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IIpoAoyog

H ovykekpyiévn gpyacio amotelel 10 TEAEVTOIO GTAGIO TOV TPOTTVYIOKDOV HOL GTOLODOV, TPV TNV ££000
LoV GTNV ayopd epyaciog, ®¢ TTVYOVYX0G HeTaPpactS. Eyoyva Aowmdv va aoyoAndd pe éva 0épa mévo
OTOV TOUEN TNG TEXVOAOYING, TEPITAOKO KOl TOVTOYPOVE WHTEPN 0GVVHOIGTO Yo TTLYIOKN Epyacio. Metd
amd OPKETN £PEVVA, OMOPACIOO VO LETOPPAC® TO Paper mov o adepeoc Hov ocuvvébeoe kol pOAoTo
napovoiace To Mdio tov 2018 oto International Conference on Robotics and Automation (ICRA) mov éhafe
Yopao 610 Mrpicuneiv g Avotporioc. Xe avtd 10 onueio, Ba MBela va gvyapiotom Tov vIELHVVO
kaBnynt pov kupo Zwtpro Kepapidoo o101t ympig ) Ponbeia tov dev Ba pmopovoa vo OAOKANPOCH TNV
epyoacio pov, kabang pe katnvbuve kol pov £0€1Ee epmotochvn and to Tpmdto Aentd. Kat® enéktoon, Oa
NnBeia va gvyopiomom kot Tov Koplo [Haosydin NikoAdov mov d€ynke yopic de0TEPT OKEYN VO UTTEL GTNV
emutponn emonteiag, mopd tov avénuévo eopto gpyaciog tov. ‘Eva peydio evyopiotd otov adeppd pov
AvéoTtn mov Oyt HOVo pE eUMIOTEVTNKE Kol pov avéBece T HETAPPOOT €VOC €PYOV TOL HE TOGO KOTO
Katapepe vo Pydiel €1¢ mépac, aAAd NTov TPOBLUOG VA LoV AVCEL OTOIONTTOTE aopial Elyo TAV® GTNV
poumotikn oporoyia. TEAoc, Ba B vo ELYOPIGTHGM TOVE YOVELG OV, Y®PIg TOVS 0Toiovg OV Ba pmropovoa
TOTE VO, KAV® T GVELPOL OV TTPOLYLOTIKOTNTOL.

H napovoa epyacio £xet 0épo tn petdppaon kot to oyoAlacud tov «Requirements Based Design and End-
to-End Dynamic Modeling of a Robotic Tool for Vitreoretinal Surgery». Onmg ntpoaviépepa, T0 GUYKEKPIUEVO
paper mapovcidotnke tov tepacpuévo Mdao oto ICRA oty Avotpalria kot Tpoteivel T poviehomoinon evog
POUTOTIKOD EPYOAEIOV [E OKOTO TNV YEPOVPYIKN EMEUPAOT) VOAOEBOVS-OUPIPANCTPOEDOVS. XTO TPDTO
HéPOC Aomdv g epyaciog mapatiBetonr 10 peETAPpPACUO KOl TO TP®TOTLVTTO Keipevo. Koatdmy, axolovbel
OYOMOUGLOG TOV UETAPPACUOTOC KOl TOV TPMTOTVTOV OVTICTOL(O. LVYKEKPIUEVA, AVOAVETOL TO TPWTOTVLTTO
KEIWEVO KO TEPIYPAPOVTIOL TO HETOPPOCTIKA TpoPAnuata mov KANONka vo avipetonion. TELog

napatifevior T0co o1 PPAOYPAPIKES avaPOpPES OGO KOl TO YADWGGAPL TOV Op®V.



Ye010610G PACEL OTOLTI|CE®V KOL HOUVOULKT] HOVTELOTOIN G| EVOS POUTOTIKOV
EPYUALELOV VLU XELPOVPYIKES EMEPPAGELS VAAOELOOVG-UUPLBANGTPOELOOVG.

Avéotng Maumiékoc-Ade&iov, Sebastien Ourselin, Lyndon da Cruz*, ko Xpiotog Mmepyehég

Hepilnyn— Ilapa To yeyovég 6TV TOAAG popméT Exouv
npotalsi Yo yepovpyikés  emepPacsis  vVOAOELOOVG-
OREIPANOTPOEIOOVS, VTAPYOLY TEPLOPIOUEVES TANPOPOPIES
GYETIKG, LE T1) LOVTELOTTOIN O] TG OVVOULKIG TOVG. AVTO TO KEVO
ooyl o pn PéhTioTn emhoyn KvnTiPOV Ko gumodilsl v
EQUPUOY] TPONYREVOV  GUGTHUATOV eLéyyov mov Oa
EKTMPAOVOLY TO O©TOXO TNG OKPifslag pikpopuéTpov o€
xEWpovpykés emepPfacsic. Avt 1 gpyacio wopovoldler T
0wudIKaoio oyedlaopoy Kou o pehéTn OUVOMIKNG  EVOG
POUTOTIKOD GLOTHROTOS TOMLOTAGDV Babpdv erevbsepiog (BE),
OV EIVOL EUTVELOUEVO OO TG KUOLEPOUEVES APYITEKTOVIKES
ovv-yeipopov. Ilpoteivoope puo evéehegy] KivnpoTiKy Kot
OUVOMIKY] GVOADGY TOV THNMOTOS TOV POUTWOT 7OV Eivan
vredBuvo yia To xEPIopd TOv YEPOVPYIKOY Epyareiov KATA TN
@GoN TOL LEPOVPYEIOL TOV UUPIPANGTPOELDOVG. ZVYKEKPINEVD,
o e&lodoeig kiviong Euler—Lagrange, ou omoieg meprypagovv
TN OUVOUIKI] TOV XEPOVPYIKOD POUTOTIKOD YEIPLOTH] TPLAOV
oVVOio®Y, GLVOLALOVTOL PE VEN OVOAUTIKG povTtéha TV
OVTIGTOL(®V  pNyoviop®v  perddoong kdBe ovvdéopov,
ovpmepriopfovopévonr  Evog  GUOTNNOTOS KoyAia Kivinong
e€ahenyng 01aKevov kKon evog atéppova koyhrio. Ta povréra mov
TPOKVOTITOVY, neTafifdopa o VITAPYOVTES YEIPIGTES, TAPENOVY
H0 6YOLUGTIKY] AVAAVGY] TG 0T030G1S TOV POUTOT OV Pwopel
va ypnoponomdei T660 Yo pnyavoroykod oyedracnd 660 Ko
Yo akpifeic eéyyovg.

I. EIZATQI'H

H erépPoon vaAogdovs-oapu@iANGTpogldons kot M
KPS VTOUPIPANGTPOELSIKT YOPNYNOT| TOV ETEPYOUEVOV
Oepameldv amokaTdoToons TG OpUcTS AmattovV aKpifeta
oe KMpoka pikpopétpov. O amortodpevog  Pabpdg
axpifelg, o€ cLVOLACUO LE TO TEPLOPIGUEVA OPloL TNG
avOpomvng wovottog [1-3], vrodni@vovuv OTL €181KA
KOTOOKEVAGUEVE  POUTOTIKA  GUGTHUOTO  UTOPOVV v
Beltidoovv Ta anoteréopato TG ETEUPacNS.

Méoa og Alyeg LOVO deKAETIEG OO TNV OPYIKT ELPAVION
™me, n POUTOTIKY YEPOLPYIKN VOAOEWBOVG-
apePAnotpoeldodc eEerixnke ce duvopukd Kot ToyEmg
avamtuocdpevo xdpo épevvag. Ilpotewvdpevn apywd yio
mv Tapoyn Bonbeiog

* Ton ovyypain otTa.

H épgvva avty vmootmpixbnke omd to idpvpo Michael Uren, 1o
oavBpomkd idpvpo Helena Charitable Trust, o yopnyio Tov
Evponaikov XZvppoviiov ‘Epevvag (EXE) [714562], to Bpofeio UCL-
Future Leaders, to Bpapeio Wellcome/EPSRC Centre of Excellence
[2031452/16/Z], xou To ypnpatodotoduevo amd to EPSRC, UCL Centre for
Doctoral Training in Medical Imaging [EP / L016478 / 1].

‘O)ot o1 ouyypageig cuvepydlovron pe to Wellcome / EPSRC Centre for
Interventional and Surgical Sciences, UCL, Aovdivo, Hvapévo Bacitero. O
Avéotng Mapmhékog Ale&iov kor o Lyndon da Cruz ouvepydlovion
emnpocbeta pe to UCL Institute of Ophthalmology kot to Moorfield Eye
Hospital, Aovdivo, Hvepévo Basilero. O Sebastien Ourselin kot 0 Xprotog
Mmnepyedég ovvepyalovtan emmpdcbeta pe to Center for Medical Image
Computing, UCL, Aovdivo, Hvopévo Bacilelo (avtiotoyog ovyypagéog
Avéotng MopnAékog-Adetiov, email: anestis.mamplekos-
alexiou.16@ucl.ac.uk 1| mamplekos@gmail. com).

Ewdva 1. IIpotuno oyedioong pe ™ Ponbera vmoroyiot) (CAD) tov
TPOTEWVOLUEVOD POUTOTIKOD GUOTIHUOTOS EYKATEGTNUEVO GTO YEPOVPYIKO
meptParLov.

GTOVG YEPOVPYODS GE AMALTNTIKEG OAAG KOWEG ETEUPACELS
OV  OTOLTOVV LYNAN EMBEEOTNTO, OTMG 1| UTOAETICT TOV
emOnAok®dV pepfpavav, [4], [5], ta poundt yio exepPaocelg
VAAOEWBOVG-AUPPANGTPOEIOOVG GUUUETEYOVY TAEOV GE VEEG
pebddovg Bepameiog mov TPOGPEPOVY SVVATOTNTEG Ol OTTOIES,
poli pe avortvooopeveg Oepamncieg Bractokvttdpav [6] kot
Yovidi®v, OVOUEVETAL VO, (GEPOVV TNV ENAVAGTAOT OTN
WIKPOYELPOVPYIKT]  TOL  OUEIPANGTPOEBOVNG KOl Vo
EKTANPMOGOVY TO GTOYO TG OVAYEVVIONG TG OPAOTG.

ZHuepo, TO €0POG TOV TPOTEWVOUEVOV YEPOLPYIKADV
TAATQOPUDV Yo emeppacelg VAAOEIBOVG-
apeIPANGTPOEIBOLS EIVOL EVIVTMOGIOKO KOL Ol TEYVOAOYIKES
GUVEICQPOPES TMOV POUTOTICTAOV £(OVV 00N YNOEL TO TEd(0 G
wynAo enimedo avamruéng [7-12]. Tlapd myv adwopeiofimm
TPOodo OGOV aPOpPA TIG OTPATNYIKEG OYESOUOD KOl
€AEYYOV, M TPOUOKTIKY omaitnon okpifeag HKPOUETPOL
ennpedlel oAdKAN PN TN dradikacio oyedGHOD Kol 10dyEL
Supopa texviKa epmddla mov mpémel va Eemepactodv. Ot
SvoKOAlEg EAEYXOL OV TPOKVTTOVV, GE GLVILAUGLO LE TOVG
MEPOPIGHODG  TOL  LWAPYoLV  OTO  YEpOovpYEio,
TapeUToSilovy TV UéYPL OTLYUNS KAMVIKY v1oBEtnon Tov
pouTOT Yo EMEUPACES VAAOEOOVG - AUPPANGTPOESOVG,
AP TIC EVIVIOOIOKES TPATEG OOKIUEG GE AVOPADOTOVS OV
npaypotonomdnkav and [7], [8].

v mapovca epyacio mapovctdlovpe £va vEo oxEdto Yo
éva popumot yio enepPAoelg VAAOESOVS-AUPPANGTPOEBODE
EUTVELCLEVO OO EMTUYNUEVEG TAATPOPLES GUV-YELPIOULOD
[7], [11]. AauPdavovpe vmoéyn TOVG €PYOVOUIKODS Kot
SOLKOVG  TEPLOPICHOVE KOTA Tr OIPKEW OLTOV TOV



EMEUPACEDY KoL TPOTEIVOVLLE £VAL YEPOVPYIKO POUTOT TOL
ytiletatl otadtokd amd YounAng o€ vyming akpifelog pépn,
oxedlOoUEVO MOTE VO EAA)IOTOTOLEL TN STOPOYN TNG
KAMvikng pong g epyaciog. [Tapovoidlovpe pia doditkocio
oxedloooy oV  KOTELOVVETOL OmO TN SLVOUIKY] TOL
TPOTEWVOUEVOD  YEPOTH.  Zvvdvalovtag TG eEI0MOELS
Kivnong tov popmdT pe vEa HOOMUATIKG HOVTEAQ TOV
aVTIOTOY®MV EMEVEPYNTMOV TOVL, OTOKTAUE W0 AETTOUEPN
TEPLYPOPN TNG KIVNUATIKNG KOl TNG SVVOUIKNG TOV. AVTA 1|
TEPLYPOPn TEPAAUPAVEL OAEG TIG WU YPOLLUKOTNTES TOL
opeidloviol otV TP 7oL TPOKLATEL amd TN ¥PNoM
CLOTNUATOV LETASOONG, OMMG Ol KoyAeg kivnomg kot ot
OTEPHOVEG KOYMEG, Ol 0TTOiot YPNOOTOLOHVTOL EVPEMG TN
POUTOTIKY]  UIKPOYELPOVPYIKT] OAAL OTAVIOL EPELVAVTOL
oekodikd. To  e&ehyuéva  povtélo  umopodv  va
VIOGTNPIEOVY TNV EMAOYT TOV WIKPOETEVEPYNTAOV, IE Pdon
TG OTTOLTNGELS, EMTPEMOVTOG TPOCOPLOCUEVES
OWUOPPACES  TOL  AMOPEVYOLV  TPOKOTOCKEVOGUEVEL
TPOIOVTIO OV UTOPEL VO EXNPEAGOVY TNV aKpifela Kot v
TayvtTo. TOL Yeplot). EmmAéov, m mpocéyyion pog
Voot pilet T LEALOVTIKT ELGOY®OYT OTPOTNYIKMOV 0KP1BODC
EAEYYOL TTOV TEPIAAULBAVOLV T1 SUVOLLIKT] TOV GUGTNHILOTOG.
H mpotewvopevn pounotikn cdvleon angucoviletar oty
Ew. 1. Ot amoutioelg mov odnyodv To oyedlocpd g
divovtai oy Ev. 11, eved oty Ev. 111 amodideton 1 duvapkn
tov 3-BE tov tehikovd teheot. H Ev. IV mapovcidler ta
HOVTEAD TMV Unyoviopu®v  petadoons, evd m Ev. V
TEPLYPAPEL TNV EMAOYN TOV KvnThpov mov Paciletar ot
duvopukn. H epyacio ohokinpdvetar otnyv Ev. VI.

