�gdue�gto�g
hazardous�genvironments.�gMechatronic�gsystems,�gcommonly�grobotic �garms,�g
have�gbeen�gwidely �gutilized �gand�gdeveloped�gin�gindustrial �gpractice,�gas�ghigh-
lighted �gin�g[ 1], �gwith �gsimilar �gchallenges�grelated�gto�gcon�ned �gand�ghazardous�g
environments.�gAmong�gvarious�gservice�gapplications�gin�gthe�gmanufactur-
ing,�gtransportation, �gand�gnuclear�gsectors�g(see�gadvancements�gin�g[ 2–4] �gre-
spectively),�gfusion�greactor�gvessels�gare�gone�gof�gthe�gmost�gchallenging�gcon-
�ned �genvironments�gdue�gto�gtheir �glimited �gaccess�gports,�gcomplex�ggeome-
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tries,�gand�gcollision-free �greachability �grequirements,�gall �gwhile �gmaintaining �g
the�ggenerality �gof�gdesign�gchallenges�gand�gsolutions.

During �gthe�goperation�gof�ga�gfusion�gpower�gplant, �gplasma�gis�gcon�ned �g
within �ga�gtoroidal �gvacuum�gvessel�g(VV)�gby�gstrong�gmagnetic�g�elds �g[ 5]. �g
Plasma-facing�gcomponents�gare�gexposed�gto�ghigh�glevels�gof�gradiation �gand�g
high�gtemperatures,�gresulting �gin�gmaterial �gactivation �gand�gdamage.�gA�g
planned�gmaintenance�gschedule�gis�gtherefore�gnecessary�gto�gmaximize�gplant �g
availability �g[ 6]. �gHowever,�ghuman�gentry �gis�gprohibited �gdue�gto�ghazards,�g
making�grobotic �gsystems�gcrucial �gfor �ginspection�gand�gmaintenance�gwithin �g
the�gVV.�gRemote�gservice�gmanipulators �gmust�goperate�gin�ghigh�gradiation �gand�g
magnetic�g�elds, �grendering�gconventional �garchitectures�gunsuitable.�gFur-
thermore,�gthe�gVV�ggeometry�grequires�glong-reach,�gslender�gmanipulators �g
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that �gface�gchallenges�gincluding �gstructural �gcompliance,�glarge�gjoint �gtorque,�g
and�greduced�gsti
ness. �gRepresentative�gsystems�gsuch�gas�gthe�gSuper�gDragon�g
[ 7] �gand�gthe�gArticulated �gInspection�gArm�g(AIA) �g[ 8] �gexemplify �gthe�gneed�gfor �g
bespoke�gmechatronics�gtailored �gto�gthese�gconstraints.

Despite�gextensive�gresearch�gon�gtask-based�gkinematic �goptimization, �g
including �gapproaches�gthat �gintegrate�gdimensional�gsynthesis,�gmulti-
objective�gframeworks,�gand�gadvanced�gcomputational �gheuristics,�gcurrent �g
literature �ghas�gnot�gfully �gaddressed�gthe�gunique�grequirements�gof�glong-reach,�g
slender�gmanipulators �goperating�gin�gthe�gconstrained�genvironments�gof�gfu-
sion�greactors.�gIn�g[ 9], �ga�gtask-oriented�gdimensional�gsynthesis�gmethod�gis�g
proposed�gfor �glaser�goperations�gin�gaero�gengines,�gdemonstrated�gthat �gopti-
mizing �gboth�ggeometry�gand�gjoint �gvariables�gfor �ga�gdiscrete�gset�gof�gtask�gpoints�g
can�gsigni�cantly �gimprove �gperformance�gin�gnarrow �gspaces�gcompared�gto�g
conventional �garchitectures.�gThis�gparadigm�gof�gtailoring �gmodular �gcompo-
nents�gfor �grestricted�gvolumes�gis�gfurther �gre�ected �gin�gthe�gdevelopment�gof�g
steel�garch�glooping �gmanipulators �gfor �gtunnel �gboring �g[ 10] �gand�gthe�gstruc-
tural �gsynthesis�gof�gparallel �grobots�gfor �gcryogenic�ghandling �g[ 11], �gwhere�g
multi-objective �gparticle �gswarm�goptimization �g(PSO)�gis�gleveraged�gto�gbal-
ance�gkinematic �ge�ciency �gagainst�gactuator�gforce�grequirements.

In�grobotic �gdesign,�gdiverse�gstrategies�ghave�gbeen�gexplored�gto�gen-
hance�gadaptability �gand�gworkspace�gcoverage�gthrough �gmodular �garchitec-
tures�g[ 12] �gand�gthe�gimplementation �gof�glocalized�gperformance�gindices�gfor �g
workspace�goptimization �g[ 13]. �gThese�gframeworks�ghave�gevolved�gto�gin-
clude�guni�ed �gstructural �gdimensional�gsynthesis�gusing�gheuristic-guided �g
searches�g[ 14,15], �gas�gwell �gas�gblack-box�gand�gdeep�greinforcement �glearn-
ing�gstrategies�gto�gmanage�gthe�ghigh-dimensional �gdesign�gspaces�ginherent �g
in�gmodular �gsystems�g[ 16,17]. �gAnother�gcritical �gaspect�gof�gthese�goptimiza-
tions�gis�gthe�gdesign�gof�goptimization �ggoals;�gfor �ginstance,�gChen�get�gal. [ 18] �g
utilized �gsimulated�gannealing�gto�gevaluate�gsimultaneous�gkinematic �gand�gdy-
namic�gperformance,�gwhile �g[ 19] �gdemonstrated�ghow�gthe�gselection�gof�gdif-
ferent�gtorque�gindices�gyields�gdistinct �gtrade-o
s �gbetween�gjoint �ge�ciency �g
and�gworkspace�greachability. �gA�gmulti-objective �gdesign�goptimization �gap-
proach�gis�gproposed�gin�g[ 20] �gby�gintroducing �gvirtual �gjoints. �gThey�gtrans-
formed�ga�gnon-redundant�gmanipulator �ginto �ga�gkinematically �gredundant�g
one,�genabling�gredundancy�gresolution �gmethods�gto�goptimize �gstructural �gpa-
rameters.

In�gthe�gcontext�gof�grobot �gdesign�goptimization, �gthe�gkinematic �gdesign�gof�g
articulated �garms�gfor �ginspection�gtasks�gin�gpower�gplants�ghas�gnot�gbeen�gex-
tensively�gstudied�gusing�gtask-based�gapproaches.�gSpecialized�gapplications�g
remain�gfocused�gon�gdecommissioning�gplatforms, �gsuch�gas�gdual�gseven-DOF�g
arms�g[ 21] �gand�gcable-driven�ghyper-redundant�gmanipulators �gdesigned�gto�g
navigate�gharsh�gindustrial �genvironments�g[ 22]. �gRecent�gfeasibility �gassess-
ments�gfor �gin-vessel�ginspection�gsystems�g(IVIS)�ghave�gfurther �gexplored�gthe�g
suitability �gof�gsensor�gtechnologies�gand�gstructural �gintegrity �gunder�gvacuum�g
and�gextreme�gthermal �ggradients�g[ 23].

From�gthis�ganalysis,�git �gis�gclear�gthat �gkinematic �goptimization �ghas�gbeen�g
extensively�ginvestigated.�gHowever,�gmost�gexisting�gstudies�gassume�ga�gpre-
de�ned �gset�gof�gtask�gposes�gand�gdo�gnot�gaddress�ghow�gsuch�gtask�gsets�gshould�g
be�gderived�gwhen�goperating�gin�gcon�ned �genvironments�gwith �gcomplex�gsur-
face�ggeometries.�gIn�gnuclear�gfusion�gvacuum�gvessels�gand�gsurroundings,�gin-
spection�gfeasibility �gdepends�gnot�gonly �gon�greachability �gbut�galso�gon�gsurface�g
orientation �gand�gaccessibility�grelative �gto�gconstrained�gentry �gports.�gThere-
fore,�gderiving �ga�gsemantically�gmeaningful �gand�gphysically �grepresentative�g
subset�gof�gtask�gpoints�gfrom �gdense�gCAD-derived�gpoint �gclouds�gbecomes�ga�g
critical �gpreprocessing�gstep.

Deriving �ggeometrical�ginformation �gfrom �gthe�gvacuum�gvessel�gpoint �g
cloud�grequires�gprocessing�gthe�gpoint �gcloud�gdata.�gHowever,�gpoint �gclouds�g
for �gintricate �g3D�ggeometries�goften�gcontain�ga�gprohibitive �gnumber�gof�gpoints,�g
rendering�ghigh-level �ganalysis�gcomputationally �gintensive.�gConsequently,�g
e
ective �gdownsampling�gmethods�gare�gessential�gto�gmaintain �gtractability. �g
In�gpoint �gcloud�gprocessing,�greduction �gof�gdense�gsurface�gdata�gis�gcommonly�g
performed�gusing�gheuristic �gdownsampling�gstrategies�gsuch�gas�gUniform �g
Downsampling�g(UD)�gor�gFarthest�gPoint�gSampling�g(FPS)�g[ 24,25]. �gUniform �g
sampling�genforces�gspatial�gregularity �gbut�gmay�goverlook �ghigh-curvature �g
regions�gor�gorientation-speci�c �gconstraints.�gFPS�gimproves�gglobal�gspatial�g
dispersion�gby�giteratively �gselecting�gmaximally �gdistant�gpoints;�ghowever,�g

it �gremains�gpurely �ggeometric�gand�gdoes�gnot�gincorporate �gtask-speci�c �gcon-
straints�gsuch�gas�gnormal �galignment �gor�greference�gpoints�g[ 26].

Recent�glearning-based�gsampling�gapproaches,�gincluding �gS-NET�g[ 27], �g
SampleNet�g[ 28], �gand�gAS-PD�g[ 29], �gintroduce �gtask-aware�gpoint �gselection�g
mechanisms.�gNevertheless,�gthese�gmethods�gare�gprimarily �gdeveloped�gfor �g
shape�gclassi�cation, �gsegmentation,�gor�gregistration �gtasks�gand�gdo�gnot�gex-
plicitly �gincorporate �grobotic �gkinematic �gfeasibility �gconstraints.�gIn�gpartic-
ular, �gthey�gdo�gnot�gaccount�gfor �grequirements�gsuch�gas�gsensor�gorientation �g
alignment �gor�gaccessibility�gconstraints�gin�gcon�ned �genvironments,�gand�grely �g
on�gsupervised�gtraining �gover�glarge�gannotated�g3D�gshape�gdatasets.

However,�ga�gnotable�ggap�gremains�gfor �ga�ggeneralized,�gtask-driven�gopti-
mization �gpipeline �gthat �gspeci�cally �gexploits�ghigh�gdegrees�gof�gfreedom�gto�g
resolve�gthe�ginherent �gtrade-o
 �gbetween�greachability �gand�gcollision �gavoid-
ance�gwithin �gthe�gcomplex,�gnon-linear �ggeometry�gof�goperation�gspaces�glike �ga�g
fusion�greactor's.�gThis�gstudy�gaddresses�gthis�ggap�gby�gproposing�gan�gadaptable�g
synthesis�gframework �gdesigned�gto�goptimize �gthe�gkinematic �gcon�guration �g
of�glong-reach�gmanipulators �gfor �gthe�gnext�ggeneration�gof�gfusion�gmainte-
nance.�gTo�gaddress�gthis�gresearch�ggap,�ga�gnew�gframework �gis�gproposed�gto�g
extract�gdense�gtask�gpoints�gdirectly �gfrom �gthe�gvessel�ggeometry.�gA�gsurface-
clustering�gprocedure�gis�gapplied�gto�gcondense�gthese�ginto �ga�greduced�gset�gof�g
representative�gposes,�gbridging �gtask�gabstraction�gand�gmanipulator �gdesign�g
while �greducing�gcomputational �gcost.�gBased�gon�gthis�greduced�gtask�gset,�ga�g
kinematic �goptimization �gprocess�gdetermines�gthe�gmanipulator �gtopology �g
and�ggeometry�g[ 30], �gwith �gthe�gobjectives�gof�gminimizing �gthe�gnumber�gof�g
degrees�gof�gfreedom,�gtotal �gmanipulator �glength,�gand�gstatic�gjoint �gtorques,�g
while �gensuring�gcollision-free �goperation.�gThe�gframework �gis�ginherently �g
adaptable�gand�gcan�gaccommodate�gvariations �gin�gvessel�ggeometry,�goper-
ational �gconstraints,�gor�gevolving �ginspection�grequirements.