Il. ZXEATAXMOX POMIIOTIKOY XYXTHMATOZ

Agdopévou 6TL 1 ETTVYNG AodoYN 0o TOV KAVIKO Topéd
amontel  eldylotn dloTopoyn oTg ovvhbelg  KMvikEg
dwdkacies, o oyedalOUevog pOUTOTIKOG UNYAVIoUOG EXEL
oxedwotel Yo va expetoiledetar Tov dobéoo erevbepo
x®po oto yepovpyeio. Ot  TpaypOTIKEG  GLVONKEG
emepfdoemv kol M Jdoppdbuion  yopov  PocKOV
eCapmudtov £xovv avamapoyfel pe ™ ypNoT AOYIGUIKOV
CAD (Computer Aided Design - Xyedioaopog pe ypnon
YmoAoyiotn), oxedidlovtag amd v opyi TO YEPOLPYIKO
tpanéll (Opmaster 506P and v Lab-Med) kot yeipovpyikd
pikpookémo (Lumera 700 amd v Zeiss), PA. Ew. 1. Me
avtdv TOV TPOTO, O POUTOTIKOG UNYAVICLOS Hmopel va
oyxedlootel Yo va yopéoelt otov dabéoo ympo. O
UNXOVIKOS oxedlaoOg TOV CLGTANATOS apyilel pe v
avdAivon g kiviong Tov epyaisiov katd T SIpKER TOV
CUUPOATIKOV YELPOVPYIK®V EMEUPACEDY TOL VOAAOEOOVS-
APOPANGTPOEBOVG KOl TV OMEIKOVION TOV KIVIGEDV GTA
eCaptpato Tov poumdt mov glvar vmevBuva Yo TV
EKTEAECT] TOVG,

A. Erooywyn otovg 2toyovg Zyediaouod

Kabe enéppoon pnopet va ympiotel og tpeig paoeg [12]:
™ edon mpoctyyiong (eaon-II), ™ paon eicaywyng (pdon-
E) kot @don yepovpyeiov tov apeiAnctpoetdois (pdon-
X).

ITINAKAX 1

TTPOATATPA®EY OEXHY POMIIOT-IT
podrwaypagéc
TEPLOTPOPNS KOL Movédeg Ty
gréyyov Béong
Ebpog dradpopng mm 60
otovg GEoveg XY (yootodpETPO)
Evpog dwdpopng mm 35
otov GEova Z (x\ootopETPO)
Evpog nepiotpoeng
YOp® amd Tovg GEoveg 0 30
X, Y, Z
Eravoinyémra um (kpOUETPO) 05
otoug GEovee X, Y, Z '

H ¢don-I1 avtictoyei 6to otddio 6mov o Yepovpydg
0épvel To gpyaleio amd Tuyoio apyikn Oéom oto omnueio
TOUNG OTNV EMPaveld, ToL 0@BaApod. Xvvnbwg, vdpyovy
Tpio onpeio Topng, 6mov TonobeTovVTOL TPOKAP: VA Yio, TO
YEWPOLPYIKO epyaAeio, €va Yo TOV OMTIKO kabethpa
QMTICUO KoL £VOL Y10, Lo YPOpU £yyuong 1 onoia dtatnpel
otabepn evdopOaApkn wicon. H xivnon g ¢@dong-I1
avtiotolyel o€ M PETAQOPIKY Kivnom oto y®dpo, Kol
GUVETAG, amotTtel £vo pounot pe TovAdylotov tpeig BE.

H o¢don-E mepirappdver v kivinon tov dxpov Tov
gpyargiov Eekvoviog amd To onueio Toung pEXpPL TV
EMPAVEIL TOL  AUEPANCTPOEWOVG, evd 1 @don-X
TePIAQULPAVEL OAEG TIS KIVNOES TOL OPYAvVOvL, WEGO GTO
Odhopo tov oEOUALOD, TOL TTEPIGTPEPOVTOL YOP® OO TNV
glcodo 610 onueio toung. Ocov apopd tig pdceic-E ko X,
amotodvTot Knuatikd tpelg nepotpopikoi BE yopw amd
éva amopakpuoévo keévipo mepotpoens (AKII) kot évag
LETOQOPIKOG OV Vo, OEPYETal PECH OLTOD, (OTE Vo
emrevyfel mepiotpopn Yopw amd 1o AKIL xebog emiong
glooymyn kot e&aymyn Tov epyaieiov.

"Eva popmotikd Vet Tov TANPOL TIG OTOLTHCELS TOV
YELPOLPYIKDV emeppacemv OV VOAOEOVG-
ape1PAnotpogdodc puropel va yoplotei oe 000 ave&aptnta
"umo-poumot": éva younAng kot évav vyming axpieioc. To
Tp®T0, T0 Popumdt-I1, givar vtevBuvo yia tv tomobéTnon Tov
AKII xotd tn Sdpkewn g @dong-Il. To devtepo, To
Popndt-X, givar veevbovo yua v extédeon g edong-X (n
¢@aon-E givar éva vmoohvorod tng) Kot avTioToryel 6To 6Tao10
oV AAAMAOETOPE TOGO e TOV YXEPOVPYO OGO KOl LE TOV
acBev Kot amaitel VYNNG TOOTNTOS GYESLAGLO.

B. Xyeoraouog Pourot-I1

‘Evag pnyoviopds mov  mopéyel  TOLAGYIOTOV  TPELS
ypoppukovg BE pe emopkéc e0pog kiviong etvat kardAiniog
you ™ edon-IL  Emv  epyacic awtn,  évog
TPOKATOCKEVOGILEVOG UNYAVIGHOS, Paciopévog oe eEGmodo
6-BE (H-825 om6 tnv Physik Instrumente), opketd
GUUTTAYNG DOTE VAL YOPUEL KAT® OO TO XEPOLPYKO TPOTELL,
enthéyetar yio ) petaeopd tov AKII oto embounto onpueio
toung. Ov  mpocoppoopéves Phosig ompiEng  €yovv
oyedlaotel yia va suvdéovy To Poumdt-X e to e£amodo ko
va 10 tonofetovv og o Béon dimAa oto paSiAdpt Tov
tpomel100, PA. Ewc. 1. [lephopfavovpe emiong £va emmAéov
TEPLOTPEPOLEVO eEAPTNLOL TOL Agttovpyel g Pdon Yo TO
Poumot-X npocBétovtag Evav emmAéov BE, BA. Ewc. 2. Avt)



Béoeig otiipiéng

E&amodo Tomobémong

PN

Ewova 2. Yrmoovykpoémmuo tov Poumot-Il, mov omoteleiton omd éva
£&amodo eréyyov 0€ong 6-BE kou £va Aentd 6Tdd10 TEPIGTPOPTC.

N ekedbepn  TEPIGTPOPT, MOV TAPEXETOL ONO U0
npokatookevacpuévn Aerth Baon (U-651 amnd v PI), diver
™ SLVaTOTN T LETAKIVIOTG TOV POUTTOT LOKPLA OO TO YDPO
epyaciog, oe Béom tétoww mov dev dwtapdooel T pon
epyaciog o6tav dev ypnoomnoteitar. Kot ot dvo Ppayioveg
KAEWMOVOLV aVTOUOTO OTAV OTEVEPYOTOLODVTIOL Kol £TGL M
axpifea otov Edeyyo BEong dev emnpedletor amd eEmTepiKég
dwtapoyég: emiong M EVEPYELD TOL YAVETAL KPOTMOVIOG TO
epyareio otn Béom Tov KATA TN OLAPKEW TNG EYXEIPNONS
elayotonoteitor. Ot Tpodiaypaég Tov eAEyyov BEong tov
Popndt-I1 divovrar otov [Mivaka 1.

I'. Zyedroouos Pouror-X

To Poumot-X amoteleitan amd PnyoviGHOVG TEPIOTPOPNG
YUp® omd TO SlopnKN Kol eykapoto GEovo tov omoiov ot
GEoveC TEPIGTPOPNG TEUVOVTAL GE £VOL GUYKEKPIUEVO OTUEID
TOL YDPOL TapEyovtag Eva unyovikd AKIL mapopoto pe [7],
[11]. "Eva e&dptnua €160y®YNG TPOGUPTATOL GTO GKPO TOVL
UNYXOVIGLLOV TEPIGTPOPTS YOP® Od TOV EYKAPT10 AEova Kot
napéyel évav emmiéov petagopikd BE, vredbBuvo yia v
Kivnon tov gpyaieiov péoa kot €€ and tov BdAapo tov
opBadpov, depyoduevos amd to AKIL, PA. Ew. 3.

O  unyoviopds — ewcayoyng  ypnolpomotel  €vav
npokataokevaopévo mieloniektpikd emevepynth (N-422
and v Physik Instrumente) Aéyo g akpifelog kot g
ouumaryovs Tov Asttovpyiag. O emevepyntig TOPEXEL GLVET
Kivnon pe evpog dwdpopng 35mm, pEYISTN TOLTNTA
30mm/s kon péyebog Prjparog mepimov 300nm.

Mia didtaén Paciopévn o€ cOOTNLL ATEPLOVO-KOPDVAS EYEL
GYEOOOTEL Y10 VOl TTOLPAYEL TTEPIOTPOPT] YOP® OO TO SLOUNKT)
a&ova. Ta eEopTHOTO TOV ATOTEAOVV VTGOV TOV UNYOVICULO
givar éva kifdtio atéppova-kopdvog (P20-120AR amd v
Ondrives), £évag €01KA OYEIOCUEVOS TEPIOTPEPOUEVOS
GEovVaGg OV LETOPEPEL TNV 1OYY GE OAXL TOL TEPICTPEPOLEV
eEaptnpata Kot évay Kiynmpa

\,—
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Ewova 3. Yrmoovykpoémnpo tov Poumdt-II, mov amotedeitar omd €vav
INXOVIGHO TEPIGTPOPNS YOP® b TOV KN Kot eyKapacto d&ova Kot
£vol eEAPTNHILOL EIGOYOYNG.

enevépynong. To evpog kiviong mov mopéyetor omd to
pnyavicpd TEPIoTPOPNS Yupm amd Tov dtopunkn dEova gival
360°.

Ocov agopd Vv mepoTpoPr] YOp® amd ToV £YKAPGLO
a&ova, emAéyetat Evog unyaviopdg €L paBdwv mov Tapéyet
éva punyavikdo AKIT [13]. O cbdvdeopog tov €& pafdwv
Kiveiton and Evav koyAia Kivnomng, mov engvepyeitat amod Evav
kwnripo (AFAO0L16048RS amd tv Helix). Kobog n
epappoyn omoutel e€oupetiky okpifeln, emAéyetar éva
TEPIKOYMO eEGAEYTG TOV SLAKEVOL TTOV TPOKAAEITOL OO Tl
Keva ovapeso ot Pida kot to mepikdyio. To Topeyduevo
€0pOg MEPLGTPOPNG MG TTPOG TOV £YKAPSLIO dEova YOp® omd
to AKII givan mepimov 60°.

O1 TpodaypapEG TOV KIVIITHPOV TEPIGTPOPNS YUP® OO
TO OLOUNKT Kot €YKApoto aEova mapovsidlovtal oty Ev. 5,
LLETA TNV EKTIUNOT] TNG LGYVOG TTOV TPETEL VAL TTAPAODGOVV.

I1l. KINHMATIKH KAIAYNAMIKH TOY POMIIOT-X

To tunqua Tov poumdt mov AAANAOETOPE evepyd e TOV
acBevn kot xpnlet g Pabdtepng avdivong eivor to Popmodr-
X. Oswpwvrag 6t t0 Poumot-I1 ypnowonoeitor  y v
npo-tonoBémomn tov AKII oto emBountd onueio, ta dHo
VRO-popndT PmopovV va peretnBovv Egxmpiotd kabag etvor
Suvapkd amocvvoedepEVaL.

A. EvBeio. Kivyuatixn

g aUTN TNV EVOTNTO AVOTTOCGETAL €V Guvtopia 1 gvbeia
KWIUOTIKY TOL popumdT-X, Kupig yo Tn S1EukOAVVeT TG
Suvapkig poviehomoinong g endpevns vmoevotntoc. I
TNV TOPAY®YN TOV OUOYEVAV UNTPOOV LETACYNLOTIGLOV
Tov poumdt, ypnowomoteitar 1 péBodog twv Denavit-
Hartenberg (DH).



& Kévipo Malog kabe cuvoéapon

Ewova 4. To cvomnua cuvietayuévav 6to xdpo temv Denavit-Hartenberg
v 10 Poumot-X tpiédv cuvdéopmv.

To oot O GUVTETAYUEVOV GTO YDPO amEKOVIlETAL GTNV
Ew. 4, 6mov 0oXoYozZo e€ivar m Pdon Tov emireypévov
00POVELONKOD GLUCTNIATOS OVAPOPAS Kot Torobeteital Tavm
oToV JloUNKT GEova TEPIGTPOPNG GTO OTUEID GUVOESTG LLE
T0 avticTolo clvoTnue peTddoons. Motig dnuovpyndei n
Baom, to ovotnua ovaeopdg 01X1y1Z: Kobopiletoar ©TO
onueio tov unyoavikod AKII og amdctacn dy amd T0 0p, KoL
TePLOTPEPETAL YOp® amd Tov G&ovo Zp. Avti M yovia
TePOTPOONG  eivar  po  petofAnt)  apbpoong ko
ovpPoiiletar pe 0. Xtn cvvéxew, To GUGTNUO OVOPOPAS
02X2Y2Z> opiletar emiong oto AKII kow upmopel va
TEPLOTPEPETAL YOP® amd Tov Gova Z1 g peTafAnTh yovia
YOpo amd Tov £yKapoio GEova, n onoio cupPoriletar pe 0.
To tehevtaio cvGTUA OVOQOPAS 03X3YaZ3 TomobeTeital 6To
onueio Tov dxpov ToL gpyaAgiov, Tov omoiov EAEyyeTon M
0éon. H apyn tov a&évav 03 EMTPENETOL VO LETAPEPETOL
YPOpUIKG o€ petaPAnth andctaot ds Katd piKkog Tov aEova
2. Téhog, ké0e S1évoopa Ci = [Cxi Cyi Czi]T dnidver T Oéom
tov Kévipov Mdalog (KM) tov 1-06t00 GLVIEGUOL TTOVL
ekepaletal oty avtiotoyn apyn TV aEOVoV 0j. ZUVETAMG,
pe Paon o KoTaveUnUEVE GUGTILOTO OVAPOPAS GTO YD PO
7oV £xovV TEPLYpael, TpokvmTovy ot DH mapdpetpor 6;, di,
ai, ai, oL omoiot divovtar otov ITivaxa II.

O1 e&iomoelg g gvbelog kKivnpotikng Aapfdvovtar pe
xpNon tev teccdpov mapapétpev g pedodov DH mov
dtvovtar otov Ilivaxa II koi aviwkabiotdviog tec ota
OLOYEV] UNTPDO peTacynpaticpod A yia kabe cdvdespo
7ov diveton amd to [14].

2T GUVEYELW, YPNOLLOTOLOVTIOS TO YPOVIKA TOPAYYo
TOV UNTpOov teptotpopig R € SO(3) mov mpodkuyav Kot
T0 emAeyYUéVo oUOTNHO  avoeopds. mapdyovtol TPelg
loxopravés. Ot ek@pdoelg mOL  TPOKOTTOLV OO  TIG
TOPATAVEO AELTOVPYIES Y10 VTOV TOV GUYKEKPIUEVO XELPIOTY|
elvar amhég Kot TopoAgimovTaL Yo GUVTOLLIaL.

B. Avvoyuxn

Ot  ekwooeg  «ivmong  (EK)  Euler-Lagrange
YPNOYOTOLOVVTOL YO VO TEPLYPAYOLV TN  SLVOLUKT
ooumepipopd tov Poumdt-X. T v omokopon tov
duvapk®v  Elomos®v  TOv  XEPLoT, Ot UETAPANTEG
apOP®ONG TOL EMAEYOVTOL MG YEVIKEVUEVEG CUVTETOYLEVEG.

IMINAKAX 1T
ITAPAMETPOI DH TOY POMIIOT X
Hapaperpor DH
Xvvoeopog
Popnor i i di i
1 0 /2 o= 0x1
0,28m
2 0 /2 0 02 + /2
3 0 0 d3 0

Enopévag, = [g1 02 g3]", 6mov g1 =01, g2 = 02, g3 = ds. Ot
EK y1a tov k-60véeo o pmopodv va ypaetovv og
3 3 3

fokj(q)(fj —ZZC'ijk(Q')Q;i(jj =Tk (1)

=1 i=1j=1
omov dij eivan o (K, j)-otoygio evog puntpdov adpaveiog
D(q), Cijk eivon ta ovopfora Christoffel, gk avamapiotd v
EMIBPOON TV PAPLTIKMOV SUVALE®V KO Tk TEPAApPAvEL OAEG
TIG POTEG AOY® UT] GLVINPNTIKAOV SUVAUEDV TOV OGKOVVTOL
GTOV GUVIEGO.

IV. MONTEAOIIOIHXH TON MHXANIEMQON
METAAOXHZ

O1 e&iodoelg mov divovtor amd v (1) meprypdpouvv ™
SUVOUIKT]  GUUTEPIPOPE TV GLVOECU®Y  TOV  POUTOT
dedopévoy  OTL aVTOL TEPIOTPEQPOVIOL 1  UETOPEPOVTOL
glevbepa KoTd PNKOG TOV OvTIoTOY®OV aEOVOV TOLC. XTI
TEPLOCOTEPEG EPAPUOYEG, MOTO0O, petal&d kabe Cevyovg
EMEVEPYNTI-CLVOECHOL, €va GVOTNUHO  PETAd0oNS  glvan
vrevbuvo Yoo TNV KATAAANAT ULETAPOPA TNG UNYOVIKNAG
wybog. Xg €va  poumdT  emepPaoemv  VOAOEBOVG-
ape1PAnotpogdodc, Omov ol amoitioelg axpifewg eivol
eEoupetikd VYNAEG, 1 AEMTOUEPNG LOVIEAOTOINGYN TOV
GUOTNUATOV UETAO00NG €ivol ONUOVTIKE TOGO Omd TNV
Aoy TG EMiTELENG IKAVOTONTIKOD EAEYYOVL, OGO KOl Yl
™V aKpiPn exTiunom g 1y V0g Yo GXESGTIKOVG GKOTOVC,
Kka0mg Ta Evtova eavopeva TpiPng emnpealovy Kot Toug 600
oVTOVG  TOPGyovTeC. LT  GUYKEKPMEVN  peATN, Ol
oXESWGUEVOL  UNYAVICUOL TEPIOTPOPNG YOP® Omd  TOV
Swpnkn kol gykapoto a&ova mepthapfavovy va KiBOTo
ATEPLOVO KOpmVO Kol £vay KoyAda kKivong pe v TeXVIKN
gEdAenymng duikevov, oL omolot YPMCYLOTOLOVVTOL EVPEWS GE
EQOPULOYEG POUTOTIKOD €AEyyov Béomc. Avtd To. povtéda
UNYOVICU®OV HETAO00NG 0V €xovv cvumepineBsl péypt
OTLYUNG OTo mAAicLo TG SUVOUIKNG LOVTEAOTOINOoNG TV
poumoT akpifelog LIKPOUETPOV, KOl AVOTTOGGOVTOL QO TV
apxn.

A. Zdomua atépuova-kopava

H petédoon 1oybog yio Tov pnyovicpd mepiotpoeng yopm
and Tov dwpnkn GEova viomoweitar pe éva KiPoTo
atéppova-kopdva. O Kvntipog enevEPyNonsg cuvoLetal e
ToV GEOVO TOL aTépova KoyAia Kot LeTadidet 1oy0 oe OAA TaL
TEPIOTPEPOUEVO, EEAPTALOTO. TOV UNYOVICHOD ToL eivat
TPOGaPTNUEVO GV Kopdva. Emopévmg, to chompo avtd



amotedeitar amd dVvo UéPr, To omoio Eivol KIVNUOTIKA
ovlevypévo kol kotd ouvvémeln pio e&icmon  kivnong
TEPLYPAPEL TANPOS TN SVVOLLIKT] TOV.

O1 duvapukég e&lomoelg kKabevog amd ta dHo e&aptnpota
avaAdovtal dadoykd. Apywkd, m e&icworn Kivnong Tov
a&ova Tov aTéprova KoyAlo, OV GUVOEETOL GUECO LLE TOV
Kvnmpa, LTopel va ypoptel og:

IwOw=tw+ Tw (2)
Omov Gy eivor 1 yovia atéppova koyAia, Jw1 adpdveio Tov
a&ova Tov aTEPUOVE KoyAlo, Tw T PO TOL dMEIOLPYEiITAL
OO TOV KWNTHPO EXEVEPYNONG KOl T'w 1) PO TOV®O GTOV
a&ova Ay ™G aAANAETIdpOoTG [LE TNV KOPOVO.

Ocov aeopd TNV TEPICTPEPOUEVT] KOPDVA, T OToio
GUVOEETUL AUETT, LIE TO GVVOEGHO-1 TOV YEPIOTH, 1] SLVOLUKT
g divetar and v (1) yo k = 1. To va cvoyetiotel avti 1
EKQPAON LLE TN SVVOLLIKT TOV GEOVO, TOV ATEPLOVO KOYAL, 1|

(1) avadapopemvetot cog
3

3
di1(q)gr = Tl +Tg Zdlj Q)i — chwl 4)didj — g1

i=1 j=1
(3)
omov o adpavelnkds Opog dir (Q)gr mov mEpyel ™V
EMTAYVVON TNG KOopdvag dloywpileTal and Tnv vIodlouTn
e&iowon, 71" dNAdvel To dBpoicpa g pomig AOY® TOV un
GUVTNPNTIKOV SUVAUE®DVY, eEUPOVUEVNG TNG POTNG T'g TOV
dnpovpyeitar Aoy g aAANAETidpaong He Tov GEova Tov
atéppova koyAla. H e&icwon (3), Tote, pmopei va ypaptei og

d11(q)g1 = + 7' (4)
omov

3 3
Ty = TL Zdlj q)q; — ZZHJI 0)iq; — g1- (5)

i=1 j=1

¥t ovvéyelon ovvdovdloope Tig (2) ko (4) Yoo va
TPOGIIOPIGOVE TN OYECT TV POTAV T'w, T'g.. [0 0WTO TO
GKOTO TO, OOy PAUUATE EAEVOEP®V COUATOV TOL ATEPLOVOL
KoyAloa kot g Kopovag amewovifovtar ommv Euc. 5.
Inuedvetatl 6t N ovAAVON GVTOV TOV SVVAUEDY 1GYVEL
otav tOc0 1 TaYVTNTO TNG KOPMVAG g1 660 Kot 1) eE@TEPIKN
pomn 711 &ivon OeTikéG PAGEL TOV GCOUOTOSETOV GUGTAHLLATOC
GUVTETOYLEVOV Yo TNV EMAEYUEVT OeE10GTPOPN EAKA TOV
atéppova koyAla. Zmnv Ew. 5, Aw elvor m yovio tov
atépuova, Onw M Yovio TECEMS TOL OTEWPONATOG, Ow 1
Sidpetpog Tov atéppova, dyn diauetpog g kopmvag, Wr ot
Svvdipelg TP peta&d Tov empaveldv oAicOnong kot Wh 1
KéOetn avtidpaon (KEKAPEVOV) GTEPDNATOC, OTmG opileTan
ané 1 Bewpio TV otoyeiwv pnyavov  [15].
[Ipoodiopilovtag Tig SUVALEL TOL TAPAYOLV POTES KATA TNV
KateBuvon TG TEPIOTPOPTG, Ol EKPPAGELS Y10 TIG POTEG T'g
and t'weivol

d

T; = Tf(ﬂ’n 08 B, COS Ay + WysinAy,) (6)
' (]1,_. ~ - . -
T = & (Wi cosAy — W, o8 0y Sin A, ). (7)

YroBétovtag 6t 0 cuvtereotig TP eivan 6tabepdg o
OAO TO KOG TOL GTEIPMOTOG EXOVLE

W= pWo. (8)

10

Ehikoeldé onelpopo i T

Atéppovog koyiog

Ewoéva 5. To Swypdupote glevbepov coUETOV TOL GLGTHHOTOS
HETABOONG ATEPUOVOA-KOPOVOG V1o, OETIKT YOVIOKT ToxOTNTA YPovalidv Kot
eEwTEPIKN POTH.

Avtikafiotdvtag v (8) otig (6), (7) ko e&areipovtag Tig
gontepkég duvapelg Wh ovvdvalovtog tig (2) ko (4),
KATOAYOLLE TNV 0KOAOLOT Suvapkn Ekepacn
s

. _ iw
TuBw + &y i = T+ £y, (9)
dg dg

omov
€08 Oy SIN Ay, — LCOS Ay,

Ewy = (10)

€08 0,,,, COs Ay, + 1Lsin A,

givor pio cvvapmon 1060 NG YEMUETPIOG TOL AEOVA TOV
aTépUova KoyAlo 0G0 Kol TOV GUVIEAESTN TPPNG 4 Ko
pmopei va glvan Betikn 1 apvntiky, k4Tl mov kabopilel Tnv
wKovotnTo.  OovtioTpoeng  Kivmong  Tov  GLOTNHUOTOS
LeTAd0oMG.

Inueidvetal 0Tl 0molodNToTE HOVTEAD TPIPNG UTopEl va
ypnowomombel yio va mEPypAYEL TNV EmOPT HETAED
OTEPEMV EMPAVEIDV TPIPNG YPTCYLOTOLDVTOS TO OVTIGTOLYO
LLOVTEAO Y10. TO GUVTEAEGTY] TPIPNG.

H xwnpuoatik) e&icmon mov oyetilel tig yoviakés 0éoelg
TOL OTEPUOVO KOYAlo Kot Tng Kopdvag givar Betikn yuo to
EMAEYLEVO GUGTNILO GUVTETOYUEVOV Kot VTTOAOYIlETOL amd

ew = qlnw (11)

omov Ny givar 0 Adyog petddoong.

Avtikabiwotdvrag v (11) oy (9), n dvvopukn e&icmon
TOL XEPWOTN OnMMG TNV PAETEL 0 KWWNTNPOG TEPLOTPOPNG
YOp® omd tov drapnkn aEova ivar:

(Ju + EMLEJH)@%_ = Tw + &y ”riny (12)
Ny dg dg

Onwg avagépdnke, N Topamdveo EKOPAcT TPOKOTTEL OTAV
N eEOTEPIKN POTN Tw KoL O TOXVTNTEG Ow, q1 Elvan BeTiéc.
Onog gaiveton omd ™y (12), y1o apvntied Eu, 1 EEOTEPIKH
pomn emPpadvvel T0 GVOTNWA, TAPOAO TOV ACKEITOL GTNV
katevBovon g ToydTNTOS. XV mepintworn ovth Ogv
VILAPYEL IKAVOTNTO, OVTIGTPOPTG Kiviiong g Letddoomng Kot
KéOe eEmTEPIKN POM MOV OOKEITAL GTO TMEPIGTPEPOUEVO
gEdpmnpa owEavet Ty TP TOL GLGTHUATOGC.

Exteddvtog v 10 avdivon yuo 6A0vG Tovg mhavois
GLVOLAGLOVG KATELBUVGE®Y POTNG-ToLTN TS, KOBDS Kot
YO TV TEPIMTOON OPICTEPOSTPOPNG EAIKAG ATEPLOVA
KoyAia kot yevikebovtog TV avdivon v tov k-covdesuo

Cpovaly



€VOG YEPLOTN, OTOSEIKVIETAL OTL Ol LOVEG TTANPOPOPIES TTOV
OTOITOOVTOL Yo VO KaBoplotovv TANPOG ol €£I0MOELG
KIvnomng Tov GLVIEGHLOV, OTAY 0dNYELTAL OO EVOV ATEPLLOVA
KoyAia, €ivol TO TPACT|LO TOV YIVOUEVOL TNG TOOTNTOS gk
TOL GUVOEGHOV, TOAMOMAAGIOGUEVO [IE TO GUVOMKO
eEmtepkd ooptio Tk mov epapudletoan ¢ ovtd. T
amAOTTOINGN TG TEMKNG SUVOUIKNG TapdoTacng, opilovpe:

_ 1 d,
‘]“LL'1,2 = t‘ﬂ'l,ert"kk (13)
w g

dy
C’wl‘z = ‘iwl‘zydkk (1'1)
g9

omov dw ovpPoriler ™ pomf adpdvewg otov GEova
GpBpwong K, dtav o1 dAdec apbpdoeig eivon axivnteg, dmmg
napatnpeite amd v (1). Emmdéov, Ewa divetar amd v (10)
Kot Ewz elvain:

COS Opqp SIN Ay, + [LCOS Ay,

E‘H‘g =

. 15
€08 B COS Ay, — LLSIN A, (15)

Emopévmg, ov EK tov k-ovvdéopov gvdg poumdt, mov
odnyeitor amd £va GUOTNO LETAOOOTS ATEPLOVA-KOPDVIG
OnmG TIG PAEMEL O EMEVEPYNTNG, UTOPOLV VO YPAPTOOV MG
edne:

(’]w + ’])ew =Ty + ("le (16)

omov
o Eb&v T g =0:J0=Jy ku C=0CYy,
o Eav tpde < J=Jy, xoun C=0C,,
° Ed&v T = 0:J= .L_;-E Kol C = CI."E

Inuewdvetor 6t To Tk IToAoyiletat pe avadiotvmmon tng (5)
vy Vv mepintoon tov K-cuvdéopov ocvvdéopov gvog
xeplot N apiBpod ocvvdéopmv. H egicwon (16) eivor pia
yevikevon 1oV e£l0OGEMY TOV TPOKLILTOVV OO TV OVAAVGN
OA®MV TOV TEPIMTIOCEMV TEPICTPOPNG KOl UTOpPeEl Vo
xpNoomonOei yio 0molodNTOTE GLGTNUO GLVTETAYUEVOV I
onowdnmote katevbvvon e&otepikdv @optiov. O poveg
amotoOUEVEG  TAMpoQopieg  givar  TO.  YEOUETPIKE
XOPAKTNPIOTIKA TOL KiPotiov atéppova-Kopavag, Kabmg
KOl 0 GUVTEAESTNG TPIPNG LETAED TV EMPAVELDV TPIPNG.