The�gstructure�gof�gthis�gstudy�gis�goutlined �gas�gfollows. �gSection�g2�gintroduces�g
the�guse�gcase,�gworkspace�gdetails,�gand�gkinematic �gconstraints.�gSection�g3�g
presents�gthe�gdetails�gof�gthe�gsurface�gclustering,�gpoint �gselection,�gand�gopti-
mization �galgorithm. �gThe�gresults�gare�gpresented�gin�gSection�g4,�gin�gwhich �gthe�g
best�gsolutions�gare�gidenti�ed �gvia�gthe�gPareto�gfront �gapproach�gand�gcompared�g
against�gconventional �gsampling�gbaselines.�gFinally, �gSection�g5�gpresents�gcon-
clusions�gand�gfuture �gwork.

2.�g�gProblem �gstatement �gand �gdesign �gconstraints

The�gproblem�gcan�gbe�gsummarised�gas�gthe�gdesign�gof�gan�garticulated �g
mechatronic�gsystem�gcapable�gof�goperating�gwithin �gindustrial �gcon�nements �g
through �gconstrained�gaccess�gports.�gIts�gkinematic �gchain�gmust�genable�gthe�g
end�ge
ector �gto�greach�gdesignated�goperational �gpositions�gdistributed �gacross�g
the�ginterior �gsurface�gof�gthe�gcon�nement. �gThis�gstudy�gadopts�gthe�grepresen-
tative �genvironment �gof�gthe�gVV�gof�ga�gnuclear�gfusion�greactor�gas�ga�gcase�gstudy�g
to�gillustrate �gthe�gdesign�gproblem.�gSpeci�cally, �gthe�gdesign�gtask�gis�gde�ned �g
as�gidentifying �gan�goptimized �gkinematic �gchain�gfor �gan�garticulated �grobotic �g
arm�gperforming �gvisual�ginspection�gwithin �gthe�gVV.�gThe�grobot �gis�gintended�g
to�ginspect�gthe�ginner �gsurface�gof�gthe�gvessel�gfor �gpotential �gdefects�gafter�greac-
tor �gshutdown.�gParameters�grelated�gto�gvisual�ginspection,�gsuch�gas�gviewing �g
distance�gand�gangle,�gare�gtreated�gas�g�xed �gspeci�cations �grather�gthan�gop-
timization �gvariables,�gallowing �g�exibility �gacross�gdi
erent �guse�gcases�gand�g
sensor�gtechnologies.�gThis�gassumption�gis�ggenerally�gvalid, �gbecause�gsuch�g
parameters�gare�gtypically �gdictated�gby�gthe�gservice�ginstrument's �gdesign�gre-
quirements.

Fig.�g1�gshows�gthe�gtoroidal �ggeometry�gof�gthe�gsimpli�ed �gVV�gconsidered.�g
The�gminor �gradius,�g𝑟1,�gof�gthe�gVV�gis�gset�gto�g4.60 m�g,�gthe�gcenterline�gradius,�g
𝑟2,�gis�g6.80 m,�gand�gthe�gmajor�gradius,�g𝑟3,�gis�g9�gm.�gThe�gtotal �gmaximum �gheight�g
of�gthe�gcross�gsection,�gℎ,�gis�g8.47 m.

The�gdeployment�gport, �gthrough �gwhich �gthe�gmanipulator �gis�ginserted�gin-
side�gthe�gVV,�gis�ghighlighted �gwith �ga�gred�gcircle�gin�gFig.�g1�gand�ghas�ga�gradius�gof�g
300�gmm.�gWhen�gnot�gin�guse,�gthe�grobot �gis�gstored�gin�ga�gcask�goutside�gthe�gde-
ployment �gport �gand�gcan�gaccess�gthe�greactors�gby�gactuating�ga�g�rst �gprismatic �g
joint. �gTo�gprevent�gcollision �gwith �gthe�genvironment, �gthe�grevolute�gjoints �gcan�g
be�gactuated�gonly �gwhen�g0.3�gm�ginside�gthe�gVV.�gIf �gany�gjoint �gremains�gwithin �g
the�gcask,�gits�gmovement�gis�grestricted,�gand�gthe�grobot �gwill �gattempt�gto�greach�g
a�gposition �gwith �gonly �gthe�gDoF�ginside�gthe�gVV.

Results in Engineering 30 (2026) 111434 

2 



E.�gUzunoglu�get�gal.

Fig.�g1.�gSimpli�ed �ggeometry�gof�gthe�gVV�g(ℎ:�gheight,�g𝑟1�gminor �gradius,�g𝑟2�gcenter�gline,�g𝑟3�gmajor�gradius).

The�gVV�gis�gdesigned�gwith �gsix�gdedicated�gequidistant �gaccess�gports�gfor �g
diagnostics,�ga�gcon�guration �gconsistent�gwith �gfusion�greactor�gport �garchi-
tectures�gas�gdiscussed�gin�g[ 31], �gmeaning�geach�gport �gcovers�g60°�gof�gthe�ginner �g
wall's �gsurface,�gas�gshown�gin�gthe�gtop�gview �gof�gFig.�g2.�gFig.�g2�gshows�greacha-
bility �gtest�gpoints�g(green�gmarkers)�gand�gtheir �gassociated�gsurface�gnormals�g
(red�garrows)�gon�gthe�gVV�g�rst �gwall, �gobtained�gby�gintersecting�gthe�ggeometry�g
with �ga�gsection�gplane.�gA�gmulti-DOF�grobot �gcarrying �gout�gsurface�gvisual�gin-
spection�gis�gdisplayed�gas�ga�grepresentative�gexample.�gThe�gtarget�gposes�gare�g
derived�gfrom �gthe�gsurface�gnormal �gand�gthe�gCartesian�gcoordinates�gof�gthe�g
clustered�gpoints.�gThis�gformulation �gconstrains�ga�g5-DoF�gtask�grequirement: �g
the�gtarget�gposition �gand�gthe�galignment �gof�gthe�gprimary �gtool �gaxis�g(e.g.,�gthe�g
longitudinal �gx-axis),�gthe�grotation �gabout�gthat �gaxis�gis�gleft �gunconstrained�gfor �g
the�gsolution �gfor �gthis�gspeci�c �gcase.�gThe�g�rst �glink �g(black) �gacts�gas�ga�gprismatic �g
joint �gthat �gpositions�gthe�grobot �gwithin �gthe�gvessel.�gThe�gblue�glinks �gdenote�gthe�g
link �gdimensions�gto�gbe�goptimized, �gwhile �gthe�gpurple�gjoints �grepresent�gthe�g
revolute�gjoints �gtreated�gas�gkinematic �goptimization �gvariables.

The�gproblem�gis�gto�g�nd �goptimized �glink �glengths�gand�grobot �gjoint �gtypes�g
to�galign�gthe�gtip �gof�gthe�grobot �gwith �gthe�gselected�greachability �gtest�gpoints�g
and,�gconsequently,�gdesign�ga�grobot �gcapable�gof�ginspecting�gthe�gsurface�gof�g
the�gvessel.�gHowever,�gsuch�gan�goptimization �gwould �gbe�gvery�gcostly�gif �gall �g
the�gpoints�gon�gthe�gsurface�gare�gselected�gas�greachability �gtest�gpoints�gin�gthe�g
optimization �gprocess.�gThe�gchallenge�gof�gthis�gstudy�gis�gto�gidentify �ga�glimited �g
number�gof�greachability �gtest�gpoints�gthat �gensure�gsu�cient �gcoverage�gwith-
out�gcreating�ga�gprohibitively �gexpensive�galgorithm �gto�goptimize �gthe�grobot's�g
kinematics.

For�gapplication-speci�c �goptimization �gof�gthe�glink �glength�gand�gjoint �gtype�g
synthesis,�gthe�gfollowing �gconstraints�gare�gconsidered:

First�gPrismatic�gJoint.�gThe�g�rst �gprismatic �gjoint �gallows�gthe�gmanipulator �gto�g
be�gdeployed�gfrom �gthe�gstorage�gcask�ginto �gthe�gVV.�gThe�gjoint �gcan�gextend�gfrom �g
a�gposition �g2.7�gm�ginside�gthe�gcask,�gi.e.�goutside�gthe�gVV,�gup�gto�gthe�gcenter�gline �g
of�gthe�gVV�gtorus�g(indicated �gby�gthe�gyellow �gdashed�gline �gin�gFig.�g1),�greaching�g
2.2�gm�ginside�gthe�gvessel�gfrom �gthe�gentrance�gport, �gfor �ga�gtotal �gmaximum �g
travel �gof�g4.9�gm.�gSuch�g�rst �gprismatic �g(translational) �gjoint �gmechanisms,�g
sometimes�greferred�gto�gas�gdeployment�gsystems,�gare�gcommonly�gadopted�g
to�gprovide �gsu�cient �ginsertion �gdepth�gof�gmanipulators �goperating�gwithin �g
tokamaks;�gthe�gCASK-based�gdeployment�gof�gthe�gCFETR�gheavy-duty�grobot �g
[ 32] �gand�gthe�gAIA�gsystem�gfor �gITER�g[ 33] �gcan�gbe�gpresented�gas�gexamples.

Degrees�gof�gFreedom�gand�gJoint�gTypes.�gTo�gensure�greachability �gin�gboth�gpo-
sition �gand�gorientation, �ga�gminimum �gof�g6�gDoF�gis�gconsidered�gwith �gaddi-
tional �gredundant�gDoFs�gpotentially �gadded�gduring �gthe�goptimization �gof�gthe�g

kinematic �genumeration�g(𝑛𝐷𝑜𝐹 )�gto�genable�gavoidance�gof�gself-collision �gand�g
collision �gwith �gthe�genvironment. �gTo�gsimplify �gthe�gactuation,�gthe�grobot �gis�g
designed�gto�ghave�gonly �grevolute�gjoints �gcon�gured �gwith �gyaw�gand�gpitch, �g
following �gthe�g�rst �gprismatic �gjoint. �gThroughout �gthe�gpaper,�gthe�gcon�gu-
rations�gof�gthe�grevolute�gjoints �gwill �gbe�gidenti�ed �gusing�gbinary �gcodes;�gyaw�g
joints �gwill �gbe�glabeled�g1�gand�gpitch �gjoints �g0.�gFor�gexample,�ga�gcon�guration �g
code�gof�g1010�gfor �ga�g5-DoF�grobot �gindicates�ga�gsequence�gof�gyaw,�gpitch, �gyaw,�g
pitch �gjoints �gfollowing �ga�gprismatic �gjoint.

Link�gLengths�gand�gJoint�gLimits.�gThe�glink �glength�g𝑙𝑖�g(𝑖 = 1,2, ., 𝑛𝐷𝑜𝐹 )�gis�gcon-
strained�gin�gthe�grange�g0.3 m≤ 𝑙𝑖 ≤ 1.5 m�gfor �gease�gof�gdeployment�gand�gma-
neuverability �ginside�gthe�gVV.�gLikewise,�gthe�grotation �grange�gfor �gthe�grevo-
lute�gjoints �g𝜃𝑖�gis�gconstrained�gin�gthe�grange�g*90 ◦ ≤ 𝜃𝑖 ≤ 90◦.�gIn�gaddition, �gto�g
prevent�gcollision �gwith �gthe�gentrance�gport, �gthe�grevolute�gjoints �gcan�ginitiate �g
motion �gonly �gafter�gbeing�g0.3�gm�ginside�gthe�gvessel.