B. Mnyaviouos xoylio kiviong pe eldleryn Oidievoo

O iy ovio Lo TEPIGTPOPNS YOP® amd Tov £YKAPG1o AEova
amoteleitan omd évav emevepynti, évav KoyAlo kivnong pe
eEdleym Stakévou kat Eva ovvdeopo 6 paPdmv. Ot Euler—
Lagrange EK tov cuykekpyévov GuvOEGLOL TOU pOUTOT
divovtaw and v (1) yia k = 2. Avapopedvovtag v
eElomwon mov Tpoékuye, OMWG OV MEPIMTOON  TOL
eEQPTNHATOC TTEPIGTPOPNS YOp® amd To Stapunkn d&ova, 1
Suvapkn| propel va ypagtel og eENg:

doa (9)d2 = T, + T, (17)

Omov T'h VWOONAMVEL Tr| POTN 7OV TAPAYETOL OmMO TO
TEPKOYA0 TOL KOoYAla kivnong wot T2 mephapPdvel Tig
VROAOUTEG POTEG ADGY® T CLVINPENTIKOV SuvAape®V KOBMG
EMIONG KOl TOVG OPOVG TOV PUYOKEVTIP®V SUVALEMV KOl TIG
dvvapelg Kopiodg kot divovror amd v (5) yw kK = 2.
[poxeévov va cuoyetiotel avT 1 SUVOUIKY £KQOPOOT| LE
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TO TEPIKOYAI0 TOL KOYAMo Kkivnong to omoio Kiveitol
YPOLLUKG, OmotTeiTOl o ox€omn ToyLTNTaS UETAED TG
TEPIOTPOPNC TOV GLVOEGHOVL KOL TNG HETOQOPAG TOL
TEPIKOYAIOV. Xg LT TN CUYKEKPYEV TEPIMTOO, 1) OYEOT
QLT TPOKVOTTEL OO TIV AVAAVOT] TOL GUVOEGHOV 6 pARdmV,
0 omoiog pmopel va Bsopnbei KwvnuoTKd ©¢ évog
TUTTOTOMNUEVOG UNYAVIGHOG GTPOPAAOL.

AvTika01oTOVTOC TNV KIVNUATIKY TOL GTPOPAAOL GTNV
(17) maipvovpe v e&iocwon YPOUMKAG Kivniong g
ax6AoLONG Lopeng

Maa(q)is = Fy, + F,. (18)

H e&icwon (18), emopévmg, meptypdeel T dSUVOLIKT] TOL
GUVOECUOL OT®MG QOIVETOL O7T0 TO YPOLUIKG KIVOOLEVO
TUNO. TOVL, TO OTOI0 OVTIGTOLXEL OTO TTEPKOYAL0. 2GTOGO,
éva TEPIKOYAM0 eEdhetymg O1dkevoy amoteAeitan amd dvo
Eexyoplotd  TUAUOTO  ouvdederévo e €va EANTNPLO
TPOPOPTIONG, TO 0moio wOel Kat To VO TPOg TNV EMPAVELD
TOL OTEPDUATOG TOV KoyAio, kivnong, e&odeipoviog To
dudkevo. Ymobétovtag Ott ot palec TV TUNUATOV TOV
mepkoyAiov glvar My Ko My, avtiotorya, Kot kKabopilovtag
TOV KOVOVO, OTL 0 GUVOEGLOG GLVIEETOL LLE TO TUNLLOL My, TOTE
70 SUVOIKO LOVTELD TOV CMOWLOTOS, TO OTTOI0 ATOTEAEITOL ALTTO
TOV OVTIGTOLY0 GUVOESHO TOL POUTOT KOl TO TURLLE M2 TOV
nepkoyriov, meptypdoerar amd v (18).

O1 ekppdoelg yoo To vIOAOWTe. £EAPTALOTO TOL KOYAiL
Kivnong mpokvHTTOLY amd TO AVTICTOWO  OlypappoTa
elevlepov copdtov. o ovtdv tov tOmo petddoons, M
avaivon TV SVVAREOV OTOKTATOL OO TNV EMEKTEIVOVTAG
€va GTElpOULOL KOYAlL LE TO TEPIKOYALO TOL KOTO KOG LI0G
emeavetog [16]. H oynuatikn avamapdotacn mov TpokinTet
amewovifetar oty Ew. 6. Ymodeucvdovtar ot Betikég
KoTeLBOVOELS Y10 TIG TOYVTNTEG TOV TEPIKOYAMMV Kot TOV
KoyAo X2 wou Os, avtiotoyo. H oadpdvein tov woyhio
vodnAdveTal pe Js, 1 dtdpeTpog Tov koyAio pe ds, n yovio
KAMoE®G 1E As 1 YOViK TIECEMG TOV GTEPDUOTOS UE Ons, Kol
70 Brna pe p.

XpNOUOTOIDVTOG TIS TAPATAV® GLUBAGELG VITAPYOVY 3V
TEPTOGELS Kivnong mov Paciloviar otnv KatevBuvon g
TOYVTNTOG X2 TOL TEPIKOYALOV 1 omoio pmopei va givar gite
Oetikn (mpog TV KotevOLVOT TOL TUNHOTOG Mp) &ite
apynTiKn (Tpog v Katedhuven Tov TUAHATOG My).

Tpappukog
odnydg

mds

K

!

| Toodovapm pdla
| /‘ | o debrepov cvvdiopov m,,
¥ mov nephapPaver To meprkoyiio m,

! 4

Ewodva 6. EZmeipopo koyrioa kor mepucoyrio eEdretyng Sdkevov mov
eKTEivETON OE Pint EMPAVELD.



H avéloon tov Svvdueov yio Betikny taydtnto TOL
nepkoyAiov amewoviletar oty Ewc. 6, 6mov Fia kot Frso
elvar ot duvapelg TpIPng Hetasd TV ETpaveI®Y oAicinong
ToV KoyAla Kot Tov TepkoyAiov, Fm m dvvaun tpipng peta&n
TOV KIVOUWEVOD TEPIKOYAIOD KOL TOL YPOLUIKOD 0d1YOoL
(ypappicd poviepdv), Ni cos Ons ko N2 €0S Ons 1 k6OeT)
avtidpaon (kekApévov) omelpodpotog, P 1 dvvoun tov
eAaTNPiov TPOPOPTIONG, TsT POTT TOV KIVITHPO.

nueidvetar OTL M aviAVGN TO®V  OTEKOVICOUEVOV
duvapenv 1oyvel povo otav to eEmTeptkd @optio Fip dev
ovumieCet 1o ehotnplo. Avtd Umopel va S1GPAMOTEL pLe TNV
EKTIUNOT TOV 0KpPOi®V TIUAOV TOL Y10, MO GUYKEKPLUEVN
EPAPLLOYT KOL TNV ETAOYN EVOG EMAPKMDG CKANPOL EANTIPIOV
TPOPOPTIONC.

e aotn ™MV mEpinTon, N Kvnuatiky oxéon peta&d tov
KoyAio Kot T@v 600 PEPDY TOV TTEPIKOYAIOD givat:

T :tau?\s%es. (19)

AxolovBmvtag TV 010 dadikacio e TNV TePinTOoN TG
kivnong tov KiPotiov atéppova-kopdvag, OomAadn Tnv
e&areym Tov ecotepK®V duvapemv N1 kot No, Tpokimtel n
TeMKN dvvapikn e&icmon kot pumopel va yevikevBel yio tov
TOYOHO YPOUUIKE Kivodpevo K-oOvdeopo evdg poumdt pe
woduvourn palo Mk kKot odnyeitor omd PETAdOoN KOYAio
kivnong pe mepucoyro eEarewyng dwkévov. Kabopilovtag
TOLG AKOAOVOOVG GUVTEAECTEG:

d?
Js, o = = tan A (Pomy g + W1k ) (20)

ds
Csl_g - ?1])1_2 (21)

omov

cos0,,.sin A, F peosAg

Py =

22
cos B, cosAg £ usinAg (22)
ot g€lomoelg Kivnong tov K-cuvdéopovn, ekppacuéves otov
G&ova €£000V TOL KWVNTAPO EMEVEPYNOTNG, LTOPOLV Vo
YPOPTOUV G EENG:

(Jo+ )0 =1, — 15 + CF, (23)
omov
t = S [P — 1) + Fra(s + 01)]smb,  (29)
Ko
o Edv X eivon Tpog ) korevBuven my: J = Jsa ko C =
. Esilv Xk etvor Tpog T KorevBuven my: J = Js; ko C =
s2

H napamdve ékppaon propet va yproyomom et yio ke
KoyMa kivnong e&dAenyng Sidkevov Omov ot eEloMOELS
KIVNoNG ToV GUVOECHOL TOV GUVOLETAL GTO TUNUA M2 TOL
TEPIKOYAiov Eyovv T popen Tov divetar and tnv (18).
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V. MEAETHIZXYOZXZ KAI ETIIAOI'H KINHTHPQN

H tehikn Suvopikny HOVIEAOTOINGN TOL POUTOTIKOVD
YEWPLOTN TOPEYEL TN dLVATOTNTA OKPPBOVS EKTIUNONG TV
OTOITNCE®MV 10YV0C PACEL GLYKEKPEVOV TPOSLYPOUPDV
amOd00MG.

Opilovpe TIC OMOITACES OC OmOKPION Kiviong mov
TEPLEYEL TIG LEYIOTEG YOVIOKES KO YPOUUIKES TAXOTNTEG TTOL
TPEMEL VO, EMTVYEL TO POUTAT, OTWOG TPOGOLOUDVOVTUL GTIV
Ew. 7 yw ypoviko ddompa 15 S. Eotidlovpe kupimg ota
eEaptNUaTa TEPIGTPOPNG YOP® Omd TOV OlOUNKN Kot
€YKAPC10 AEOVO, Yol TO. OTOi0. GKOTEVOVUE VO EMAEEOVLLE
KWWNTNPES, TPOCOUOIDVOVTOG OKPOiES Yoo TNV €QOPLOYN
amokpicelg ToyvTToC. TO TPOGOUOIOUEVO OLAGTNUL TTOV
nmapovoildletar oty Ew. 7 oamewovifer v amdkpion
TayOTNTOG TOV OV0 TEPIGTPEPOUEVOV EEUPTNUATOV, TOV
TEPEYEL P TaApoedn edon (0-2.58) kot pio nutovoedn
(2.5-155) POV SOPOPETIKOV GLYVOTHTMV: GUYKEKPIUEVA,
2Hz, 1Hz ko 0,5Hz. O péytoteg Tyég EmTdyvvong gi,2 Kot
TayOTNTOG g1.2 Etven mepimov 200° / $? ko 65° / S, avticTorya.
Tboco ot péyioteg Tipég 660 Kol 01 NULTOVOELEIG GLYVOTNTES
avakt@vtal omd ™ BPproypaeio [1], [17]. TTapdro wov dev
amotteiton  Swdkacio.  €MAOYNG  KWNTHPOV Yo TOV
pnyaviopd €160 ymyNg, Kabdg Kot 1) eXevEPYNoT| TOL ExEL NN
emieyel, m kivnon Tov emnpedlel T SUVOUIKT TOV
ovotpatog 6mmg eaivetar oty (1). Emopévac, o kivnon
HE TN UEYOTN TOYLTNTA TOL TOPEYEL O GUYKEKPUYEVOG
EMEVEPYNTIG, TPOCOLOLDVETOL GTO {010 YPOVIKO OLAGTNUAL,
BA. Ewc. 7.

Katomy ékepaong tov anoutcemv Tov popmot-X Kot
YPNONGS TV OVTIGTOLY OV KIVILOTIKOV GYECEDY, TPOKVTTELT
TEPLOTPOPT] TOL TPETEL VoL akoAovdnGeL 0 Kabe KivnTpag.
Axorovbmg, ypnoonoidvrag tig (16) kot (24), avdioya pe
TOV TOTO HETAO0OMNG, Kot AVVOVTOG Y10 Tw KOl Ts OVTIGTOLYO,
Aopfaveror  TocotTTa oG kGO KivnTipa oL anotteitan
Yo TNV amdd06T TG TPOGOUOLMUEVTG TEPLGTPOPTS, Hall pe
L0 EKTIUMOT KOTOVAA®GONG 16Y0OG.

Mo ™ dwdwacio emhoyng Kivnmpa, €ivat YpNoyo vao
amoktnOel pio EKPPACT TG OTOITOVUEVIG POTTNG KIVNTNPOL
og oyéon pe v avtiotoyn toyvtnta. O Adyog eivar 6Tl 1
ypNon kabe kvnmpa ennpedleTat amd 10 £0pog Aettovpyiog
ToL, T0 omoio kabopilel Ta dpla TG cLVEXOLS YPONG TOL GE
0TL aPOPA TNV POTH Kot TNV TovTNTa €£6d0L TOV. MEe Bdon
TIG OTOLTIOELS TEPLOTPOPNS TOL divovton oty Ewk. 7 kot ta
povtého petddoong mov €xovv avamtuybel oe avt) TV
£pY0Gi0, Ol TPOKVITOVGEG KOUTOAEG POTHG-ToyOTNTOG (T-00)
YL KWWITHPEG MEPIOTPOPNG YOP® b TOV OpNKN Kot
gykdpoo  G&ovo  mapovcidlovtar oty  Ewk. 8§,
yPNoWonoIdVTag Tig Topapétpous tov [Tvakev I, 1V.
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Ewdva 7. Tpodiaypapéc toyxvtntag Pourdt-X: Andkpion toydtntog tov
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Ewodva 8. Kapndreg poptiov pomng-toyvmtag: Iepiotpoen yopw amd tov
Swapnkn GEova (Umhe), TEPIGTPOPT YOP® atd TOV EYKAPGLo GEova (Lavpn)

lNo mv emdoyn tov Kvnmpo, &ivar GMUOVTIIKO Vo
TOVIoTel OTL GE QTN TN CLYKEKPLEVY] EGAPUOYT| 1 XPNOM
Kipotiov TayLTTOV 6TV ££000 TOVG ATOPEVYETAL AOY® TOV
dwkévov mov glodyel. Emopévac, to @optio pomng, mov
vroroyiletar Yo kéOe kwvmmpa oty Ew. 8, mpémer va
Bpioketar omevBeiog péoa oto €bpog Aettovpyiog Tov.
2VVETMGC, TO o Kpioio onpeio mov mpénet va avayvopioTel
amd TO OTOTEAECUOTO TPOGOpOImONG &ival ol UEYIOTEG
AmOAVTEG TIHES POTNG TOL ERPVILOVTUL OTIC TPOKVTTOVGES
Koumodeg (T-). Zvykekpipéva, ot PEYIOTES TEG givar
eMappadg  pikpdtepeg amd 10mMNmM kot ywr tovg dvo
ouvdéopovs. Emopévmg, €vag kvnthipag e OVOUOOTIKY|
por] 10mMNmM 7 vynmiotepn Oewpeiton kotdAiniog. O
GYEOOCLLOG OGS OAOKANPAOVETAL EMAEYOVTAG TOV KIVITHPO
DCX-16L DC omd v etoupeioc Maxon Motor AG pe
ovopaoTtiki por ota 12mNm, Kot yio tovg 600 cuVOHEGHOVG
TEPIOTPOPNG YOP® OO TOV SOUNKN Kol £YKApSo GEova,
avtioTolya.

Inuewwvetoan 6tL to Static-plus-Kinetic poviého tpipng
éxel ypnowonomBet pe pst = 0.15, ko pin = 0.11, ToLG
OUVTEAEOTEG OTATIKNG Kol KWNTIKNG TPPHS avTioTotyo.

Méow g mopodoag dladikaciog oyxedlacpov, oL
Katevfovetor omd TN SLVOUIKY TOV YEPLOTH Umopel va
emiieyel To PEATIOTO POUTOT Y100 TNV OOLTOVLEVY Kivnon,
STNPOVTOG TIS OOGTAGEL, TOV GLUGTHUOTOS PEATIOTES KO
TN GULUTEPLPOPE TOV PEGH GTO €VPOG TMOV ONUTNOEDY TV
YEPOVPYIKDOV eMEPPATEDV OUPPANCTPOEOVC.
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ITINAKAX III
ITAPAMETPOI METAAOZHX
HapapeTpor Tvmog peradoong
; . Atépuovag Koyiiog
Ovoua 2oupoio xoyiiag wivijone
Tovio KMoegwg A 1.34n/180 7.81/180
Tovia tieong On 307/180 30m/180
Adpdavelo J 45e-7 5e—7
Malo mi1 - 0.02
TePIKOYAion mp - 0.02
dw 11le-3 -
MAGpetpog dg 3le-3 -
ds - 3.175e -3
Abyog peimong N 1201 )
™G LeTAd0oNg )
IMNINAKAX IV
ITAPAMETPOI POMIIOT X
Hapdapetpor
XOVOEGPOG Kévpo
Popmét Moala Tavvortijs adpavelag ualag
(KM)
11.34 0.12 0.007 - 0.002 1
106 _3
Sovseopoc | 0968 | 107°10120.120001 || 00
L0.00 0.00 1.36- [ 0.00 |
r1.19 0.00 0.117 r—0.0557
0 -3 _
, 206 0.166 107°10.00 0.43 0.00 0.015
YHvdeopog
10.11 0.00 0.25- L 0.069
r0.10 0.00 0.007 [ 0.00 7
|
0 -3
o3 o145 | 107°10.000.150.00 | 0.00 |
YHvdeopog
L0.00 0.00 0.06- [0.106J

VI. EIIIAOI'OZ

Avt 1 epyacio Tapovciosce TG GXESNCTIKES LEAETES LLOG
Y €vo poumdt YEPOVPYIKOV emMEUPAoEDY VOAOEWGOVC-
apEPANCTPOE0VE, He akpifela LIKPOUETPOV, LLE OTMTEPO
GKOTO mv petafifoaon BepamevtiKmdv GTOV
apepAnotposdn. Baown cvvelopopd pog givar 1 teAkn
avanTuEn TV e£loMoEmY SLVUIKNAG TOL YEPLOTI Kol 1|
enideltn oG dadikaciog oyedlacLoy Tov YPNCLOTOLEL TIG
ev Aoym €El0MOEIC Yo TV EMAOYN  KWNTHPOV TOL
cvotpotos. To pelhovticd pag £pyo eumepiéyet ) ohvheon
evog eheykti mov Paciletor g povTéAN SLVOLIKTG KOt TN
oyediaon tov Poumot-X ya ) deEaywyn mepapdtmy .
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Requirements Based Design and End-to-End Dynamic Modeling of a
Robotic Tool for Vitreoretinal Surgery

Anestis Mablekos-Alexiou, Sebastien Ourselin, Lyndon da Cruz”, and Christos Bergeles*

Abstract— Despite several robots having been proposed for
vitreoretinal surgery, there is limited information on their
dynamic modeling. This gap leads to sub-optimal motor
selection and hinders the application of advanced control
schemes that would fulfill the goal of micro-precise surgery.
This paper presents the design process and a dynamics study
of a multi-Degree of Freedom (DoF) robotic system, which
is inspired by established co-manipulation architectures. A
rigorous Kkinematics and dynamics analysis of the robot’s
part that is responsible for manipulating the surgical tool
during the retinal surgery phase is provided. In particular,
the Euler-Lagrange equations of motion, which describe the
dynamics of the 3-link surgical manipulator, are combined
with novel analytical models of each link’s corresponding
transmission mechanism, including an anti-backlash lead screw
assembly and a worm drive. The resulting models, transferable
to existing manipulators, provide a meticulous analysis of the
robot’s performance that can be used both for mechanical
design and control purposes.

I. INTRODUCTION

Vitreoretinal surgery and the precise subretinal delivery of
upcoming sight-restoring therapeutics necessitate micrometer
level precision. The required degree of accuracy, combined
with the restricted limits of human ability [1-3], suggest that
tailored robotic systems can improve intervention outcomes.

Within only a few decades from its initial introduction,
vitreoretinal robotic surgery has evolved into a dynamic and
rapidly growing research area. Initially proposed for assisting
surgeons in challenging but common tasks that require
high dexterity, such as epiretinal membrane peeling, [4],
[5], vitreoretinal robots are now involved in new treatment
methods offering capabilities that together with emerging
stem cell [6] and gene therapies are expected to revolutionize
retinal microsurgery and fulfill the goal of sight regeneration.

Nowadays, the breadth of proposed vitreoretinal surgical
platforms is impressive and the technological contributions
from roboticists have driven the field to a high level of
maturity [7-12]. Despite the undeniable progress in terms
of design and control strategies, however, the daunting
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Charitable Trust, an ERC Starting Grant [714562], a UCL-Future Leaders
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Imaging [EP/L016478/1].
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Fig. 1. Computer-Aided Design (CAD) model of the proposed robotic
system installed in the surgical environment.

requirement of micrometer accuracy affects the whole design
process and introduces several technical hurdles to be
overcome. The control challenges that arise, in combination
with the constraints that exist in the operating theater, so far
hinder the clinical adoption of vitreoretinal robots, despite
impressive first-in-human trials by [7], [8].

In this paper, we present a new design for a vitreoretinal
surgery robot inspired by successful co-manipulation
platforms [7], [11]. We consider the ergonomic and
structural limitations in vitreoretinal surgery, and propose
a coarse-to-fine surgical robot designed to minimize the
disruption of the clinical workflow. We present a design
process that is directed by the dynamics of the proposed
manipulator. By combining the robot’s equations of motion
with novel mathematical models of its corresponding
actuators, we obtain a detailed description of the robot’s
kinematics and dynamics. That description includes all the
nonlinearities due to friction that arise from the use of
transmission systems such as lead screws and worm gear
drives, which are widely used in robotic microsurgery but
rarely thoroughly investigated. The developed models can
support the requirements-based selection of micro-actuators,
allowing customized configurations that avoid off-the-shelf
products that might affect the manipulator’s precision and
speed capabilities of the manipulator. Further, our approach



supports the future introduction of accurate control strategies
that include the system’s dynamics.

The proposed robotic setup is illustrated in Fig. 1. The
requirements driving its design are given in Sec. II, while
Sec. III derives the dynamics of the 3-DoF end-effector.
Section IV presents the models of the transmission
mechanisms, while Sec. V describes the dynamics-informed
selection of motors. The paper concludes in Sec. VI.

II. ROBOTIC SYSTEM DESIGN

Since successful clinical adoption requires minimal
disruption to the ordinary clinical procedures, the developed
robotic mechanism is designed to exploit the available free
space in the operating room. Real surgery conditions and
space arrangement of key components have been replicated
using Computer-Aided Design (CAD) software, designing,
from scratch, the operating table (Opmaster 506P from
Lab-Med) and surgical microscope (Lumera 700 from Zeiss),
see Fig. 1. This way, the robotic mechanism can be designed
to fit in the available space. The system’s mechanical design
begins by analysing tool movement during conventional
vitreoretinal surgery, and mapping the motions to the robot
components responsible for their execution.

A. Introduction to Design Goals

Each operation can be divided into three tool-motion
phases [12]: the approach phase (A-phase), the insertion
phase (I-phase), and the retinal surgery phase (S-phase).

The A-phase corresponds to the stage where the surgeon
brings the tool from a random initial position to the incision
point on the eye surface. Usually, there are three incision
points, fitted with trocars: one for the surgical tool, one
for the endoillumination probe, and one for an infusion
line to keep the intraocular pressure constant. A-phase
motion corresponds to a typical translation in space, and,
consequently, requires a robot with at least three DoF.

The I-phase includes the motion of the tool tip starting
from the incision until the retinal surface, while the S-phase
includes all motions of the tool into the eye chamber rotating
about the entrance at the incision point. Concerning the I-
and S-phase, three rotational DoF around a Remote Center
of Motion (RCM) and one translational that passes through
it are kinematically needed to achieve pivoting on the RCM
and tool insertion/retraction.

A robotic system that fulfills the requirements of
vitreoretinal surgery can be divided into two independent
“sub-robots”; a coarse manipulator and a fine manipulator.
The first, the A-Robot, is responsible for positioning the
RCM during the A-phase. The second, termed S-Robot, is
responsible for the S-phase execution (I-phase is a subset
of it), and corresponds to the part that interacts with both
surgeon and patient and requires the high-quality design.

B. Design of A-Robot

A mechanism that provides at least three translational DoF
with a sufficient range of motion is suitable for the A-phase.
In this work, an off-the-shelf 6-DoF hexapod-based assembly

TABLE I
A-ROBOT POSITIONING SPECIFICATIONS

Motion and Positioning Specifications | Units | Value
Travel range in XY mm 60
Travel range in Z mm 35

Rotation range about X, Y, Z o 30
Repeatability in X, Y, Z um 0.5

(H-825 from Physik Instrumente), compact enough to fit
under the surgical table, is selected for transferring the RCM
to the desired incision point. Custom flanges are designed
to connect the S-Robot with the hexapod and place it at a
position next to the table’s pillow, see Fig. 1. We include
an additional rotating component that functions as the base
for the S-Robot, adding an extra rotational DoF, see Fig. 2.
This unconstrained rotation, provided by an off-the-shelf low
profile stage (U-651 from PI), offers the option of moving
the robot away from the working area at a position that
does not cause disruption to the workflow when not used.
Both manipulators are self-locking when switched off, and
positioning accuracy is not affected by external disturbances;
the energy dissipated by holding the tool during surgery
is minimized. The A-Robot’s positioning specifications are
given in Table L.

C. Design of S-Robot

The S-Robot consists of a roll and a tilt mechanism
whose axes of rotation intersect at a specific point in
space providing a mechanical RCM, similar to [7], [11].
An insertion component is attached on the tip of the tilt
mechanism and provides an additional translational DoF,
responsible for driving the tool in and out of the eye chamber,
passing through the RCM, see Fig. 3.

S-Robot

Flanges

Positioning
Hexapod

Rotating Stage

Fig. 2. Illustration of the A-Robot subassembly, consisting of a 6-DoF
positioning hexapod and a low profile rotating stage.
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Fig. 3. [Illustration of S-Robot subassembly, consisting of a roll, tilt, and
an insertion component.

The insertion assembly employs an off-the-shelf piezo
actuator (N-422 from PI), due to its accuracy and
compactness. The actuator provides continuous motion with
35mm travel range, 30mm/s maximum velocity and a step
size at around 300nm.

A wormwheel based configuration is designed to produce
roll motion. The components that constitute this mechanism
are a wormwheel gearbox (P20-120AR from Ondrives), a
custom designed rotating shaft that transfers the power to all
rotating components, and an actuating motor. The range of
motion provided by the roll mechanism is 360°.

Concerning the tilt motion, a six-bar mechanism that
provides a mechanical RCM is selected [13]. The six-bar
linkage is actuated by a motorized lead screw drive
(AFA016048RS from Helix). As the application requires
extreme precision, an anti-backlash nut is chosen to eliminate
the clearance caused by gaps between screw and nut. The
provided range of tilt rotation about the RCM is around 60°.

The specifications of both roll and tilt motors are presented
in Sec. V after estimation of the power that they must deliver.

III. S-ROBOT KINEMATICS & DYNAMICS

The part of the robot that actively interacts with the patient
and merits of deeper analysis is the S-Robot. Considering
that the A-Robot is used for pre-positioning the RCM at
the desired point, the two subassemblies can be studied
separately as they are dynamically uncoupled.

A. Forward Kinematics

In this section forward kinematics of the S-Robot
manipulator are briefly developed, primarily to aid next
subsection’s dynamic modeling. For the derivation of
the robot’s homogeneous transformation matrices, the
Denavit-Hartenberg (DH) convention is used.

& Link Center of Mass (CoM)

Fig. 4. Denavit-Hartenberg frame assignment for the 3-link S-Robot.

TABLE I
DH PARAMETERS OF THE S-ROBOT

Robot DH Parameters

Link a; o d; 0;
1 0 | m/2 | d1=0.28m 07
2 0 | m/2 0 05 + /2
3 0 0 d; 0

The coordinate frame assignment in space is illustrated
in Fig. 4, where ogxoypzp is the selected inertial base
frame, and is chosen to be placed on the roll axis of
rotation at the point of connection with the corresponding
transmission system. Once the base frame is established, the
01x1Yy121 frame is fixed at the mechanical RCM point at
a distance d; from og, and is rotated about the zy-axis.
This angle of rotation is a joint variable and is denoted
by 01. Subsequently, the osxoys2o frame is also fixed at
the RCM and can rotate about the z;-axis at a variable tilt
angle, which is denoted by 0,. The last frame ozx3ysz3 is
placed at the point of the tool tip whose position is controlled.
The origin o3 is allowed translation at a variable distance ds
along the zp-axis. Finally, each vector ¢; = [cai  cyi czi]T
denotes the position of the Center of Mass (CoM) of the i-th
link expressed at the corresponding origin o;. Consequently,
based on the described frame assignment, the resulting DH
parameters 9;, d;, a;, «; are written in Table II.

The forward kinematics equations are obtained using the
four quantities of the DH convention given in Table II
and substituting them into the homogeneous transformation
matrices A; for each link given by [14].

Subsequently, using the time derivatives of the resulting
rotation matrices R € SO(3) and the assigned coordinate
frame, three manipulator Jacobians are derived. The derived
expressions of the above functions for this particular
manipulator are straightforward and are omitted for brevity.

B. Dynamics

The Euler-Lagrange equations of motion (EoM) are used
to describe the dynamic behavior of the S-Robot. For the
derivation of the manipulator’s dynamic equations, its joint



variables are chosen as generalized coordinates. Therefore,

T
g=|nn @ ] ., where g =01, g2 = 0, g3 = d3. The
EoM for the k-th link can be written as

3 3 3
Z di;(q)dj + Z Z cijr(@)4id; + g = (1)
j=1

i=1j=1

where dy; is the (k, )" element of an inertia type matrix
D(q), ciji are the Christoffel symbols, g, represents the
effect of gravitational forces, and T includes all the
non-conservative torques applied on the link.

IV. MODELING OF TRANSMISSION MECHANISMS

The equations given by (1) describe the dynamic behavior
of robot’s links assuming that they freely rotate or translate
along their corresponding axes. In most applications,
however, between each actuator-link pair, a transmission
system is responsible for transferring appropriately the
mechanical power. In a vitreoretinal surgical robot, where
precision requirements are extremely high, detailed modeling
of the transmission systems is important in terms of both
achieving satisfactory control, and accurate power estimation
for design purposes, since the intense friction phenomena
affect both of these factors. In this particular study, the
designed roll and tilt actuators include a wormwheel
mechanism and an anti-backlash lead screw drive, which are
both widely used in robotic positioning applications. These
transmission models have not so far been included in the
context of the dynamics of micro-precise robots, and are
developed from scratch.

A. Wormwheel Gearbox

Power transmission for the roll mechanism is implemented
with a wormwheel gearbox. The actuating motor is
connected to the worm-shaft and transmits power to all
rotating components of the assembly attached on the gear.
Therefore, this system consists of two rigid bodies, which
are kinematically coupled, and consequently one EoM fully
describes its dynamics.