Static�gTorque�gCalculation.�gTo�gcalculate�gthe�grequired�gjoint �gtorques�gunder�g
static�gconditions�gfor �ga�ggiven�gcon�guration �gof�gthe�gmanipulator, �ga�gpayload�g
of�g10�gkg�gat�gthe�gtip �gof�gthe�glast�glink �gis�gconsidered.�gThis�gvalue,�gas�gshown�g
in�gother�gstudies�g[ 7,8], �gis�gan�gestimate�gin�gexcess�gof�gthe�gmajority �gof�gthe�g
end-e
ector �gtools,�ge.g.,�gcameras,�gused�gto�ginspect�gand�gmaintain �gfusion�gre-
actors.�gEach�gintermediate �glink �gis�gmodelled�gas�ga�guniform �gbody�gwith �gits�g
mass�gconcentrated�gat�gthe�glink �gcentre,�gwhose�gmass�gscales�glinearly �gwith �g
its�glength,�gyielding �gapproximately �g5�gkg/m, �gconsistent�gwith �gthe�g6�gkg�gper�g
1.2�gm�gsection�greported�gby�g[ 34] �gfor �ga�gcomparable�gsystem.�gDuring �gopti-
mization, �glink �glengths�gare�gupdated�gdynamically, �gand�gthe�gcorresponding�g
link �gmasses�gare�grecalculated�gaccordingly. �gThe�gstatic�gtorque�gat�geach�gjoint �g
is�gdetermined�gby�gthe�ggravitational �gload�gof�gall �gdownstream�glinks �gand�gthe�g
end-e
ector �gpayload,�gtogether�gwith �gtheir �grespective�gmoment�garms�grela-
tive �gto�gthat �gjoint. �gThis�gcreates�gan�ginherent �gtrade-o
 �gwithin �gthe�goptimiza-
tion. �gThe�gcurrent �gmass�gmodel�gserves�gas�ga�gpreliminary �gestimate�gfor �gthe�g
kinematic �gsynthesis�gstage;�gre�ned �gstructural �gparameters�gwill �gbe�gincor-
porated�gonce�gthe�gkinematic �gtopology �gis�g�nalised �gand�gdetailed�gstructural �g
design�gis�gundertaken.

3.�g�gMethodology

The�ginitial �gpart�gof�gthe�gmethodology�gpresents�ga�gnew�gpipeline �gthat �gre-
duces�gthe�gnumber�gof�greachability �gtest�gpoints�gin�gkinematic �goptimization, �g
while �gpreserving�gthe�ggeometric�gand�gdirectional �gvariety �gof�gthe�gsurface�g
to�gbe�gexamined.�gThis�gapproach�gaims�gto�gaccelerate�goptimization �gwithout �g
sacri�cing �gcoverage�gquality, �gespecially�gin�grestricted�ggeometries�gsuch�gas�g
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Fig.�g2.�gA�gcross-section�gof�gthe�g3D�ggeometry�gde�ned �gby�ga�gblue�gplane,�gshowing�greachability �gtest�gpoints�g(green�gmarkers)�gwith �gnormals�g(red�garrows)�gon�gthe�gsurface.�g
The�gmulti-DOF�grobot�gwithin �gthe�gVV�gfeatures�ga�gblack�gprismatic �gjoint �gfor�gpositioning, �gblue�glinks�gfor�goptimized �gdimensions,�gand�gpurple�grevolute�gjoints �gfor�gkinematic �g
parameter�goptimization, �gillustrated �gin�g3D�gtop�gand�gside�gviews.�g(For�ginterpretation �gof�gthe�greferences�gto�gcolour�gin�gthis�g�gure �glegend,�gthe�greader�gis�greferred�gto�gthe�gweb�g
version�gof�gthis�garticle.)

the�ginterior �gof�ga�gnuclear�gfusion�gvessel.�gThen,�ga�gkinematic �goptimisation �g
with �gtwo �gobjectives,�gthe�gtotal �glink �glength�gand�gthe�gsum�gof�gjoint �gtorque�g
requirements�gin�gstatic�gconditions, �gis�gintroduced �gto�gensure�gthe�grobot �gcan�g
reach�gall �gthe�gtarget�gpoints�gin�gposition �gand�gorientation. �gFor�gthis,�gthe�gNon-
dominated�gSorting�gGenetic�gAlgorithm �gII �g(NSGA-II)�g[ 35] �gis�gemployed,�g
which �gis�ga�gwidely �gused�gmulti-objective �goptimization �galgorithm �gthat �guti-
lizes�ga�gcrowding �gdistance�gmechanism�gto�gmaintain �ga�gdiverse�gset�gof�gPareto-
optimal �gsolutions.�gThis�gmethod�ge�ciently �gbalances�gexploration �gby�gpre-
serving�gsolution �gdiversity �gwhile �gconverging�gtoward �gthe�gPareto�gfront.

3.1.�g�gSurface�gclustering�gand�greachability�gpoint�gselection

Evaluating�greachability �gagainst�gevery�gdiscretized�gsurface�gpoint �gis�g
computationally �gprohibitive �gfor �gkinematic �goptimization �gin�gcon�ned �gge-
ometries.�gThe�gapproach�gconsists�gof�gthree�gintegrated�gstages:�g(i) �gcluster-
ing�gthe�gsurface�gusing�ga�ghybrid �gmetric �gcombining �gposition, �gsurface�gori-
entation, �gand�gdistance-to-port;�g(ii) �gselecting�ga�gglobally �gaware�gbut�gcom-
pact�gset�gof�grepresentative�greachability �gpoints�gper�gcluster�gvia�ga�gdiversity-
optimized �gscoring;�gand�g(iii) �gbuilding �gthe�gPCA-based�g2D�gboundary�ghulls�g
for �gfast�gcollision �gscreening.�gThis�greduces�gthe�gnumber�gof�gtest�gpoints�gwhile �g
maintaining �gcoverage�gof�ggeometric�gand�gdirectional �gvariation �grelevant�gto�g
optimization.

The�gprocedure�gbegins�gwith �gthe�gextraction �gof�gpoints�gfrom �gthe�gmesh�g
�le �ggenerated�gfrom �gthe�gCAD�gmodel.�gEach�gextracted�gpoint �gis�grepresented�g
by�gthe�gfollowing �gdata:

^.𝐩𝑖,𝐧𝑖, 𝑑𝑖/` 𝑁𝑖=1 (1)

where�g𝐩𝑖 Ë ℝ3�gare�gCartesian�gcoordinates,�g𝐧𝑖 Ë ℝ3�gare�gunit �gnormals,�gand�g
𝑑𝑖 Ë ℝ�gis�gthe�gsigned�gdistance�gto�gthe�gmanipulator �gentrance�gport. �gFor�ga�g
case-speci�c�gdemonstration,�gthe�gexport�gmesh�g�le �gand�gthe�gsurface�gnor-
mals�gdirected�gtowards�gthe�goperation�gspace�gof�gthe�gvessel�gare�gextracted�g
from �gthe�gmodel�grepresented�gin�gFig.�g1.

3.1.1.�g�gHybrid�g𝑘-means�gsurface�gclustering
Clustering�gis�ga�gfundamental�gunsupervised�glearning�gtechnique�gused�g

to�gpartition �gdata�ginto �ggroups�gbased�gon�gfeature�gsimilarity. �gA�gpopular�gap-

proach�gis�g𝑘-means�gclustering,�gwhich �gaims�gto�gminimize �gthe�gwithin-cluster �g
sum�gof�gsquared�gdistances�g(variance)�gto�gcluster�gcentroids.�gThis�gmethod�g
is�gwidely �gemployed�gbecause�gof�gits�grelative �gcomputational �ge�ciency �gand�g
conceptual�gsimplicity, �gespecially�gin�glarge-scale�gapplications�glike �gsegmen-
tation �gand�gvector�gquantization �g[ 36]. �gStandard�g𝑘-means�guses�ga�gunimodal �g
distance�gmetric �g(typically �gEuclidean),�gwhich �glimits �gits�gapplicability �gwhen�g
data�gexhibit �gmultiple �gfeatures�gthat �gdistinguish �gthem�gor�gwhen�gsimilarity �g
cannot�gbe�gcaptured�gby�gspatial�gdistances�galone.�gIn�gsuch�gcases,�ga�ghybrid �g
distance�gmetric �gthat �gcombines�gmultiple �gfeatures�gcan�genable�gmore�gseman-
tically �gmeaningful �gclusters.

In�gthis�gmethodology,�gthe�ghybrid �gdistance�g� hyb .𝑖, 𝑗/�gbetween�gtwo �g
points�g𝑖�gand�g𝑗�gis�gde�ned �gas�gthe�gsum�gof�gthree�gnormalized�gcomponents:

� hyb .𝑖, 𝑗/ = �̄ pos.𝑖, 𝑗/ + �̄ ang.𝑖, 𝑗/ + �̄ dist .𝑖, 𝑗/,

where�ḡ� pos�gis�gthe�gEuclidean�gposition �gdistance�gthat �ggroups�gspatially �gad-
jacent�gregions�g(curvature/extension), �ḡ� ang�gaccounts�gfor �gthe�gnormal �gvec-
tor �gangular�gdi
erence �gwhich �ggroups�gsimilarly �goriented�gpatches�g(tool-
ing/view �grelevance),�gand�ḡ� dist �grefers�gto�gdi
erences �gin�gsigned�gdistance�g
to�ga�greference�gpoint �gwhich �gemphasizes�gaccessibility�gfrom �gthe�gentry �gport �g
with �ga�ghybrid �gdistance�gthat �gbalances�gspatial�gproximity, �glocal�gorientation, �g
and�gaccessibility.�gThese�gterms�gare�gde�ned �gas�gfollows:

�̄ pos.𝑖, 𝑗/ =
‖𝐩𝑖 * 𝐩𝑗‖2

max.� pos/
, (2)

�̄ ang.𝑖, 𝑗/ =
arccos.̂𝐧⊤𝑖 𝐧̂𝑗 /
max.� ang/

, (3)

�̄ dist .𝑖, 𝑗/ =
|𝑑𝑖 * 𝑑𝑗 |

max.� dist /
, (4)

where�gmax.� pos/,�gmax.� ang/,�gand�gmax.� dist /�grepresent�gthe�gmaximum �g
pairwise�gdistances�gfor �gposition, �gangle,�gand�gentry-port �gdistance�gfound�gin�g
the�gspeci�c �gsurface�gpoint �gcloud.

Clustering�gis�ginitialised �gvia�g𝑘 * 𝑚𝑒𝑎𝑛𝑠 + + �g[ 37] �gand�gupdated�gitera-
tively �gusing�gthe�ghybrid �gdistance�gmetric.During �gthe�giterative �gupdate�gpro-
cess,�geach�gpoint �gis�gassigned�gto�gthe�gcluster�gminimizing �g� hyb ,�gand�gthe�gcen-
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Fig.�g3.�gHybrid �gclustering�gresults�gfor�g(a)�g𝑘 = 4,�g(b)�g𝑘 = 8,�gand�g(c)�g𝑘 = 16.�gColors�gdenote�gclusters.�gLocal�gPCA�gaxes�gper�gcluster�gare�goverlaid �gto�gindicate�gdominant �gtangent�g
directions�gused�glater�gfor�gboundary-hull �gconstruction.

troid �gfor �geach�gcluster�g𝑚�gis�gupdated�gbased�gon�gthe�gmean�gof�gthe�gcombined�g
feature�gvector�g[𝐩𝑚,𝐧𝑚, 𝑑𝑚].�gThis�gapproach�gleverages�grich �ggeometric�ginfor-
mation �gto�galign�gclusters�gmore�gclosely�gwith �gthe�gkinematic �gtask�gcontext.

Fig.�g3�gshows�gthe�goutcome�gof�gthe�gproposed�ghybrid �gk-means�gsurface�g
clustering�gfor �gthree�gdi
erent �gnumbers�gof�gclusters.�gEach�gcolor�grepresents�g
a�gdistinct �gcluster�gderived�gfrom �gthe�gCAD-based�gtask�gsurface.�gFor�geach�g
cluster,�ga�glocal�gPrincipal �gComponent�gAnalysis�g(PCA)�gis�gperformed�gon�gthe�g
point �gcoordinates�gto�gidentify �gits�gdominant �gtangent�gdirections.�gSpeci�-
cally, �gPCA�gdecomposes�gthe�glocal�gpoint �gdistribution �ginto �gorthogonal �gcom-
ponents:�gthe�g�rst �gand�gsecond�gprincipal �gcomponents,�gspan�gthe�gbest-�t �gtan-
gent�gplane,�gwhile �gthe�gthird �gcomponent�gcorresponds�gto�gthe�gsurface�gnormal �g
direction �g(𝐯1,�g𝐯2,�g𝐯3).�gThe�glocal�gPCA�gaxes�gare�goverlaid �gas�gline �gsegments�g
in�gthe�gplots�gto�gvisualise�gthese�gdominant �gdirections,�gwhich �gare�glater�gused�g
to�gconstruct�gthe�gboundary�ghulls�gfor �gcollision �gand�greachability �gchecks.