The dynamic equations of each of the two components are
analyzed sequentially. First, the worm-shaft EoM, which is
directly connected to the motor, may be written as

JwBw = Tw + T;U (2)

where 0, is the worm angle, J,, the worm-shaft inertia,
T,, the torque generated by the actuating motor, and T;U the
torque on the shaft due to the interaction with the gear.

Concerning the rotating gear, which is directly connected
with the link-1 of the manipulator, its dynamics are given by
(1) for k = 1. To relate this expression with the worm-shaft
dynamics, (1) is reformulated as

3

di1(q)dy = Ty +7, — Z dij(q)d; — Z

j=2 i=1 j=1

cij1(9)diqj — g1

(3)
where the inertial term dj1(q)g; that contains the gear’s
acceleration is separated from the remaining equation, T;
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Fig. 5. Free body diagrams of the worm gear transmission system for

positive gear angular velocity and external torque.

denotes the sum of non-conservative torques excluding the
T, torque which is generated due to the interaction with the
worm-shaft. Equation (3), then, can be written as

di ()i =T, + 7, (4)
where
3
T, =Ty — Z dv;(q)G; — Z Z cij1(@)did; — 1. (5)
=2 i=1 j=1

We then combine (2) and (4) to identify the relation of
torques T;H, T;]. For that purpose, the free body diagrams of
the worm and gear are depicted in Fig. 5. It is noted that these
forces’ analysis is valid when both the gears velocity ¢; and
external torque T;, are positive based on the body-attached
coordinate frames and for the selected right-hand worm
helix. In Fig. 5, A,, denotes the worm’s lead angle, 6,,,
the spiral’s pressure angle, d,, the worm’s diameter, d, the
gear’s diameter, W the frictional forces between the sliding
surfaces and W,, the normal to pitch helix forces, as defined
by the theory of machine elements [15]. Identifying the
forces that generate torques at the direction of motion, the
expressions for the torques T; and T;U are

d
T, = ?q(Wn €08 Oy COS Ay, + W siny,) (6)

’
T’LU

dy
= 7(Wf €os Ay — W, €08 Oy SIN A, ). (7)

Assuming that the coefficient of friction is constant across
the length of the spiral then
Wf = HWn. (8)

Substituting (8) into (6), (7), and eliminating the internal
forces W,, by combining (2) and (4), the following dynamics
expression is obtained

. dy .. dy
Jwew + £w1 d*(h =Ty + Ewl di’tll (9)
g g

where .
€08 0,4 SIN Ay, — L COS Ay,

E‘w1 = (10)

€08 0,30y COS Ay, + WSIN Ay,

is a function of both worm-shaft geometry as well as
coefficient of friction pu and can be positive or negative



determining the backdrivability of the transmission system.
It is noted that any model of friction might be used for
describing the solid-to-solid contact of sliding surfaces by
using the corresponding coefficient model.

The kinematic equation that relates worm and gear angular
positions is positive for the selected coordinate frames and
is calculated by

0w = g1 (11)

where n,, is the transmission’s reduction ratio.
Substituting (11) into (9) the dynamics equation of the
manipulator as seen by the roll motor side is

1 dy .. dy
(Jw + Eswliidll)ew =Ty + val dile
g

o d, (12)
As mentioned, the above expression occurs when the
external gear torque T,, and worm-gear velocities éw, q1
are positive. As revealed by (12), for negative &,,, the
external torque decelerates the system, although it is acting
on the direction of velocity. In that case the transmission
is non-backdrivable and any external torque applied on the
rotating component increases the system’s friction.
Performing the same analysis for all the possible
torque-velocity direction combinations as well as for the case
of a left-hand worm helix, and generalizing the analysis for
the k-th link of a manipulator, it turns out that the only
information needed to fully define link’s EoM, when driven
by a worm gear, is the sign of the product of link’s velocity
gr, multiplied by the total external load T;, applied on it. For
simplification of the final dynamics expression, we define

1 dy

w = Gw 277d 1
Jwy 2 = &y, e d, kk (13)
i (14)

Cw1,2 = E‘wl,z ?wdkk
g

where d; represents the moment of inertia at joint-k axis,
when the other joints are blocked, as revealed by (1).
Furthermore, &, is given by (10) and &,,, is

€08 Oy SIN Ay, + L COS Ay,

= . 15

Euws €08 04 COS Ay, — WSIN Ay (15)
Therefore, the EoM of a robot’s k-th link that is driven by

a wormwheel transmission, as seen by the actuating motor,

may be written as follows

(Ju + J)By = Tw + C1, (16)

where

o If 1;,G > 0: J =Jy, and C = C,,

o If 1;,G; <0: J =Jy, and C' = Cy,

o If 1y, =0: J=Jy, and C = C,
It is noted that T;, is calculated by reformulating (5) for
the case of the k-th link of an n-link manipulator. Equation
(16) is a generalization of the equations derived from the
analysis of all rotation cases, and can be used for any
coordinate system, or any direction of external loads. The
only information needed is the geometrical characteristics of
the worm gear assembly, as well as the friction coefficient
between the sliding surfaces.

B. Anti-backlash Lead Screw Assembly

The tilt mechanism consists of an actuating motor, an
anti-backlash lead screw drive, and a 6-bar linkage. The
Euler-Lagrange EoM of this particular link of the robot
is given from (1) for £k = 2. Reformulating the resulting
expression as with the case of the roll component, the
dynamics may be written as

a2 (q)io = T, + 7T, (17)

where T/n denotes the torque produced by the pushing
nut of the lead screw, and T;, includes the remaining
non-conservative torques as well as the centrifugal and
Coriolis terms, and is given by (5) for kK = 2. In order to
relate the above dynamic expression with the nut of the lead
screw, which moves linearly, a velocity relationship between
the link’s rotation and nut’s translation is required. In this
particular case, that relation is obtained by analyzing the
6-bar linkage, which can be kinematically considered as a
standard crank mechanism.

Substituting the crank’s kinematics into (17) yields the
linear motion equation of the following form

maa(q)is = Fl, + F,. (18)

Equation (18), therefore, describes the dynamics of the
link as seen by the linearly moving part of it, which
corresponds to the nut. An anti-backlash nut, however,
consists of two distinct parts attached on a preloading spring
which pushes both of them towards the thread of the lead
screw eliminating backlash. Assuming that the masses of
the nut parts are m; and mq, respectively, and establishing
the convention that the link is connected with the mq-part,
then the dynamic model of the body, which consists of
the corresponding robot link and the me-part of the nut, is
described by (18).

The expressions for the remaining components of the
lead screw are derived from the corresponding free body
diagrams. For this type of transmission, the forces’ analysis
is derived by extending a screw spiral with its nut along
a surface [16]. The resulting schematic representation is
illustrated in Fig. 6. The positive directions for nut and
screw velocities o, and és, respectively, are indicated. The
screw inertia is denoted by J, the screw diameter by d, the
lead-angle by A, the spiral pressure angle by 0,,,, and the
lead pitch by p.

Using the conventions described above, there are two cases
of motion based on the direction of nut’s velocity &5, which
can be either positive (towards the direction of mgy-part)
or negative (towards the direction of mq-part). The forces’
analysis for positive @7 is depicted in Fig. 6, where Fy,, and
F,, denote the frictional forces between the sliding surfaces
of screw and nut, FY, the frictional force between the
moving nut and the linear guide, N7 cos 0,5 and N5 cos 0,5
the normal to the pitch helix forces, P the preloading spring
force, and T, the motor torque.

It is noted thet the illustrated forces’ analysis is valid
only when the external Fj, load does not compress the
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spring. This can be ensured by estimating its extreme values
for a specific application and selecting a sufficiently stiff
preloading spring.

In this case, the kinematic relation between screw and both
parts of the nut is

ds
To = tanksges.

(19)

Following the same procedure as with the case of the
wormwheel drive, namely eliminating the internal forces
N; and Ns, the final dynamics equation is obtained, and
can be generalized for the random linearly moving k-th
link of a robot, with equivalent mass my; and driven
by an anti-backlash lead screw transmission. Defining the
following coefficients

d2
Jo 0 = Zs tan Ag (Poma ki + W1mkk1) (20)
ds
Csl,g = ?ﬂ)l,Z (21)
where
inAg As
Wro = €08 0,5 SIn Ay F L cos A, (22)

c0s 0,5 COSAg = 1sin A

the EoM of the k-link driven by an anti-backlash lead screw
drive, as seen by the actuating motor’s ouput shaft, may be
written as follows

(Js + )05 = Ts — 17 + CF, (23)

where

d .
[P(Wa — 1) + Frn(ba +1P1)] sgn b,

S (24)

T =

and
o If &, is in the direction of mgy: J = Js, and C = Cj,
o If & is in the direction of m: J = Js, and C' = C,
The above expression can be used for any an anti-backlash

lead screw drive, where the EoM of the link that is attached
on the mo-part of the nut is of the form given by (18).

V. POWER CONSIDERATIONS AND MOTORIZATION

The end-to-end dynamic modeling of the robotic
manipulator provides the ability of accurate estimation of
power demands based on given performance specifications.

We set up the requirements as a motion response that
contains the maximum angular and linear velocities that
the robot must achieve, as simulated in Fig. 7 for a time
interval of 15s. We are mainly focusing on the roll and tilt
components that we plan to motorize simulating extreme for
the application velocity responses. The simulated interval
shown in Fig. 7 depicts the velocity response of the two
rotational components, containing an impulse-like phase
(0 — 2.55) and a sinusoidal one (2.5 — 15s) of three
different frequencies; namely 2Hz, 1Hz, and 0.5Hz. The
maximum values of acceleration §; 2, and velocity ¢; o are
at around 200°/s? and 65°/s, respectively. Both maximum
values as well as sinusoidal frequencies are retrieved from
literature [1], [17]. Although, a motorization procedure is
not required for the insertion component as its actuation
is already selected, its motion affects the dynamics of the
system as revealed by (1). Therefore, a motion with the
maximum velocity that the actuator produces is simulated
at the same time interval, see Fig. 7.

After expressing the requirements for the S-Robot and
using the corresponding kinematic relations, the motion that
each motor-shaft must follow is obtained. Subsequently,
using (16) and (24), depending on the transmission type, and
solving for T,, and T4, respectively, the amount of each motor
torque needed to produce the simulated motion is obtained,
together with a power consumption estimation.

For the motorization procedure, it is useful to obtain an
expression of the required motor torque with respect to
the corresponding velocity. The reason is that each motor’s
function is affected by its operating range which determines
the limits of its continuous operation in terms of the output
torque and velocity. Based on the motion requirements
given in Fig. 7 and the transmission models that have been
developed in this paper, the resulting torque-velocity (T— w)
curves for both roll and tilt motors are presented in Fig. 8§,
using the parameters in Table III, TV.

For the motor selection, it is important to highlight that in
this particular application the use of a gearbox at the motors’
output is avoided due to the backlash that it introduces.
Therefore, the torque load, calculated for each motor in Fig.
8, has to be directly in its operating range. Consequently, the
most critical point to identify from the simulation results is
the maximum absolute values of torque that appear in the
resulting (T — w) curves. In particular, the maximum values
are slightly less than 10m/Nm for both links. Thus, a motor
with nominal torque at 10mNm or higher is considered
suitable. Our design is finalized by selecting the DCX-16L
DC Motor from Maxon Motor AG with nominal torque at
12mNm, for both roll and tilt links.

It is noted that the Static-plus-Kinetic friction model has
been used with p,; = 0.15, and wy;, = 0.11 the static and
kinetic friction coefficients, respectively.
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Through the presented dynamics directed design process,
the optimal robot for the required motion models can be
selected, keeping the dimensions of the system optimal and
its behavior within the range of what retinal surgery requires.

VI. CONCLUSION

This paper presented our design considerations for a
micro-precise robot for vitreoretinal surgery, with the
ultimate goal of subretinal therapeutics delivery. Our
primary contribution is the end-to-end development of the
manipulator’s dynamics equations, and the demonstration
of a design process that uses the said equations to
motorize the system. Our future work entails synthesis of
a model-based controller, and engineering of the S-Robot
for experimentation.
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YyoMaopog

Onog avapépdnke kot toporave, o «Requirements Based Design and End-to-End Dynamic
Modeling of a Robotic Tool for Vitreoretinal Surgery» [4] eivor éva emotnuovikd dpbpo cvvedpiov
(paper) mov ocvvébeoe o Avéotng Maumiékog — Ahe&iov otig apyés tov 2018 kou agod eykpidnke,
napovcldotke, tov Mdio tov 2018, oto IEEE International Conference on Robotics and Automation
(ICRA), mov éhafe yopo oto Mrpiouneiv g Avotpariag. To Awebvéc Xvvédpio Poumotikng kot
Avtopatiopov (ICRA) givar to eppAnuotikd cvvédpro g IEEE Robotics and Automation Society kot to
KopuPaio O1EBVEG POPOVIL Y10 EPEVVNTEC POUTOTIKNG 7OV EYOVV OKOTO VO TOPOVCIAGOVV Kol Vo
ocv{nmoovv 10 épyo Tovc. ISpvOnke to 1984 Ko Sopyoavmveton kGBe ypdvo, VD GTO GLVESPLO
GUUUETEYOVV E0KOT GTOV TOUEN TNG POUTOTIKNG KOL OUTOUOTIGHOD Y10 TEXVIKES EMKOWVWOVIES UECH
napovoidoewv Kot cvinmoewv. To cvvédplo dnuovpyel €va a&loonueiowto mepiPailov, ®oTe Vo
EVIPLENGOLY OAO1 OCO1 Bpickovial EKeEl GTOV TOUEN TNG EMOTNUNG KO TNG TEXVOAOYING, GTN POUTOTIKY
KOl GTOV OVTOUATIGHO.