3.1.2.�g�gGlobally�gaware�giterative�gselection�gfrom�geach�gcluster
To�gensure�gthat �gthe�gkinematic �goptimization �gis�gdriven �gby�ga�gworkspace�g

representation�gthat �gis�gboth�glocally �gaccurate�gand�gglobally �gcomprehen-
sive,�ga�gglobally �gaware�gselection�gstrategy�gis�gapplied�gto�gthe�gclustered�gtask-
surface�gpoints.�gWhile �ghybrid �gk-means�gsurface�gclustering�gensures�gthat �g
points�gwithin �geach�gcluster�gare�gspatially �gcoherent,�gpurely �glocal�gsampling�g
can�goverlook �gcoverage�ggaps�gin�gthe�gglobal�gworkspace.�gTo�gaddress�gthis,�ga�g
selection�gprocess�gthat �gevaluates�gcandidate�gpoints�gnot�gonly �gby�gtheir �gprox-
imity �gto�gthe�gcluster�gcentroid �gbut�galso�gby�gtheir �gglobal�gdiversity �gin�gposition �g
is�gused.

After �gthe�gsurface�gclustering�gis�gcompleted,�ga�g�xed �gnumber�gof�grepre-
sentative�gpoints�gis�gselected�gfrom �geach�gcluster�gfor �gsubsequent�greachability �g
test�gpoint �gselection.�gFor�geach�gcluster,�gthe�gaim�gis�gto�ghave�gone�gcenter�gpoint �g
(medoid) �gand�ga�glimited �gselection�gof�gtest�gpoints,�gensuring�gradial �gextent,�g
global�gcoverage,�gand�gdirectional �gspread.�gTo�gensure�gcluster�gdiversity, �ga�g
sequential�gadjacency-aware�gselection�galgorithm �gis�gproposed.�gThis�gap-
proach�gmaintains�glocal�gdiversity �gby�gfavouring �gpoints�gwith �gdistinct �gradial �g

and�gangular�gproperties�gwith �grespect�gto�gthe�gcluster�gcenter,�gwhile �gintro-
ducing�ga�glightweight �gawareness�gterm�gthat �gpenalises�gredundancy�gwith �g
recently�gselected�gtest�gpoints�gin�gneighbouring �gclusters.

Let�g𝑚 = ^𝐩𝑚,𝑖`
𝑁𝑚
𝑖=1 �gdenote�gthe�gset�gof�g𝑁𝑚�gpoints�gin�gcluster�g𝑚,�gand�ḡ𝐩𝑚

its�gcentroid:

𝐩̄𝑚 =
1
𝑁𝑚

𝑁𝑚
∑

𝑖=1

𝐩𝑚,𝑖 (5)

For�geach�gpoint �g𝐩𝑚,𝑖�gits�gradial �gdistance�gis�gde�ned �gfrom �gthe�gcentroid:

𝑟𝑚,𝑖 = ‖𝐩𝑚,𝑖 * 𝐩̄𝑚‖2 (6)

and�gits�gunit �gdirection �gvector:

𝐮̂𝑚,𝑖 =
𝐩𝑚,𝑖 * 𝐩̄𝑚

𝑟𝑚,𝑖
, 𝑟𝑚,𝑖 > 0 (7)

If �gunit �gsurface�gnormals�ĝ𝐧𝑚,𝑖�gare�gavailable�gfrom �gthe�gmesh�ggeometry,�gthey�g
are�gnormalized�gand�gassociated�gwith �geach�gpoint.

The�g�rst �grepresentative�gpoint �gfor �geach�gcluster�gis�gthe�gmedoid,�gselected�g
by:

arg min
𝑖

‖𝐩𝑚,𝑖 * 𝐩̄𝑚‖2 (8)

This�gensures�gthat �gthe�glocal�gcluster�gcenter�gis�galways�grepresented�gin�gthe�g
reachability �gtest�gpoints.

For�gthe�gchoice�gof�gthe�gadditional �gpoints�gwithin �geach�gcluster,�ga�gscoring�g
function �gis�gcreated:

𝑆𝑚,𝑖 = 𝜆𝑟𝑅𝑚,𝑖 + 𝜆𝑎𝐴𝑚,𝑖 * 𝑤𝑝𝑃prox.𝑚, 𝑖/ (9)

where�g𝜆𝑟�gand�g𝜆𝑎�gare�gthe�gradial �gand�gangular�gweight �gterms,�gand�g𝑤𝑝�gadja-
cency�gweight �gpenalty.

𝑅𝑚,𝑖 =
𝑟𝑚,𝑖
𝑟90
𝑚

, 𝑟90
𝑚 = percentile90.^𝑟𝑚,𝑖`/ (10)
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Fig.�g4.�gRepresentative�greachability �gpoints�gafter�gglobally �gaware�gselection.�gFor�geach�gcluster:�gone�gcenter�g(near�ḡ𝐩𝑚)�gand�g3�gpoints�gselected�gwith �gthe�galgorithm �gfor�gboundary�g
representation.�gThe�gset�gis�gradially �gextended,�gglobally �gspread,�gand�gangularly �gdiverse,�gproviding �ga�gcompact�gbut�ginformative �gtest�gset�gfor�goptimization.

Here,�g𝑟90
𝑚 �gdenotes�gthe�g90th �gpercentile�gof�gradial �gdistances�gwithin �ga�g

cluster,�gwhich �gre�ects �gthe�gtypical �gouter�gextent�gof�geach�gclusters.
For�ga�gcandidate�gwith �gdirection �ĝ𝐮𝑚,𝑖�gand�galready-selected�glocal�gdirec-

tions�ĝ̂𝐮𝑚,𝑗 ` :

𝐴𝑚,𝑖 = 1 * max
𝑗

|

|

|

𝐮̂⊤𝑚,𝑖𝐮̂𝑚,𝑗
|

|

|

, (11)

This�gterm�gencourages�gwide�gangular�gseparation�gwithin �gthe�gsame�gcluster.�g
In�gthis�giterative �gadjacency�gpenalty�gaddition, �gonly �gpreviously �gprocessed�g
clusters�gwithin �gan�gadjacency�gwindow �g𝐿�gare�gconsidered.�gLet�g𝑃prox�gde-
note�gthe�gset�gof�grepresentative�gpoints�gselected�gin�gthe�glast�g𝐿�gclusters,�gwith �g
positions�g𝐪𝓁�gdenoting�gthe�gset�gof�grepresentative�gpoints�galready�gselected�g
across�gthe�gclusters�gup�gto�giteration �g𝑘,�gensuring�gglobal�gawareness�gduring �g
selection.

The�gpenalties�gare�gcomputed�gas:

𝑃prox.𝑚, 𝑖/ = max
𝑘

exp
⎡

⎢

⎢

⎣

*

(

‖𝐩𝑚,𝑖 * 𝐪𝑘‖2

𝜎𝑑 𝑟90
𝑚

)2
⎤

⎥

⎥

⎦

. (12)

where�g𝜎𝑑 �gcan�gbe�gused�gto�gcontrol �gthe�gdecay�gwith �gdistance�gand�gangular�g
di
erence.

Fig.�g4�gillustrates �gthe�greachability �gpoints�gobtained�gusing�gthe�gprocedure�g
proposed�gfor �g𝑘 = 4,�g𝑘 = 8,�gand�g𝑘 = 16�gclusters.�gIn�geach�gcase,�gthe�galgorithm �g
selects�gone�gcentral�gpoint �g(located�gnear�gthe�gcluster�gcentroid �ḡ𝐩𝑚)�gand�gse-
lects�g3�gpoints�gwith �giterative �gselection�gfrom �geach�gcluster�gthat �gare�gradially �g
extended�gand�gangularly �gdiverse.�gAs�g𝑘�gincreases�gto�g8�gand�g16,�gthe�gpoint �g
distribution �gbecomes�gdenser�gand�gmore�glocally �gre�ned, �gwith �gboundary�g
points�gcapturing �g�ner �ggeometric�gdetail �gwhile �gmaintaining �gglobal�gspread�g
through �gadjacency-aware�gpenalisation.

3.1.3.�g�gCollision�gplane�ggeneration�gand�gcollision�gchecking�gin�gthe�gVV
During �gthe�gnext�gstage,�gwhere�gthe�gkinematic �goptimization �galgorithm �g

is�grun,�gcollision �gchecking�gis�gnecessary�gto�gensure�gthe�grobot �gcon�guration �g
can�greach�gthe�gchosen�gpoints�gsafely.�gTo�gperform �gthis�ge�ciently, �gthe�gclus-
ters�gpreviously �gcreated�gare�gused,�gand�gthe�g3D�gpoints�gare�gprojected�gonto�ga�g

2D�gplanar�grepresentation,�gwhich �genables�ga�gfast,�gapproximate�gcheck�gfor �g
potential �gcollisions.

For�geach�g𝑚,�gPCA�gon�gany�g𝐩𝑖�gyields�gan�gorthonormal �gbasis�g.𝐯1, 𝐯2, 𝐯3/
where�g.𝐯1, 𝐯2/�gspan�gthe�gdominant �gtangent�gplane�gand�g𝐯3�gapproximates�gthe�g
local�gnormal. �gThe�gprojected�gcoordinates�gare:

𝑢𝑖 = .𝐩𝑖 * 𝐩̄𝑚/⊤𝐯1, 𝑣𝑖 = .𝐩𝑖 * 𝐩̄𝑚/⊤𝐯2, 𝑤𝑖 = .𝐩𝑖 * 𝐩̄𝑚/⊤𝐯3. (13)

A�g2D�gboundary�ghull �g𝑚�gis�gcomputed�gfrom �g.𝑢𝑖, 𝑣𝑖/�gto�gform �ga�gconservative�g
guard�gband�g+

𝑚 .�gA�gjoint �gposition �g𝐱 Ë ℝ3�gis�gmapped�gto:

𝑢𝑥 = . 𝐱 * 𝐩̄𝑚/⊤𝐯1, 𝑣𝑥 = . 𝐱 * 𝐩̄𝑚/⊤𝐯2, 𝑤𝑥 = . 𝐱 * 𝐩̄𝑚/⊤𝐯3, (14)

In�gFig.�g5,�ga�grepresentative�gcluster�gtaken�gfrom �gthe�gprocessed�gVV�gwith �g
a�ghybrid �gk-means�gsurface�gclustering�galgorithm �gis�gshown�galongside�gthe�g
plane�gand�gthe�g2D�gboundary�gprojected�gonto�gthe�gplane,�gwhich �gis�gused�gfor �g
reducing�gthe�gdimensionality �gof�g3D�gscattered�gpoints.

Fig.�g6�gshows�gthe�gresulting �gcollision �gsurfaces�ggenerated�gfor �gthe�gVV�g
geometry�gpartitioned �ginto �g16�gclusters.�gEach�gcluster�gand�gits�gboundaries�g
are�grepresented�gwith �gred�glines,�gwhich �gshow�gthe�gresult�gof�gthe�galgorithm �g
to�ggenerate�gthe�greduced�gsurface�grepresentation�gof�geach�gcluster�gfor �gthe�g
VV�gto�gbe�gused�gfor �gcollision �gdetection.

An�gadditional �grule-based�ggate�gis�gused�gto�gcheck�gif �gany�gjoint �gof�gthe�grobot �g
inside�gthe�gvessel�gis�gin�gcontact�gor�gclose�gto�gany�g2D�gcollision �gplanes.�gFor�g
each�gjoint �gposition �gin�gEuclidean�gspace,�grepresented�gwith �g𝐪 = [ 𝑞𝑥, 𝑞𝑦, 𝑞𝑧],�g
the�gcollision �gof�geach�gjoint �gwith �gthe�gsurface�gis�gchecked�gwith �gAlgorithm �g1.

3.2.�g�gOptimization�gmethod

Two�gobjectives,�g𝑓1�gand�g𝑓2,�gare�gde�ned �gas�gthe�gcost�gfunctions�gfor �geach�g
candidate�gsolution �g𝝃 Ë 𝑃 �gin�gthe�gpopulation:

𝑓1 =
𝑛𝐷𝑜𝐹
∑

𝑖=1

𝑙𝑖, (15)

𝑓2 =
1
𝑚

𝑚
∑

𝑗=1

‖𝝉.𝑗/‖ (16)
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Fig.�g5.�gPCA-plane�gand�gboundary�ggenerated�gfor�ga�grepresentative�gcluster.�gLeft:�gprojection �gof�gcluster�gpoints�gonto�g.𝐯1, 𝐯2/.�gRight:�gboundary�g𝑚�gand�goutward �gexpansion�g
+

𝑚 �gused�gfor�gfast�gcollision �gscreening�gof�gjoint �gpositions.

Fig.�g6.�g2D�gboundaries�ggenerated�gfor�gthe�gk=16 �gcluster�gcase�gfor�gpreliminary �gfast�g
collision �gscreening.

Algorithm �g1�gPCA-plane�ghull �gcollision �gcheck�gfor �ga�gjoint �gposition.

Require: Joint �gposition �g𝐪 Ë ℝ3;�gcluster�g𝑗�gdata:�gcentroid �g𝝁¨
𝑗 ,�gPCA�gbasis�g

.𝐯1, 𝐯2, 𝐯3/,�gboundary�ghull �g𝐇¨
𝑗 �gof�geach�gcluster

Ensure: Collision �gË ^true, falsè
1: Plane �gdistance: �g𝑑⟂ ← 𝐯⊤3 .𝐪 * 𝝁¨

𝑗 /
2: Projection �gto �gplane: �g𝐪� ← 𝐪 * 𝑑⟂𝐯3
3: Local �g2D�gcoords: �g
4: �g 𝑢 ← .𝐪� * 𝝁¨

𝑗 /
⊤𝐯1,�g 𝑣 ← .𝐪� * 𝝁¨

𝑗 /
⊤𝐯2

5: Hull �ginclusion: �gℎ ← InPolygon
(

.𝑢, 𝑣/, 𝐇¨
𝑗
)

6: Decision: �g
7: if �g|𝑑⟂| < 𝑑0 á ℎ = true�gthen
8: return �gtrue �g{collision}
9: else

10: return �gfalse
11: end �gif

where�g𝑓1�grepresents�gthe�gtotal �glink �glength,�g𝑓2�gthe�gaverage�gnorm�gof�gthe�g
static�gjoint �gtorque�gvector�gevaluated�gover�gall �gcon�gurations �g𝑗 = 1,§ , 𝑚,�g
and�g𝑚�gthe�gnumber�gof�greachability �gtest�gpoints.

The�gtwo �gobjectives�gare�gevaluated�gtogether�gas�gthe�gobjective�gvector:

.𝑓1, 𝑓2/ = 𝐹𝐹 . , 𝝃, 𝒗/, (17)

where�g = ^𝑻 1,𝑻 2,§ ,𝑻 𝑚` �gis�gthe�gset�gof�gdesired�gtasks�grepresenting�gthe�g
required�gend-e
ector �gposes�gfor �gthe�g𝑚�greachability �gtask�gpoints,�gand�g𝒗�gde-
notes�gthe�gdesign�gvariables,�gincluding �glink �glength�glower �gand�gupper�gbounds�g
that �gde�ne �gthe�gconstraints.

The�gvalues�gof�gcandidate�gsolutions�g𝝃�ggenerated�gby�gthe�ggenetic�gal-
gorithm �g(GA)�grepresent�gthe�gkinematic �gtree�gand�gare�gcharacterized�gby�g
𝑛𝐷𝑜𝐹 + 1�gparameters:

𝝃 =
[

𝜉1 § 𝜉𝑛𝐷𝑜𝐹 +1
]

(18)

For�geach�gcandidate�gsolution, �gthe�g�rst �g𝑛𝐷𝑜𝐹 �gparameters�gare�gsubjected�gto�g
the�gconstraint�gde�ned �gin�gEq.�g(19),�gwith �g𝑙𝑏�grepresenting�gthe�glower �gbound�g
and�g𝑢𝑏�grepresenting�gthe�gupper�gbound�gfor �gthe�glink �glengths,�gas�gdetailed�gin�g
Section�g2:

𝑙𝑏 < 𝜉.1,§ ,𝑛𝐷𝑜𝐹 / < 𝑢𝑏 (19)

The�glast�gparameter,�g𝜉𝑛𝐷𝑜𝐹 +1 ,�guses�gbinary �gcoding.�gThe�gdecimal�gvalues�g
ranging�gfrom �g0�gto�g2𝑛𝐷𝑜𝐹 * 1 �geach�grepresent�ga�gunique�gcon�guration �gof�g
the�gkinematic �gtree,�gincorporating �gvariations �gin�gyaw�gand�gpitch �gjoints, �gas�g
discussed�gin�gSection�g2.�gThis�gapproach�genables�gthe�grepresentation�gof�gall �g
joint �gtypes�gwithin �gthe�gkinematic �gtree�gthrough �ga�gsingle�gvariable.

3.3.�g�gFitness�gfunction�galgorithm

Algorithm �g2�gprovides�ga�gschematic�goverview �gof�gthe�goptimization �g
work�ow �gto�gcalculate�gthe�gcost�gof�gboth�gobjectives�gfor �geach�gcandidate�g
solution �ggenerated�gby�gthe�gGA.�gThis�gwork�ow �gfocuses�gon�g�nding �gthe�gso-
lution �gfor �geach�greachability �gpoint �gand�gcomputing �gthe�g�tness �gobjectives�g
𝑓1�gand�g𝑓2.�gAn�ginverse�gkinematics�gsolver�g(IKS)�gis�gapplied�gto�geach�ggener-
ated�gkinematic �gstructure�gto�gtest�gthe�greachability �gpoints�gand�gto�gdetermine�g
its�gfeasibility �gfor �goptimization. �gThe�goptimization �gof�gkinematic �genumera-
tion �gis�grepresented�gfor �g𝑛𝐷𝑜𝐹 + 1�gvariables�gin�gvector�gform �gby�g(18).�gGiven�g
a�gdesired�gset�gof�gtask�gposes�g𝐓 Ë  �gfor �gan�gend-e
ector, �gthe�gIKS�gcomputes�g
the�gjoint �gcon�guration �gvectors�g𝜽sol�gthat �grealize�gthe�gdesired�gend-e
ector �g
poses�gwhile �gensuring�gcompliance�gwith �gdesign�gconstraints.

The�g�tness �gevaluation �gfunction �g𝐹𝐹 �gassesses�gthe�gperformance�gof�ga�g
kinematic �gstructure�gby�gdetermining �gits�gability �gto�greach�ga�gset�gof�gtarget�g
poses�g �gwhile �gavoiding �gcollisions�gwithin �ga�gprede�ned �gworkspace.�gThe�g
algorithm �gtakes�gthe�gkinematic �gparameter�gvector�g𝝃,�gthe�gset�gof�gtarget�gpose�g
𝐓𝑗 ,�gadditional �gdesign�gvariables�g𝐯�grelated�gto�gthe�gkinematic �gtree�gcon�gu-
ration, �gand�gthe�ggeometric�gmodel�g𝐆𝐞𝐨�grepresenting�gthe�genvironment �gas�g
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input. �gThe�gprocess�gbegins�gby�genumerating�gan�g𝑛-degree-of-freedom�g(DoF)�g
kinematic �gtree�gand�gsetting�gan�ginitial �gjoint �gcon�guration �gvector�g𝜽init �gwith �g
a�gtolerance�gthreshold�gto�gassess�gaccuracy.�gThe�galgorithm �gthen�giterates�g
through �geach�greachability �gtest�gpoint �g𝐓𝑗 ,�gsolving�gthe�ginverse�gkinematics�g
(IK). �gOnce�ga�gsolution �g𝜽sol,𝑗 �gis�gobtained,�gthe�galgorithm �gevaluates�greacha-
bility �gvia�gan�gerror �gfunction �g𝑒𝑒𝑟𝑟,�gwhich �gmeasures�gthe�gdeviation �gbetween�g
the�gachieved�gend-e
ector �gpose�gand�gthe�gtarget�g𝐓𝑗 .�gIn�gthis�gstudy,�g𝑒𝑒𝑟𝑟�gis�g
speci�cally �gcon�gured �gto�gmonitor �gpositional �gaccuracy�gand�gaxial�galign-
ment�gwith �gthe�gsurface�gnormal, �gwhile �gintentionally �gomitting �gthe�gaxial�gro-
tation �g(roll) �gconstraint�gto�gmatch�gthe�g5-DOF�gnature�gof�gthe�ginspection�gtask.�g
If �g𝑒𝑒𝑟𝑟�gfalls�gwithin �gthe�gprede�ned �gtolerance,�gthe�gcollision �gdetection�gstep
CollCheck �gis�gperformed�gto�gensure�gthe�gjoint �gcon�guration �gdoes�gnot�gvio-
late�genvironmental �gconstraints�gde�ned �gby�g𝐆𝐞𝐨.�gIn�gcases�gwhere�gno�gvalid �g
solution �gis�gfound,�ga�grandomization �gstep�gexplores�galternative �ginitial �gjoint �g
con�gurations �gby�gsampling�gmultiple �gstarting�gpoints�gin�gthe�gcon�guration �g
space,�greducing�gthe�grisk�gof�gconvergence�gto�glocal�gminima �ginherent �gin�gnon-
convex�gIK�gproblems.�gWhen�ga�gvalid, �gcollision-free �gsolution �gis�gidenti�ed �g
for �gall �gpoints�gin�g ,�gthe�g�tness �gobjectives�g𝑓1�gand�g𝑓2�gare�gcalculated,�gwhich �g
are�gutilized �gto�g�nd �gthe�gPareto-optimal�gsolutions.

Algorithm �g2�gEvaluation�gof�gthe�g�tness �gfunction.

Require: 𝝃,�g ,�g𝒗,�g𝐆𝐞𝐨
Ensure: 𝑓1, 𝑓2
1: Initialization: �g
2: Generate�g𝑛𝐷𝑜𝐹 �gkinematic �gtree�gusing�g𝝃, 𝒗
3: Set�ginitial �gjoint �gcon�guration �gvector�g𝜽init �gand�greachability �gerror �gtol-

erance
4: for �g𝑗 = 1�gto�g𝑚�gdo
5: Solve�ginverse�gkinematics:�g𝜽sol,𝑗 ← IKS.𝐓𝑗 ,𝜽init /
6: if �g𝑒𝑟𝑟.𝐓𝑗 ,FK.𝜽sol,𝑗 // ≤ tolerance�gthen
7: while �gCollCheck .𝜽sol,𝑗 ,𝐆𝐞𝐨/ == true�gdo
8: Update�g𝜽init �gvia�gnull-space�grepulsive�ggradient�g
9: Re-solve:�g𝜽sol,𝑗 ← IKS.𝐓𝑗 ,𝜽init /

10: if �gno�gfeasible�gsolution �gwithin �glimited �giterations �gthen
11: break
12: end �gif
13: end �gwhile
14: if �gCollCheck .𝜽sol,𝑗 ,𝐆𝐞𝐨/ == false�gthen
15: Calculate�gstatic�gtorque�gnorm�g‖𝝉𝑗‖�gfor �g𝑗th�gtest�gpoint �g
16: 𝜽init ← 𝜽sol,𝑗 �g{warm-start �gnext�gpoint}
17: end �gif
18: else
19: Attempt �grandomization �gfor �ga�glimited �gnumber�gof�gsteps�g
20: if �gno�gfeasible�gsolution �gwithin �goperational �gspace�gthen
21: break
22: end �gif
23: end �gif
24: end �gfor
25: Calculate�g�tness �gobjectives�g𝑓1, 𝑓2
26: Return �g𝑓1, 𝑓2