[Tpoywpmvtog TP GTNV AVAALGT TOL TPMTOTVTOV KEWWEVOV, PAGEL EVOC LITAPYOVTOG TPOTLITOV
Hovtélov, 0mmg vrootnpiler n Christiane Nord (1997) [7], o petoppacti KaAgital va avayvopicel TO6o
TOV EEMKEUEVIKOVS OGO KO TOVG ECWKELEVIKOVG TOPAYOVTES TOL TPOTOTVTTOV KO TOV HETAPPACUATOC,
®oTE Vo umopéoet va dtatnprost Ty neta&d toug wodvvapio. To 1964, o Eugene A. Nida [5], rpoydpnoe
07O OO WPIGUO TNG 1COOVVANING GE OVO KATNYOPIES: TNV HOPPIKT Kot TN dSuvaptkt). H mpdtn avapépeton
OTNV TICTH OVOTOPOY®Y TOV HOPPIKAOV GTOYEI®Y TOL TPOTOTVTOV Kol 1 OEVTEPN ONADVEL TNV
oodvvapio tov eEMYA®OoIKOD EmKOw®VIakoD omoteléouatoc. Exktog tov Nida, moAlioi akdpa
acyoMOnkov pe TV 16odvvapio HeTah TOL TPMOTOTOHIOL KOl TOV HETOPPAGUOTOS. XOPOKTNPICTIKA
napadeiyuara ivar o1 Catford, Wills, Taber:

«H petappaon pmopel va opiotel o¢ €ENG: M AVTIKATAGTOCT TOV KEWWEVIKOD VAIKOV puog yAwooog (I'TT)
LE 16000Vapo VKO og o AN YAdooa (I'X).» (Catford 1965:20) [2]

«H petappaon odnyel amd Eva Keipevo e YADOoOG- Tyn o€ Eva KEEVO TG YAMGOHG- GTOYXOV, TO 0010
anotelel TO TANGIESTEPO SLVATO 1GOOVVALO KOl TPOHTOHETEL TNV KATAVON G TOV TEPIEXOUEVOD KOl TOV
VEOVE TOL TPWTOTLTOL KeéEvoLy. (Wills 1977:70) [10]

«H petdppoon amoterel TV avomapoymyn 6Tn YAOGGO- GTOYO TOV EYYLTEPOL PLGIKOV 1GO0OVVOLOV TOV
unvopatog e yhwooog- nyn.» (Nida ko Taber 1969:12) [6]

Emotpépovtag opwg oto mpoétumo g Nord, 6o mpémer va oavalntioovpe tov moumd Tov
TPpOTOTLIOV. O TOUTOG, | KOO KAAVTEPD, O ONIOVPYOS TOV KEWEVOL- TTNYY| €IvVOL 01 GLYYPAPELS TOV
paper, Avéotng Moumiékog Ae&iov, Sebastien Ourselin, Lyndon da Cruz, kot Xpiotog Mrepyeréc. Ot
TEGGEPLS ALTOL, Kol KLUPIOG 0 EUMVELGTNG Kot TeEMKOG dnpovpyds, Avéomng Moumiékog — AleElov,
GUVEYPOWYOV TO GUYKEKPLUEVO PAPEr POUTOTIKNG LE GKOTO VO EVI|LEPOGOLV TNV EMIGTNOVIKT] KOWVOTNTO
Y. TOV oYeSoUO Kot TN SVVOUIKY HOVTEAOTOINGT €vOG POUTOTIKOD EPYOAEIOV YlOL TNV XEPOVPYIKY|
eméuPaocn vaAogWoVG-apPIPANcTPoEoDs. To mP®MTOTLIO Kelpevo £€xel OKOTO VO EVIUEPDOGEL TNV
KOwoTNnTa Yo po véo kowvotopio. Ondte, avoTpéyoviag otn OdKPIoN oL KAVEL N UETOPPAGTPLN-
yAwoooroyog Katharina Reifl (1977:97-100) [8], 10 mpotdOTLUTO KEILEVO OVAKEL GTNV KOTNYOPiQ T®V
TANPOPOPLOKAV, APOD £YEL MG KLPIOPYN EMKOWOVIOKY AElTovpyio TNV TANPOPOPLOKY. ATOGKOTEL,
ONAadM, oIV TANPOPOPNGT TOV OVAYVMOGTIKOD KOWOU Y10 TN LOVIEAOTOINOT €vOG VEOL POUTOTIKOD
gpyoreiov. Katt té1010 emituyydvetat pe m ypnomn ovIicToy®my YAOCCIK®OV Kol VEOAOYIK®V oTotyeiov. H
AemTOpEPNC EMEENYNON TOV ATALTIGEDV OV 03NYOVV GTO GXEOOGUO TOV Epyareiov, KAVEL TO KelLevo T
EAKVOTIKO KOl TOPAAANAO O KOTOVONTO GE OCOVS aGyoAoVVTOL PE TOV KAGYO NG poumotikng. O
Aemtopepng avTOG Yopoaktnpag dg Bo pumopovoe va Aeinel cap®g kot amd 10 peTdepacua. Emopévag,
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yivetonw AOYOG Y100 OUOLOAEITOVPYIKY UETAPPACT, Omov cuvBmG ot dékteg dev avtilapfdavovtor Ott
dwPalovv pia petdepaoct, kot Oyt £va Tp®TOTLTO KEIEVO.

[Tepvavtog Tdpa 6TV TPAYHOTOAOYIR TOL OEKTN, Ba TPEMEL v avaADGOVLE TO TOV amevLBHVETAL
TOGO TO TPAOTOTLTO KEIPUEVO OGO KOl TO UETAPPACLO. XTIV TPAOTN TEPIMTOGCN, TEPO OO TNV EMLTPOTN
£YKp1ong Tov paper, d€ktng eivor o kabEvag mov aGYoAEITOL [LE TN POUTOTIKT Kol KUPiwg OG0t Exovv Béon
OTO YEWPOVPYEID TOV YiveTan YPNOT POUTOT Yo EMEUPACEIS otV TEPLOoyN ToL 0PBaAnov. To keipevo
cap®g Oa pmopovoe vo To S10PAcEL Kot VoL TO KATOVONGEL, £V LEPEL, KATO10G TOV OOYOAEITAL YEVIKA [LE TN
unyovoioyio, aAAd ciyovpa Bo dvoKoAeLOTAV pHE OPIGUEVEG 0poroyies. Xwpic apeiforio elvar éva
KEILEVO TTOVL G€ Kapio TePInT®on de Pmopel va yivel KoTavonTo amd amrAovg ovVOyVAGTES, TOGO AOY® TOV
Ae&hoyiov 660 Kot TG doung Tov KeEWEVOL. Ba avapepBolde OU®S Topakdt® AstTopepds o€ Bépata
TOL APOPOVV TNV oporoyict kol TO AESIAOYIO KOl YEVIKOTEPO TOLG ECMKEYEVIKOVS TAPAYOVTEG TOL
keévov. Ocov apopd tdpa Tov OEKTN TOV UETAPPACUATOC, TPOKELTAL, OTMG Kol TPV, YL OGOVG
aoYOAOVVTOL [E TOV KAGADO TNG POUTOTIKNG, KOOMG EMIONG KOl TOLG YIOTPOVS TTOV EWOIKEVOVTOL OTIG
eneuPaoelg oty mEPLOY TOL 0POAALOD, LE TN XPNON POUTOT.

Xe avtn v evomta Bo WANcovUE Yoo TO AEEIAOYI0 TOV KEWWEVOL. X& TETOW EMIGTNUOVIKA
Kelpeva, n xpnomn opoAoyiog eivor omd ta mo cvyva eowvopeva. To Ae&hdylo etvan mepimhoko Ko Exet
PKETES 101010 pPiec, Kabmg dev amevBhvetan 6e amhovg avBpmmovg. H duokoAia evpeonc - Kot OPIGUEVEG
QOPEG M avVVUTTOPELD - AVTIGTOL(LOV GTO EAANVIKE, LLOG 0O YNOE GTNV TOPAPPACT) TOGO UELOVOUEVOV Op®V
660 ka1 oAOKANpwV mpotdoemv (.. anti-backlash, the normal to pitch helix forces). Mg Alya Aoy, n
HETAQPOCT apyIKd NTay apKeTd 0VGKOAN Kabdg 1 oporoyia gite petappaldTov Adbog amd TIg Unyaveg
avalrmong eite 6ev amoddOTaY GOGTA. TN GUVEYELD OLMG OV 1) 101 opoAoyia emavaiapPavovtay, N
HETAPPOCT KLAOVGE TO OUOAA.

Ot petappaotikéc odnyieg mpocdopilovy Tig cuvOnKeS VIO TIG omoiec To Keipevo apifemg Oa
TANPO1 TIG GUYKEKPIUEVEG TOV AELTOVPYIEG. XTIC 00MYiEg VTEC TEPILAUPAVOVTOL 1] EMOIOKOUEVT] KEUEVIKN
Agrtovpyia, 0 TOPOANTING, O OVOUEVOUEVOS XPOVOG AL KOl YDPOG TPOCANYNG TOL KEWWEVOV, TO HECO
LETAGOONG TOV KoL TO KIVITPO Y10l T dNovpyio Tov. TOpeova Le 1o epyaietoko povtého tov Karl Biihler
(1934) [1], vrapyovv TéooEPIg PacIKEG AEITOVPYIEG TG YADOGAS: 1 AVOPOPIKT], T EKPPUCTIKN, 1| KANTIKA
Kol 1 eatikn. Ocov apopd To KO HoG KEIUEVO, EMOUDKETAL 1] AVOPOPIKT) KEWEVIKT AEITOVPYIN KOl TTLO
OLYKEKPIEVOL 1) TANPOPOPLOKT, KAODG O GLUYYPUPENS £YEL OKOTO VO EVNUEPMOGEL TNV EMICTNLOVIKN
KOWOTNTO TNG POUTOTIKNG Y10l [l VEX OVAKAALYN, Eval VEO TTPOIOV, OLTO TO POUTOTIKO £pYaAEio mov Oa
O1eVKoADVEL TIC eMEUPAGELS VOAOEIOOVC-AUPIPANGTPOEBOVG. O aVUUEVOUEVOS YDPOS TPOCANYNG TOL
LETOQPAGLOTOS EVOL COP®OS 0 EAAMNVIKOC EMIGTNUOVIKOG YMPOS TNG POUTOTIKNG Kol 0 ¥pOVog givor M
mapovoo otiypr). To péco petdooong Tov HETOPPACUATOC, OTMG KOl GTO TPMOTOTLTO, AMOTEAEL Eval
emoTNUOVIKO apBpo cuvedpiov (paper). Térog, To kivnTpo Tov 081 yNGE 61N dnovpyio Tov paper sivar,
OT®MG TPOAVOPEPALLE, 1 EVIUEPMGT TNG EMGTNLUOVIKTG KOWOTNTAS TNG POUTOTIKNG Yo Vol VEO €PYOAEio
KT TN O1EPKELD TNG XEPOVPYIKNG EMEUPACTS STV TEPLOYT| TOV 0QOAALOD.

OrtpoavaPepOLEVOL TAPAYOVTEG PEPVOVY TOV LETAPPAGTT OVTILETMOTO LLE SLAPOPOL LETAPPACTIK
npoPAiuata. Zopeova pe t Nord (1977) vredpyovv técoepig katnyopieg TpoPfAnudtov, avaloyo kot pe
TOWOV TOHEN KOADTTTOVV:

o llpayuatoloyikd ueTo@poctiKd Tpofiuate: TPOKLTTOVY OO TIG OLUPOPES OTIG TEPIOTACELS KoL
avayvopilovtol cuykpivovtog Tovug eEMKELEVIKOVS TAPAYOVTEG (TOUTOC, OEKTNG, K.AT.),

o TloATIGUIKG UETAYPACTIKG TTPOSIHUATA: OATOPPEOLV OO TIG OLPOPES TTOL EXEL O TOAMTIGUAG TNG
YADGCGCOG- TNYN Amd aVTOV TG YADGGAS- 6TOYOC,
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o I)\wooIKd UETAPPACTIKG TPOLANUATE: TOPATNPOVVTOL GE Oplopéva (evyn YAWOO®MV Kol GE
OLYKEKPIUEVEC TTEPIMTAOCELS (T, WeLOOPIAEG AéEelg —ayyA. Actually=otnv mpaypotikdnro,
YOAA. actuel = emikoipog),

o Keiuevoidiouopeixd,_ueto@poctiKd mpofinuota: o@opodv 10 TEPIEXOUEVO TOV KEWEVOVL, TO

eEOYAOOGIKE GTOYElN K.AT.

Ymv mopovoo gpyacio To mwpoPANUOTE WOV  TPOEKLYOV NTAYV  KLPIWG YAMOOIKE Ko
KEWWEVOTIOIOHOpPIKA. AOY® TNG UONG TOV KEWWEVOD KOl OEOOUEVOV OTL 1| AElTOVPYi Kol O GKOTTOG TOV
ToPapEVOLY 1010, OEV VINPYOV TPAYUOTOAOYIKE HETOQPACTIKE TpoPAnupate, mopd povo OTL TO
UETAPPOCO EMPETE VO, TPOGOPUOGTEL OTOL OEOOUEVO, TNG EAANVIKNG Kowwviag, T060 oe eminedo
HoKpodoUNG (TPOGOPHOYN KEWEVOV), OGO KOl LIKPOOOUNG (TPOGAUPLOYYT] POTOYPAPLOV).

‘Eva amd ta yYAwooikd TpoAuate mov vanpye péoo oto Keipevo nrav avtd g Aééng lead-screw. Ot
TEPLGGOTEPES UNYAVEG avalNTNoNg amédday Tov 0po cav koyiio. O KoyMag, 1| e o oAl EAMANVIKE fida,
elvat éva ototyeio punyoavng mov eEuanpetel T HETATPOT TNG POTNG GE AEOVIKT SVVAUT KOl OVTIGTPOQQ,
TN HETOTPOTY| TNG TEPIOTPOPIKNG KIVNONG O YPOUUKT] Kot avTIGTPOPa, Kot Eivat £va 6Totyeio cOvVOEoNG
7OV €Yel TN duvoToTNTO TG ADONG Kot TG emavacvvoeons. Eivar ouwg o dpoc lead-screw amhd évog
KoyAMog; Mnrwg yperaletor mepattépm eneénynon o 0pog; Edv to keipevo dev glye okond va mpooeyyicet
KOO TOV EMOTNUOVIKOD KAAOOL TNG POUTOTIKNG, OAAL avTifETMOC amevBuvoTay oTov amAd Kadnuepvod
KOoU0, KOOMDG emiong Kol 6€ KATOWOV OV HOMG €lye UTEL OTO YOPO TG Unxavoroyiag, de Ba vinpye
TPOPANUA 0 OPOC VO LETAPPACTEL WG KoyAlag-fida Yoo SIELVKOAVVGT GTNV Katavonot Tov 0pov. Eneidn
oumg etvor €va keipevo mov pAdet yuo pia véa avakdAvyn, éva véo Tpoiov mov umopel va elcaybel oto
xepovpyeio ywoo emepPdoelg otnv mepoyn L 0EBOAROV, Tpémel vo elpaote okpPeic oto TL
uetappdlovpe. ITo ovykekpuéva, ot koyAieg ywpilovtar og 600 katnyopieg [3] avdroyo pe 10 okomd
TOVG: 6€ KoyAieg ovopryéng (clamping screws) kol g koylieg kivijoewg (lead screws). Ot tpdTol GuvdEovv
otoyeio petald tovg, €ite pe T ypNoM mEpikoyiiov (kovws moliuaor) (nut) €ite KATOOKELALOLV
oneipouato, (Spirals) mave oto da ta TuApoTo Tov TPdKETar vo. cvvdebovy. H yprion xoyMmtdv
OLVOEGEMV EIVAL TTIO GLYVN GTO GYEOIOGUO LUNYOVOV AGY® TOV YOUNAOD TOVE KOGTOVGS, TG TUTOMOINONG
TOVG KO TNG EVKOAING OTNV OMOGUVOPUOAOGYNOT TWV CLUVOEOUEV®V UEP®Y TOVG. AVTIOETMC, 01 KoyAies
kivpong (lead screws) eivar to pnyavik@ avtd otoleic mOv GLUPBAAAOVY OTN UETOTPOT| TNG
TEPIOTPOPIKNG Kiviiong oe evBhypapun Ko petadidovv 1oyv. Emouévmg, mapovsidlovv axpifeia oty
Kivnon unyovov, oty enPorn QopTimV-HETATOTICE®Y GE UNYOVES SOKIUMOV, £X0VV aTAd GYeOUCUO Kot
10 péyebog touvg Pfonbdel TNV dNoVPYIC GLUTAYDV KATOCKEVMV.