The�gIK�gis�gsolved�gusing�gthe�gnon-linear �gconstrained�goptimization �gap-
proach,�gformulation �gfollowing �gthe�gapproach�gintroduced �gby�g[ 38], �gwhich �g
evaluates�gthe�gforward �gkinematics�gat�geach�giteration �gto�gcompute�gthe�gtask-
space�gerror �gand�gprovides�gnumerically �grobust�gconvergence�gwithout �gre-
quiring �gexplicit �gsingularity �ghandling. �gThis�gformulation �gincludes�gredun-
dant�gDoF�gthrough �gthe�gdamped�gpseudoinverse�gof�gthe�gJacobian�g[ 30,39]. �gTo�g

achieve�gthe�gsolution �gconsistency�gacross�gspatially �gadjacent�gtask�gposes,�ga�g
well-known �gchallenge�gin�gredundant�gIK�gwhere�gin�nitely �gmany�gvalid �gcon-
�gurations �gexist�gfor �geach�gtarget�g[ 30], �gthe�gsolver�guses�ga�gcontinuation �gstrat-
egy�gwhile �gchecking�gfor �greachability �gsolutions.�gThis�gmethod�gcomprises�gthe�g
converged�gjoint �gvector�g𝜽sol,𝑗*1 �gfrom �gthe�gprevious�gtask�gpoint �gserves�gas�gthe�g
initial �gseed�gfor �gthe�gnext,�g𝜽init ,𝑗 = 𝜽sol,𝑗*1 .�gBecause�gthe�gtask�gpoints�gare�gor-
dered�gby�gcluster�gadjacency,�gthis�gwarm-starting �gnaturally �gfavours�gsmooth�g
con�guration �gtransitions �gand�gsuppresses�gdiscontinuous�gjumps�gbetween�g
IK�gsolution �gacross�gdi
erent �greachability �gtest�gpoints.�gWhen�gthe�gwarm-
started�gsolution �gresults�gin�ga�gcollision, �ga�gnull-space�grepulsive�ggradient�gis�g
used�gto�gdrive �gthe�ginitial �gjoint �gcon�guration �g𝜽init �gaway�gfrom �gthe�gobsta-
cle,�gfollowing �gthe�gredundancy�gresolution �gframework �gof�g[ 40]. �gThis�gallows�g
the�grobot �gto�g�nd �ga�gcollision-free �gposture�gthat �gsatis�es �gthe�gpositional �gre-
quirement �gwithout �gviolating �ghard�gjoint �glimits. �gIf �gno�gfeasible�gsolution �gis�g
obtained�gwithin �ga�gbounded�gnumber�gof�gattempts,�gthe�gpoint �gis�grecorded�g
as�gunreachable�gand�gpenalised�gin�gthe�g�tness �gevaluation. �gFurthermore,�ga�g
tube�gconstraint�gis�gapplied�gas�ga�glogical �gmask:�gany�gjoint �g𝑖�gpositioned�goutside�g
of�gthe�gvacuum�gvessel�gvolume�gbefore�gthe�gdeployment�gport �gis�gtreated�gas�g
unactuated�g(𝜃̇𝑖 = 0),�ge
ectively �greducing�gthe�gactive�gdegrees�gof�gfreedom�g
until �gthe�glink �genters�gthe�gmain�gvessel�gworkspace.

4.�g�gResults �gand �gdiscussion

The�galgorithm �gis�gimplemented�gand�gtested�gin�gMATLAB�gR2024a�gusing�g
the�gmulti-objective �gNSGA-II�gfunction �g[ 41], �gexecuted�gfor �ga�gmaximum �gof�g
50�ggenerations�gwith �ga�gpopulation �gsize�gof�g70,�gfunction �gtolerance�gis�gset�g
to�g0.005,�gand�gmaximum �gstall�ggenerations�gis�gset�gto�g5�gfor �gstopping�gcon-
ditions. �gThese�gvalues�gare�gselected�gbased�gon�ga�gbalance�gbetween�gcompu-
tational �ge�ciency �gand�gsolution �gquality, �gensuring�gsu�cient �gexploration �g
of�gthe�gsearch�gspace�gwithout �gsacri�cing �gtoo�gmuch�gcomputational �gcost.�g
The�gPareto�gfraction �gis�gset�gto�g0.35,�gproviding �ga�gbalanced�gselection�gof�gnon-
dominated�gsolutions.�gA�gcrossover�gfraction �gof�g0.8�gis�gapplied�gto�gpromote�g
genetic�gdiversity �gwhile �gmaintaining �ga�greasonable�gconvergence�gspeed.�gAs�g
previously �gdescribed,�gfor �geach�gcandidate�gsolution, �ga�gkinematic �gtree�gis�g
generated,�gand�gthe�gcost�gfunction �gis�gevaluated�gas�gdetailed�gin�gSection�g3�g
and�gwith �gconstraints�gmentioned�gin�gSection�g2.

A�g6-DoF�gcase�gis�ginitially �gevaluated�gto�gmeet�gthe�gdesign�gobjectives;�g
however,�gno�gfeasible�gsolution �gis�gobtained�gbecause�greachability �gpoints�g
near�gthe�gentrance�gport �gresulted�gin�gcollisions�gwith �gthe�genvironment. �gIt �gis�g
concluded�gthat �gthe�gmanipulator �gmust�gnecessarily�gaccommodate�gredun-
dant�gdegree�gof�gfreedoms�gto�gcomply�gwith �gthe�gshape�gof�gthe�goperational �g
space�gand�gdesign�gconstraints.�gThe�gredundancy�galso�gcontributes�gto�g�nding �g
a�gsolution �gfor �gany�greachability �gpoint �gwithout �gself-collision �gand�gcollision �g
with �gthe�genvironment.

To�gevaluate�gthe�ge
ectiveness�gof�gthe�gproposed�gframework, �gindepen-
dent�goptimization �gruns�gare�gconducted�gfor �geach�gcluster�gresolution �g(𝑘 =
4,8,16).The�goptimization �gresults�gfor �gthe�g7�gDoF�gcase�gare�gpresented�gin�g
Fig.�g7.�gIn�gthis�g�gure, �gthe�gx-axis�grepresents�gthe�g�rst �gobjective�gvalue,�gwhich �g
is�gthe�gsum�gof�gthe�glink �glengths,�gwhile �gthe�gy-axis�grepresents�gthe�gsecond�gob-
jective,�gwhich �gis�gthe�gtotal �gtorque�grequirement �gat�gall �greachable�gpoints�g
under�gstatic�gconditions. �gThe�gblue�gpoints�gindicate �gall �gcandidate�gsolutions�g
with �ga�gvalid �ginverse�gkinematic �gsolution �gunder�gthe�gspeci�ed �gconstraints,�g
while �gthe�ggreen�gpoint �grepresents�gthe�gPareto�gfront �gsolution �gobtained�gwith �g
the�gGA.

In�geach�gcase,�gthe�greachability �gpoints�gare�gobtained�gby�gclustering�gthe�g
CAD-derived�gsurface�gpoints�gand�gthe�gassociated�gnormals�gas�gdescribed�gin�g
Section�g2.�gIn�geach�gplot �gof�gFig.�g7,�gthe�gelbow�gpoint �g(trade-o
 �gsolution) �gis�g
highlighted, �grepresenting�ga�gbalanced�gcompromise�gbetween�gminimizing �g

Table �g1�g
Elbow-point �g(trade-o
) �gsolutions�gacross�g𝑘.

�gk 𝑓1 .𝐦/ 𝑓2 .𝐍𝐦/ �gJoint �gType�g(binary) �gLink�gLengths�g(m)

�g4 �g5.4980 �g570.6858 �g1011101 �g1.0298�g0.4860�g0.7904�g0.6256�g0.8553�g0.9104�g0.7982
�g8 �g5.4831 �g675.98 �g1011010 �g0.7492�g0.7807�g0.5226�g0.7294�g0.5986�g1.0031�g1.0977
�g16 �g5.5238 �g642.8205 �g1011011 �g0.9272�g0.6104�g0.5879�g0.7014�g0.7170�g0.8999�g1.0786
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Fig.�g7.�gPareto�gfront �gsolutions�gfor�gk=4, �gk=8, �gand�gk=16, �gshowing�gthe�gdistribution �gof�gfeasible�gsolutions�gin�gthe�g.𝑓1, 𝑓2/�gobjective�gspace.�gRed�gmarkers�gindicate�gthe�gelbow�g
point �gsolution �gin�geach�gcase.

𝑓1�gand�g𝑓2.�gThis�gis�gselected�gusing�gChebyshev�gscalarization�gmethod�g[ 42], �g
in�gwhich �geach�gPareto�gsolution �gis�gnormalized,�gand�gthe�gone�gminimizing �g
the�gmaximum �gof�gthe�gtwo �gnormalized�gobjectives�gis�gchosen�g[ 43].

To�gprovide �ga�gconsistent�gbenchmark�gacross�gcluster�gcases,�gthe�gelbow-
point �g(trade-o
) �gsolution �gfrom �geach�gPareto�gfront �gis�gpresented.�gTable�g1�g
summarises�gthe�gelbow-point �g(trade-o
) �gsolutions�gobtained�gfor �g𝑘 = 4,�g𝑘 =
8,�gand�g𝑘 = 16�gclusters.

All �gthree�gelbow-point �gsolutions�gconverge�gto�gsimilar �gjoint-types, �gre-
�ecting �ga�gstrong�gbias�gtowards�gproximal �gyaw�gjoints �ginterleaved�gwith �gdis-
tal�gpitch �gjoints. �gThis�gstructure�gsupports�gthe�gearlier�gobservation�gthat �gyaw�g
joints �gplaced�gproximally �greduce�gactuator�gtorque�gdemands�gby�gleverag-
ing�ggravitational �gsupport.�gAcross�gall �gcases,�gthe�gtotal �gmanipulator �glength�g
stabilises�garound�g5.48-5.53�gm,�gwhile �gthe�gstatic�gtorque�grequirement �gre-
mains�gconsistently�ghigh�g(í 570-675�gNm).�gThe�gjoint �gtype�gindicates�gthat �g
yaw�gjoints �g(1)�gdominate�gthe�gproximal �glinks, �gwith �gpitch �gjoints �g(0)�gused�g
sparingly�gin�gthe�gmiddle �gof�gthe�gchain.�gIn�gall �gthree�gcases,�gthe�goptimal �gsolu-
tions�gexhibit �gproximal �gplacement�gof�gyaw�gjoints, �gwhich �greduces�gactuator�g
torque�grequirements�gby�gtransferring �ggravitational �gloads�gto�gthe�gmanipula-
tor �gstructure�ginstead�gof�gthe�gactuators.�gThis�gobservation�gis�gconsistent�gwith �g
the�gtrends�gidenti�ed �gfor �gthe�g7�gDoF�gcon�guration �gresults,�greinforcing �gthe�g
design�gprinciple �gthat �gproximal �gyaw�gjoints �gare�gbene�cial �gin�glong-reach�g
manipulators.

Beyond�gidentifying �ga�gspeci�c �goptimal �gcon�guration, �gthe�gPareto�gfronts�g
generated�gacross�gthe�gvarying �gcluster�gresolutions�g(𝑘 = 4,8,16)�gdemon-
strate�gthe�gframework's �gcapacity�gto�gextract�gfundamental�gengineering�g
heuristics�gfor �gthe�gsystem�gwith �ga�gcase�gstudy.�gInstead�gof�gmerely�gconverg-
ing�gon�ga�gsingle�gresult,�gthe�gapproach�gilluminates �gthe�gnon-linear �gtrade-o
s �g
between�gtotal �glink �glength,�gjoint �gsequencing,�gand�gactuator�gtorque�grequire-
ments.

• Low-torque, �glong-length �gsolutions �gTypically �g𝑓1 ù 5.80–6.30�gm�gwith �g
𝑓2 ù 450–550�gNm.�gThese�gdesigns�gutilize �gproximal �gyaw�gjoints �gto�glever-
age�gthe�gstructure�gfor �ggravitational �gsupport,�gsigni�cantly �greducing�gac-
tuator �gdemand.

• High-torque, �gshort-length �gsolutions �gCharacterized�gby�g𝑓1 ù
5.20–5.35�gm�gand�g𝑓2 ≳ 700�gNm.�gThese�gcompact�gcon�gurations �goften�g
employ�ga�gbase�gpitch �gjoint, �gwhich �gincreases�gjoint �gtorque�gdue�gto�gre-
duced�gstructural �gleverage�gagainst�ggravity.

• Elbow-point �g(trade-o
) �gdesigns �gfor �geach�g𝑘�gvalue�gfall �gconsistently�g
around�g𝑓1 ù 5.40–5.70�gm�gand�g𝑓2 ù 570–700�gNm.�gThese�gcon�gurations �g
are�gcharacterised�gby�ga�gprismatic �gjoint �gfollowed �gby�gyaw�gand�gpitch �g
joints, �gwhere�gyaw�gremains�gdominant �gin�gthe�gproximal �gportion �gof�gthe�g
chain.�gThis�gstructure�gbalances�greachability �gand�gtorque�ge�ciency, �g
yielding �gcompact�gyet�gmechanically�gfeasible�gmanipulators.

Fig.�g8�gillustrates �gthe�gsolution �gat�gthe�gelbow�gpoint �gfor �gthe�g𝑘 = 8�gcluster.�g
In�gthe�gvisualisation, �gyaw�gjoints �gare�gshown�gin�gred�gand�gpitch �gjoints �gin�ggreen,�g
while �gthe�gmanipulator �gtip �gis�grepresented�gby�ga�gcone�gindicating �gthe�g�eld �g
of�gview. �gOn�gthe�gCAD-extracted�gvessel�gsurface,�gthe�gdesignated�gentrance�g
port �gis�gmarked�gby�ga�gcircle,�gthrough �gwhich �gthe�grobot �gis�gdeployed�gusing�g
the�gbase�gprismatic �gactuator.

The�goptimized �gelbow�gpoint �gkinematic �gstructure�gcan�gbe�gcompared�g
against�gexisting�gmanipulators �gdesigned�gfor �gsimilar �gcon�ned �genviron-
ments.�gThe�gSuper�gDragon�g[ 7], �gthe�gAIA�g[ 8] �gthat �gemploys�gserial�gchains�g
with �gidentical �gconsecutive�grevolute�glink �gsections.�gHowever,�gprismatic �g
translational �gdeployers�gaccompanied�gwith �ginitial �gyaw�gjoints �ghave�gbeen�g
adopted�gfor �glarger�gheavy-duty�gfusion�grobots,�gsuch�gas�gthe�gCFETR�gmulti-
purpose�goverload�grobot �g(CMOR)�g[ 32], �ga�g9-DOF�gserial�gmanipulator �gwith �g
a�gtotal �glength�gof�gup�gto�g10.8�gm,�gdeployed�gvia�ga�gprismatic �grail �gsystem�g
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Fig.�g8.�gFour�gcon�gurations �gfor�greachability �gtest�gpoints�gof�gthe�goptimized �gmanipulator �ggiven�gin�gTable�g1�gfor�gk=8.

Fig.�g9.�gGraphical�grepresentation�gof�gthe�gcoverage�gmetric.

for �gheavy-duty�gmaintenance�gwithin �ga�g, 45◦�gsector�gof�gthe�gvacuum�gvessel.�g
Similar �gdesigns�gwith �ginitial �gyaw�gjoints �ghave�gbeen�gadapted�gfor �glarger�gde-
ployers�g[ 44,45] �gto�genable�gremote�gmaintenance�gof�gfusion�greactors.�gHow-
ever,�gto�gthe�gauthors'�gknowledge,�gno�goptimized �gkinematic �gstructure�gfor �g
a�glightweight �grapid �ginspection�gmanipulator �gin�gfusion�genvironments�ghas�g
been�greported�gin�gthe�gliterature, �glacking�ga�gdirect �gcomparison�gof�gthe�gre-
sulting �gtopology.

4.1.�g�gComparative�gresults�gfor�g𝑘 = 4,�g𝑘 = 8,�gand�g𝑘 = 16

To�gassess�gthe�gstability �gof�gthe�goptimization, �gthree�gindependent�gruns�g
are�gconducted�gfor �geach�gcluster�gresolution. �gThe�gelbow�gsolutions�gare�gpre-
sented�gin�gTable�g2�gwith �gmean�gvalues�gand�gstandard�gdeviations�gfor �geach�g
run.�gAll �gcomputations�gare�gperformed�gon�ga�glaptop�gequipped�gwith �gan�gIntel �g
Core�gi7-13700H �g(2.40�gGHz)�gprocessor�gand�g16�gGB�gof�gRAM.�gAcross�gthe�g

Table �g2�g
Summary�gof�goptimization �gresults�gacross�gthree�gruns�gfor�gdi
erent �g
cluster�gresolutions�g(𝑘).

�gClusters�g(𝑘) �gMean�g𝑓1�g[m] �gMean�g𝑓2�g[Nm] �gMean�gRuntime

�g4 5.52 , 0 .08 581.77 , 16 .5 �g5�gh�g02�gm�g39�gs
�g8 5.51 , 0 .07 657.64 , 32 .2 �g6�gh�g50�gm�g42�gs
�g16 5.55 , 0 .09 631.88 , 21 .3 �g10�gh�g29�gm�g34�gs

resolutions,�gthe�gtotal �gmanipulator �glength�g(𝑓1)�gstabilized�gbetween�g5.45�gm�g
and�g5.65�gm,�gwhile �gthe�gstatic�gtorque�g(𝑓2)�gremained�gwithin �ga�gconsistent�g
range�gof�g570-676�gNm.�gNotably, �gthe�goptimized �gjoint �gcon�gurations �gacross�g
di
erent �gruns�gconsistently�gprioritized �gproximal �gyaw�gjoints �gfollowed �gby�ga�g
pitch �gjoint �gin�gall �gof�gthe�gresults,�greinforcing �gthe�gdesign�gprinciple �gthat �gsuch�g
an�garrangement�gbetter�ghandles�ggravitational �gloads�gin�glong-reach�gsystems.�g
While �gthe�gcomputational �gcost�gincreases�gwith �gthe�gnumber�gof�gclusters,�gris-
ing�gfrom �gapproximately �g5�gh�gfor �g𝑘 = 4�gto�gmore�gthan�g10�gh�gfor �g𝑘 = 16,�gthe�g
convergence�gof�gthe�g𝑓1�gand�g𝑓2�gvalues�gshows�gthat �geven�glower �gcluster�gres-
olutions �gcan�gstill �gidentify �gviable�gand�gconsistent�gkinematic �gcandidates.

When�gevaluating�gthree�gcluster�gresolutions,�g𝑘 = 4,8,16,�gdoubles�gthe�g
test�gpoints�gwhile �gsystematically�gmonitoring �gconvergence,�gthe�gaim�gis�g
to�gidentify �gthe�gsmallest�g𝑘�gthat �gpreserves�gpose�gcoverage�g(within �gposi-
tion/normal �gtolerances)�gand�gyields�ga�gstable�gPareto�gfront. �gTherefore,�gfor �g
the�gselected�ggeometry�gand�gtolerances,�g𝑘 = 4�gprovides�gthe�gfastest�gscan,�g
while �g𝑘 = 8�gcan�gbe�greserved�gfor �gcases�grequiring �gexceptionally �g�ne �gsur-
face�gdetail �gand�gto�gobserve�gthe�gspread�gover�ga�glarge�gnumber�gof�gtest�gpoints.�g
On�gthe�gother�ghand,�g𝑘 = 16�gdemonstrates�gthat �gan�gunnecessarily�gdense�gse-
lection �gof�gpoints�gdoes�gnot�gcontribute �gto�gimproving �gresults�gwhile �gincreas-
ing�gthe�gcomputational �gcost.�gThis�gresult�gcon�rms �gthat �gthe�gconventional �g
approach�gof�gselecting�ga�glarge�gnumber�gof�guniformly �gsparse�gtest�gpoints�gis�g
unnecessary�gand�goften�gundesired.

4.2.�g�gComparative�gresults�gwith�gother�gsampling�gmethods

To�gevaluate�gthe�ge�ciency �gof�gthe�gproposed�gmethodology,�ga�gcompar-
ative�gstudy�gis�gconducted�gagainst�gthree�gstandardized�gspatial�gsampling�g
baselines:�gFarthest�gPoint�gSampling�g(FPS)�g[ 24], �gspatial�gK-medoid�g[ 46], �g
and�gUniform �gVoxel-Grid�gdownsampling�g[ 47]. �gEach�gmethod�gis�gevalu-
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Fig.�g10.�gComparative�ganalysis�gof�goptimized �gkinematic �gstructures�gusing�gdi
erent �gsurface�gdownsampling�gmethods:�gFarthest�gPoint�gSampling�g(FPS),�gK-medoids,�gand�g
Uniform �gSampling.�g(Top)�gDistribution �gof�greachability �gtest�gpoints�g(𝑁 = 16)�gmapped�gonto�gthe�gvacuum�gvessel�g(VV)�gsurface�gfor�geach�gmethod.�g(Middle) �gPareto�gfront �gplots�g
illustrating �gthe�gtrade-o
 �gbetween�gthe�gtwo �goptimization �gobjectives�gfor�geach�gsampling�gcon�guration. �g(Bottom) �gEvaluation�gof�gthe�gchosen�gelbow-point �gstructures�gbased�gon�g
the�gSurface�gCoverage�g(𝐶𝑜𝑣~ )�gmetric, �gcalculated�gacross�ga�gvalidation �gset�gof�g1500�guniform �gsurface�gpoints�gas�gillustrated �gin�gFig.�g9.�gDetailed�gparameters�gfor�gthe�goptimized �g
con�gurations �gare�gprovided �gin�gTable�g3.

ated�gat�gsampling�gnumbers�gof�g𝑁 = .16,32,64/,�gwhich �gis�gthe�gsame�gnumber�g
of�greachability �gtest�gpoints�gused�gin�gthe�goptimization �gwith �g𝑘 = .4 ,8,16/.�g
For�gthe�gproposed�gsurface�gclustering�gmethod,�geach�gof�gthe�g𝑘�gclusters�gcon-
tributes �gone�gmedoid�gand�gthree�gboundary�gpoints,�gresulting �gin�g𝑁 = 4𝑘
reachability �gtest�gpoints�g(i.e.,�g𝑁 = 16,�g32,�gand�g64�gfor �g𝑘 = 4,�g8,�gand�g16,�g
respectively).�gThe�gbaseline�gmethods�gare�gevaluated�gat�gmatching�gsample�g
sizes�gto�gensure�ga�gfair �gcomparison.

For�geach�goptimized �gkinematic �gstructure,�ginverse�gkinematics�gis�gsolved�g
for �gall �g1500�gvalidation �gpoints.�gThree�gmetrics�gare�gthen�gcomputed:�gPosi-
tion �gError�g(PE%),�gthe�gpercentage�gof�gthe�g1500�gpoints�gfor �gwhich �gthe�gend-
e
ector �gpositional �gerror �gexceeds�g0.01�gm;�gOrientation �gError�g(OE%),�gthe�g
percentage�gfor �gwhich �gthe�gangular�gdeviation �gbetween�gthe�gtool �gaxis�gand�g
the�gsurface�gnormal �gexceeds�g25�gdeg;�gand�gSurface�gCoverage�g(Cov%),�gthe�g
percentage�gof�gpoints�gthat �gcan�gbe�genveloped�gby�gthe�gsampled�gposes.�gThese�g
thresholds�gare�gselected�gto�galign�gwith �gthe�gstrict �grequirements�gfor �gkine-
matic�gpositioning �gin�gremote�gmaintenance.�gWhile �greal-world �goperations�g
will �gincorporate �gadditional �gerror �gcontributions �g(such�gas�glink �gde�ections, �g
joint �gbacklash,�gand�gcontrol/feedback �gvariances)�gthe�gtolerances�gfor �gthe�g
kinematic �goptimisation �g(𝑃𝐸�gand�g𝑂𝐸)�gare�gkept�gintentionally �gtighter �gthan�g
expected�gphysical�gpositioning �gerror �gfor �gkinematic �gchecking.�gThis�gensures�g
that �gthe�ggenerated�gkinematic �gstructures�gprovide �ga�grobust�gfoundation �gfor �g
the�goverall �gpositioning �grequirements.

The�gcoverage�gmetric �gis�gevaluated�gby�gsimulating �ga�gtruncated�gpyramid �g
Field-of-View �g(FOV)�gvolume�gat�geach�gsuccessfully�greached�gpose.�gAs�gillus-
trated�gin�gFig.�g9,�geach�gend-e
ector �gcon�guration �gis�gmodeled�gwith �gan�g80◦

FOV�gand�gan�goperational �gdepth�granging�gfrom �g0.1�gm�gto�g0.4�gm.�gFor�geach�g
target,�ga�greachability �gtest�gpoint �gis�gde�ned �g0.3�gm�gaway�gfrom �gthe�gsurface�g
along�gthe�gnormal �gvector�g(indicated �gin�gblack).�gA�gsurface�gpoint �gis�gclassi-
�ed �gas�gcovered�g(indicated �gin�ggreen)�gif �git �gresides�gwithin �gthe�gintersection�g
of�gthe�gend-e
ector's �gFOV�gvolume�gand�gthe�gtarget�gsurface.�gThe�g�nal �gmet-
ric, �g𝐶𝑜𝑣~ ,�gis�gcalculated�gas�gthe�gratio �gof�gthe�gnumber�gof�gcovered�gpoints�gto�g
the�gtotal �gnumber�gof�gpoints�gin�gthe�gvalidation �gset.�gThis�gmetric �ge
ectively �g
quanti�es �gthe�gcapacity�gof�ga�gspeci�c �goptimized �gkinematic �gstructure�gto�gen-
velop�gthe�goperational �garea�gusing�gthe�gsame�gdiscrete�gset�gof�gsampled�gposes�g
for �gthe�gvisual�ginspection�gcase.

In�gFig.�g10�gthe�gcase�gfor �g𝑁 = 16�gfor �gthe�gsampling�gmethods�gused�gfor �g
comparison�gis�gillustrated �gby�gtheir �greachability �gpoint, �gPareto�gplot, �gand�g
surface�gcoverage�grepresentation.�gFurthermore,�gTable�g3�gpresents�ga�gcom-
parison�gof�gall �gmethods,�gincluding �gthe�gproposed�gmethod,�gwith �gnumerical �g
results�gfor �gthe�gperformance�gmetrics�g(PE%,�gOE%,�gand�gCov%).Notably,�g
the�gFPS�gmethod�gappears�gto�gperform �gbetter�gwhen�gthe�gPareto-optimal�gel-
bow�gsolution �gis�gevaluated�gacross�g1500�greachability �gpoints.�gThe�ghybrid �g
Surface�gClustering�gmethod�gconsistently�goutperforms�gspatial-only �gbase-
lines�gby�gleveraging�gnormal-vector �galignment �gand�gspeci�c �greachability �g
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Table �g3�g
Performance�gevaluation�gof�gkinematic �gstructures�goptimized �gfor�greachability �gtest�gpoints�g(N)�gusing�gdi
erent �g
down-sampling�gmethods.

Method
�gN�g= �g16 �gN�g= �g32 �gN�g= �g64

�gPE% �gOE% �gCov% �gPE% �gOE% �gCov% �gPE% �gOE% �gCov%

�gUniform �gGrid�gSampling �g12.40 �g19.33 �g80.60 �g5.93 �g7.53 �g87.94 �g2 �g4.33 �g96.16
�gFPS �g11 �g10.27 �g88.21 �g4.00 �g4.60 �g90.43 �g0.40 �g2.73 �g97.51
�gK-Medoids �g40.60 �g36.07 �g58.53 �g24 �g19.47 �g72.83 �g5.00 �g5.67 �g93.58
�gSurface�gClustering �g2.47 �g6.67 �g97.46 �g2.33 �g4.73 �g97.95 �g1.80 �g3.94 �g98.61

distances,�gensuring�gsuperior�ggeometric�g�delity �geven�gat�glow �gsampling�g
densities.

The�gcomparative�gresults�gin�gTable�g3�gprovide �ga�gpractical �gguideline �gfor �g
early-stage�gdesign�gsynthesis.�gWhile �gstandard�gheuristic �gmethods�gsuch�gas�g
Uniform �gSampling�gand�gFPS�ghave�gbeen�gutilized �guniform �gspatial�gdistri-
bution �g[ 24], �gthey�gare�gfundamentally �gtask-agnostic�gand�gcan�glead�gto�gper-
formance�gdegradation�gin�gconstrained�grobotics�gapplications�g[ 29]. �gAs�g𝑁
increases�gto�g64�gfor �g𝑘 = 16,�gthese�gmethods�gbegin�gto�gapproximate�gthe�gper-
formance�gmetrics�gof�gthe�gproposed�gmethod.�gHowever,�gat�glower �gresolu-
tions�g(𝑁 = 16)�gfor �g𝑘 = 4,�gSurface�gClustering�gsigni�cantly �goutperforms�g
alternatives,�gachieving�g97.46%�gcoverage�gcompared�gto�gonly �g58.53%�gfor �g
K-Medoids,�g80.60%�gfor �ga�gUniform �gGrid,�gor�g88.21%�gfor �gFPS.�gConsider-
ing�gthe�gscaling�gof�gcomputational �gtime �gfrom �g𝑘 = 4�gto�g𝑘 = 8,�gthe�gproposed�g
clustering�gapproach�genables�gan�ge
ective �gpreliminary �gscan.�gBy�gidentify-
ing�gstable�gkinematic �gstructures�gat�glow �gcluster�gcounts�gwithout �grequiring �g
high-�delity �g�ne-tuning, �gthe�gframework �greduces�gearly-stage�gdesign�grun-
time.

5.�g�gConclusion

This�gstudy�gpresented�ga�gkinematic �goptimization �gframework �gfor �glong-
reach�garticulated �gmechatronic�gsystems,�gi.e.,�grobotic �gmanipulators, �gspe-
cialised�gfor �gservice�gapplications�ginside�gindustry �gcon�nements �gthrough �g
port �gaccess.�gThe�gproposed�gdesign�gframework �gis�gpresented�gbased�gon�gthe�g
use�gcase�gof�ginspection�ginside�ga�gfusion�gvacuum�gvessel.�gThe�gcore�gnovelty �g
lies�gin�ga�ghybrid �gsurface-clustering�gof�gCAD�ggeometries�g(combining �gposi-
tion, �gnormal, �gand�gdistance-to-port)�gwith �ga�gglobally �gaware�gselection�gof�ga�g
speci�c �gnumber�gof�gpoints,�gand�ga�glightweight �gPCA-plane�gprojected�gcol-
lision �gchecking.�gWith �gthese,�gthe�gkinematic �goptimization �gpipeline �gwith �g
NSGA-II�gis�gintroduced �gto�gensure�gthese�gcomponents�gproduce�gcompact,�g
coverage-preserving�greachability �gsets�gthat �gsigni�cantly �greduce�gcompu-
tational �gcost�gwhile �gmaintaining �gtask�g�delity. �gWhile �gthe�gmodel�gused�gfor �g
the�gcase�gstudy�gprovides�ga�gfoundational �ggeometry�gfor �gidentifying �goptimal �g
link-joint �gcon�gurations. �gThe�grepresentation�gserves�gas�ga�gnecessary�g�lter-
ing�gstage�gto�gisolate�ghigh-performing �gcandidates�gfor �gfurther �gengineering�g
re�nement.

After �goptimization, �gonce�gPareto�goutcomes�gstabilized,�gthe�gdesigner�g
can�g�x �gthe�gsmallest�gcluster�gcount�gthat �gpreserves�gcoverage�gand�gthen�ge�-
ciently �gexplore�gkinematic �gconstraints�g(e.g.�gchanging�gmaximum �gallowed �g
link �glengths,�ginspection�gtolerances,�gor�gviewing �gdistances)�gat�gsubstan-
tially �greduced�gcomputational �gcost.�gThe�gframework �gdemonstrates�gthat �g
clustering-based�gtask�greduction �gfacilitates �gsystematic,�gearly-stage�gkine-
matic�gsynthesis�gfor �gcon�ned �genvironments,�gwhile �gremaining �gadaptable�g
to�gchanges�gin�gvessel�ggeometry,�gconstraints,�gor�ginspection�grequirements.

With �gthe�gcase�gstudy�gpresented�gfor �gthe�gnuclear�gfusion�gvacuum�gvessel�g
inspection,�ga�gmulti-objective �gNSGA-II�gjointly �goptimizes�gthe�gmanipula-
tor's�gkinematic �gtopology �gand�gdimensions�gon�gthe�greduced�gtask�gsets�gto�g
minimize �gtotal �glength�g(𝑓1)�gand�gstatic�gtorque�g(𝑓2).�gThree�gindependent�g
optimization �gruns�gfor �geach�gcluster�gresolution �g(𝑘 = 4,8,16)�gcon�rm �gthe�g
framework's �grobustness,�gwith �gelbow�gsolutions�gconsistently�gconverging�g
to�gtotal �glink �glengths�gof�gí 5.45–5.65�gm�gand�gproximal �gyaw�gjoints �gemerg-
ing�gas�gthe�gdominant �gstructural �gtrend�gacross�gall �gruns.�gThe�gcomparative�g
results�gcon�rm �gthat �gconventional �gsampling�gmethods�gcan�galso�gidentify �g
satisfactory�gkinematic �gstructures�gwhen�ga�gsu�ciently �glarge�gnumber�gof�g
task�gpoints�gis�gused.�gHowever,�gthe�gproposed�gsurface�gclustering�gapproach�g

achieves�gconsistent�gresults�gwith �ga�gsigni�cantly �greduced�gset�gof�greachabil-
ity �gpoints,�gwhich �gis�gparticularly �gadvantageous�gfor �giterative �gdesign�gwork-
�ows �gwhere�gvessel�ggeometry,�gport �gdimensions,�gor�ginspection�grequire-
ments�gmay�gevolve,�genabling�grapid �gre-evaluation�gwithout �gthe�gcomputa-
tional �gcost�gof�gdense�gsampling.

This�gstudy�gestablishes�ga�grobust�gpipeline �gfor �gearly-stage�gkinematic �gsyn-
thesis,�gutilizing �gsimpli�ed �gCAD�gmodels�gto�gmaintain �gthe�gcomputational �g
e�ciency �gnecessary�gfor �gthe�ghigh-volume �giterations �gof�gthe�gGenetic�gAlgo-
rithm. �gAs�gsuch,�ge
ects �gincluding �gstructural �gde�ection, �gvibrations, �gjoint �g
backlash,�gand�gcontrol �gaccuracy�gare�gnot�gcaptured�gin�gthe�gcurrent �gframe-
work �gand�grepresent�glimitations �gthat �gmust�gbe�gaddressed�gbefore�gphysical�g
implementation. �gFuture�gresearch�gwill �gfocus�gon�gintegrating �gthese�gopti-
mized�gstructures�ginto �ghigh-�delity �gmulti-physics �genvironments�gto�gevalu-
ate�gdynamic�gperformance,�gincluding �gstructural �gvibrations �gand�gde�ection �g
under�gvarying �gpayloads,�gwhich �gare�gcritical �gfactors�gfor �glong-reach�gma-
nipulators �gin�gfusion�genvironments.�gParallel�gto�gthese�gsimulations,�gfurther �g
investigation �ginto �gremote�gactuation�gmethods�gand�ghardware�gfeasibility �g
tests�gwill �gbe�gconducted�gto�gensure�gthe�goptimized �gstructures�gcan�gbe�gphys-
ically �grealized�gwithin �gthe�greactor's�gstringent�genvironmental �gconstraints.�g
Building �gupon�gthe�gpreliminary �gIK�gstrategy�gpresented�ghere,�gsubsequent�g
work �gwill �gevolve�gthe�gframework �ginto �ga�gtrajectory �gplanner.�gThis�gfollow �g
investigation �gand�gimplementation �gof�gadvanced�gcontrol �gand�gactive�gvibra-
tion �gsuppression�gstrategies�gto�gensure�gboth�gcollision �gavoidance�gand�gpre-
cision�gpositioning. �gFinally, �gthe�goptimized �gstructures�gidenti�ed �gthrough �g
this�gmethodology�gwill �gbe�gvalidated �gvia�gexperimental�gtesting�gon�ga�gphys-
ical�gprototype �gto�gbridge�gthe�ggap�gbetween�gkinematic �gsynthesis�gand�goper-
ational �greality.
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