‘Eva axoépun mpoPAnuo anddoong ota eAAnvikd nrov kot 1 A&En anti-backlash. Eva yvootd eowvdpevo
™G ayYAKNG YAdooag, 6tav BEAovpe va epunvedbcovpe Ty avtifetn Evvola vog dpov, etvar 1 xpron Tov
npobépatog anti-. Av kat ota EAANVIKG UTOPOVUE VO TO HETAPPACOVIE OG KaTd T avii Kol va. Pyaivet
vonuo (my. Anti-racism = avuparoiotikog, anti-corruption = koza ¢ 01aphopdg), 6TV GUYKEKPILEVN
nepintwon oto kelpevo kdtt t€to10 0 pmopel vo ovuPel, kabnhg Oa Exovue el amddoomn. Ilwo
CLYKEKPEVD, 0T Unyaviky, «ddkevo» (backlash) [9] ovopdletor n yapévn kivnon og éva unyaviopd
oV mpokaAeitor and kevd petosd tov tunpdtov. Mmopel va oprotel g n péytotn andotacn 1 yovia
HEG® NG omoiag OMOONMOTE TUNUA EVOG PUNYOVIKOD GLGTNAUOTOS UTopel va petakivndel mpog pio
KkatevBuvon, yopis va acknBel aicOn dHvaun 1 Kivnon 6to emOUEVO TUUA LE UNYOVIKT 0AANAOVYiL.
To didkevo avtd opiopéveg opéc pmopet va etvar emBounto 1 ko 6xt. O Adyor ¢ Vap&Ng Tov glvan
amotpomn ¢ vrepBéppovong kot - eBopd twv ypavalidv. ITapdia avtd, to didkevo pmopei va
TPOKOAESEL YoUEVN kivnom avdpeso otovg dEoveg €16050V Kot 5600V TOV UEWWTNPO, KAvovTag £TG1
dvokoro tov axpiPn éheyyo Béong (positioning) oe eEomMopd OTWS dpyova, punyaveg Kot popmdt. XTo
GUYKEKPILEVO POUTOTIKO EpYOLeio OV TapovctdleTal oto paper yiveton yprion Tv 0pwv anti-backlash
nut kou anti-backlash lead screw, kafdg o cuyypapéag 0éhel va deilel 0TL o1 Koydies kivons Kou To.
wepikoyLio, Tov Ba ypnoyomomBovv, Exovv wg okomd v eEdAetym Tov didkevov. Emopévac, dev yiveton
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1o anti-backlash va petappaoctel 6to EMANVIKG OC avTididrevo, KaOmG Oyl LOVO deV YIVETOL KOTOVONTOC O
6poG aAAG TapdAANAa dev VITapyYEL avTicTotyio. [t anTd Kol KATAAYOVUE GTNV TEPLUPPAUCTIKY] LETAPPAOT|
™G AENG ¢ ey viKy eEdietyng O10KeEVOD.

YvveyiCovtag pe Eva akoun mopaderypo AavBacuévng anddoong oTa EAANVIKAE, Kol TO GUYKEKPLUEVL
ue tov Opo coarse-to-fine. Mg o ypriyopn ovalntnon, kémolog Bo Ppel TV HETAQPACT) TOVG MG
XOVOPOELONGS KO Wilog, avtioTtotya. Awfalovtag tnv Ipdtacn Tov KEWEVOL, KataAafaivovpe 6T xpnon
OLTNG TNG LETAPPOONG €KTOG amd AavBaouévn etvar kot dotoyn kabag oev eivar avtd mov BEAeL va el o
ovyypapéag. Me Alya Adyta 10 XEpovpykd pourot dg xtiletatl amd Eva yovopoELdES Kat Eva WIAO HEPOG,
aAAG ytiletal oTadlaKd amd YouUNANGg TodTNTOG HEPT, XOUNAOD KOGTOVS, £0C VYNANG TOdTNTaG UEPT,
apa kot vYNA0H KOGTOLG.

Avapopikd pe v tedevtaio Kotnyopio TpoPANUATOV, To KEWEVOIOIOHOPPIKA, Eva TPOPANU TOL
KMONKO Vo QVTILETOTIG® 0POoPOVCE T OOUT TOL TPOTOTLTOV, KOOMS G TETO0V £100VG EMGTNUOVIKA
apBpa cvvedpiov mapepUPaALovTal EIKOVES, 01 0TO1eC LAMOTO TEPIEXOVV KEILEVO TOGO GTY) TEPTYPOUPT] TOVG
vd ™ popen AeCAvVTaG OGO Kol GTNV TEPLYPOPY| TOV AVTIKEEVOD TTOV OEKOVILETOL, ETEENYDOVTOS £TGL
T SLPOPO. TUNHATO TOV poudT. Emopévac, sivar amapaitntn n LETAPPOOT TOGO TOV TEPTYPUPDV TOVG
000 KOl TOV EGMTEPIKOV TOVG TEPLEYOUEVOD, Y10 VO YIVOUV £TGL KOTAVONTEG GTO OVOYVWOTIKO KOWO.
[MapdAinia, pog Kot PWAGUE Y10 ETMGTNHOVIKO KAAOO TNG POUTOTIKNG, Yivetan o€ peyaio Pabuo ypnon
e€10DGEMV Kl TIVAK®OV, 0voADOVTAG £T01 TIG EEI0MGELS Kivnomg Tov poundt, kabmg Ko TopapéTpOus TOV.
O1 mivakeg dnuovpyndnkav ek véov oto Microsoft Word kot petappdotnkay, eved ot eEl6®oeLg, AOy®
TOV OYKOV TOVG KOl TV GLUBOA®Y TOVE, TapONnKay pe screenshot (apyeio KOV e THY OTEIKOVNON TNG
006vng Tov vVToAoY1oTY)) Ko loNYONcaV 6To petdppacua og ewkoves. Ot eElodoelg Bo umopovsav vo
avadlotutmbovy gite péocw g Kaptélag ewcayoyng eélocdoemv tov Word eite pe ) yxpnon tov
npoypbuporog Overleaf, aAld kdétt T€T010 O OV YPpovofOpo Kat Oyl omapaitnTo, Uiag Kot ot EEI6MOELS
OEV OTATOVV KATTOL0 LETAPPACT-EMEENYTOT GTO EAANVIKAL.

Yvykepoaioidvovtag, NPa avTETOTOC e Eva KEIPEVO oL elxe apKETEG SVOKOAIES, TPOPANILATO Kot
OTOUTNOELS, TOGO MG TPOG TN dopUn 660 Kot 6To AEEIMOY10, TO 0010 MTOV WOLAUTEPO KOl ATATOVCE ELOIKEG
YVOGELS GTOV TOpEN TIG unyavoroyioag. H dtadikasio g petdppaong mov akorovdnca ywpiomke g dvo
oTAOW: aPYIKA, EYata Yo OIAPOPES LETAPPAGELS TOPIAANAWY EMIGTUOVIKOV KEWWEVOV GTOV KAAOO TNG
UNYOVOAOYI0G-POUTOTIKNG TPOKEUEVOL VO KATAVONG® TO VYOG TOL GCLVOVTATOL GE TETO0L £100VC KEiUEVAL
K0l VoL TPOoTafNom VoL TO ovaTapaé® Kol 6To LETAPPacud pov. [TapdAinia, avaltnoo Kot paper ovTov
TOV TOpEN IOV ElYaV cvvToyOel TNV EAANVIKY YADGOW, Y10 VO O 0V Kol 6T EMANVIKAE akoAovBeiton To
potifo pe TIG OVO GTNHAES, TIG EEIGMOELS, TIG EIKOVEG KOl TOVG TIVOKES. X€ YEVIKEC YPOUUES, TpooTdinoa
10 petdppacua vo unv Bopilet petdepacpo oAAd Tp@TtOTLTO KEieVo. e 0e0TEPO GTAS0, aKoAoVONCE N
avolnon ayvootng oporoyiog kot AéEemv, mov Kotaypdenkav o wivako excel katd tn didpkeio g
petappactikng owokasiog. Kotomv, Eekivnoo T HETAQPAOT TOL KEWEVOL, OMUEUDVOVTOS OTO10
TPOPANLL TPOKVLTITE, £TGL MOTE VO TPOYWPNG® GTN GUVEYELN LE TO GYOMAGUO, OTOV Kot OVEPEPQ LEPTKA
amod ovtd to mpoPAnuata, kabhg emiong kot T Avon mov €dwoa. Ta onpeio mov pe dSvokOAEYAV
TEPIOCOTEPO NTOV OOEVOG 1 UETAQPACT] TNG Opoioyiag, M omolo OTMC KOl TPoAvEPEPD, £ite Oev
amodoTav coTd gite Empene va amodobel TepPpacTiKd, KAODS 1 AEEN OTA EAANVIKA OV LIPYE, Kot
QPETEPOV 1) UETAPPOCT TOV TEPEYOUEVOL TOV €KOVOV KoBDG émpene va ypnowonomjcw Adobe
[llustrator yio kGOe o amd aVTEG Kot Vo LETATPEY® TO ayYAMKO KEIIEVO 68 EAANVIKO, KaOMG emiong Kot
VO TPOGOPUOCH TO TEPLEYOUEVO, £TGL MOTE VA Ywpdel ota TAaicla g ewkovoc. Ta mpofAnuata fTov
KUPIOG YAMOOIKA KOl KEWEVOIOOHOPEIKE. AvTd opeihovial Kupimg oTIS Spopég OV £YOLV Ol dVO
YADOGES, OGOV aPopd otV anddocn TV Op®V Kt TIg cLVNBelEg Ypaeng avtictotya. [Tapdia avtd, o
peTaPpaoTng opeilel va Ppel péoa amd £pguva T 6OOTH anddocn TG 0poAoyiag KabdS emiong Kot va
KOTAPEPEL VAL OLLLOVPYNOEL VEQ GTN YADGGA-GTOYO, GE TEPIMTMGT TOV AVTN dEV LILAPYEL NON.
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vitreoretinal vahoetdo-appipinotposidi http://iate.europa.eu/FindTermsByLilld.do?lilld=1511541&langld=el Requirements Based Design and End-to-End Dynamic Modeling of a Rohotic Tool for Vitreoretinal Surgery
kinematics KIMUATIKN http://www.wordreference.com/engr/kinematics A rigorous kinematics and dynamics analysis of the robot’s part

Degree of Freedom (DoF) Pabudg elevbepiog https://el.wikipedia.org/wiki/%CE%92%CE%B1%CE%B8%CE%BCY%CE%BF%CE%AF %CE%B5%CEY%BE a dynamics study of a multi-Degree of Freedom (DoF) robotic system

retinal ap@pAnotpoedicog Reference: EAETO/Zulhoyikd Méhog “Oudda Opohoyiog IATPOTEK” - OMAAA-KATEAPAKHY. (IATE)  during the retinal surgery phase is provided.

worm-gear 0TEPHOVEG KOYATaG Reference: A.Z. Xovdpoytavvn,Zvotiuate Metadoong Kiviong ket Metagopdg 11,A61va, 1987 worm-gear velocities

subretinal vmap@AnoTpoedikc https://www.proz.com/kudoz/english_to_greek/science/368205-subretinal_space.htmi?print=1 the precise subretinal delivery of upcoming sight-restoring therapeutics necessitate micrometer level precision.
peeling omoA£mion Reference: http://www.derm.gr/dermatitis.php (IATE) common tasks that require high dexterity, such as epiretinal membrane peeling

stem cell BrosToKOTIONO http:/Awww.wordreference.com/engr/stem%20cell new treatment methods offering capabilities that together with emerging stem cell
micrometer HIKPOUETPO http:/www.wordreference.com/engr/micrometer necessitate micrometer level precision

coarse-to-fine amd yepnAng og vymig axpiPeag pépn (Averapkic epunveia-Ag fpébke avuiotorgio oty EMviki YAdooa) a coarse-to-fine surgical robot

actuator EMEVEPYNTIG Reference: OMAAA-T KATEAPAKHY - EAETO (EAnvixn Evonpeio Opohoyiag) (IATE) By combining the robot’s equations of motion with novel mathematical models of its corresponding actuators
transmission system o0oT e HETHO00ENS Reference: TEXNIKO ETMIIMEAHTHPIO EAAAAQY (IATE) That description includes all the nonlinearities due to friction that arise from the use of transmission systems
off-the-shelf TPOKUTUOKEVOGHEVOG http://www.wordreference.com/engr/off-the-shelf avoid off-the-shelf products that might affect the manipulator’s precision

end-effector EMEVEPYNTIG MEPATOg Tehikog TeAeoTHG http://iate.europa.eu/FindTermsByLilld.do?lilld=1549079&langld=¢l Sec. 111 derives the dynamics of the 3-DoF end-effector

lead screw KoyMag kivong http:/www. mie.uth.gr/ekp_yliko/%CE%9A%CEY%BF%CF%87%CE%BBY%CE%NAF%NCEY%B5%CFY%82.pdf  The six-har linkage is actuated by a motorized lead screw drive

Computer-Aided Design (CAD) Aoyiopxd oyedioong e vrohoyloth/oyedl0opdg U yprion vIohoyLoT Reference: Teyvikd Empehnripto EAGdog (IATE) have been replicated using Computer-Aided Design (CAD) software

Operating table YEPOVPYIKS TPt http:/Awww.wordreference.com/engr/operating%?20table the operating table (Opmaster 506P from Lab-Med)

intraocular pressure evdoopBudyn migon Reference: Evapuoviouévo Zotnu ket (tpomorouuévn) Ovouatoloyio tov upfoviiov Tehovewakng Tuvepy to keep the intraocular pressure constant

eye chamber Badagog opBadyod Reference: Aaotipidov, Avve lopdavng. Oofutuik ehaotikotnre kot oipoaticy por og evatohoyicong kat yhov all motions of the tool into the eye chamber

Remote Center of Motion (RCM) (TOHOKPUGLEVO KEVIPO TEPLoTpognc (Avemapkng eppunveio-Ae Bpénke avtiotoryio oty elnvikh yhdoon)  https://www.igi-global.com/dictionary/remote-center-of-motion-rem/43372 three rotational DoF around a Remote Center of Motion (RCM)

manipulator YEPLOTAS Reference: Reg. 3381/94 OJ L 367/94 p.140 (IATE) a coarse manipulator and a fine manipulator

flanges Baoceic othpiéng Reference: I Xakwddxmg, duh.aepovanmyog pnyevikog (IATE) Custom flanges are designed to connect the S-Robat with the hexapod

self-locking avtokkeidodpgvog Reference: N.A.Kupiding,Ap.Mryavohdyoc-Hhexrpohdyog Miyovikog, Akt A.ILG. (IATE) Both manipulators are self-locking when switched off

positioning accuracy axpPew otov Eheyyo Béong (Aev vrapyer axpipig petigpaon Tov Gpov) positioning accuracy is not affected by external disturbances

low profile Aemrdg http://www.wordreference.com/engr/low%20profile an off-the-shelf low profile stage

epiretinal membrane emonhakn pepPpav https://translate.google.gr/?hl=el#view=home&op=translate&sl=en&tl=el&text=epiretinal%20membrane epiretinal membrane peeling

roboticists POUTOTIOTEC https://translate.qoogle.ar/#en/el/roboticists the technological contributions from roboticists have driven the field to a high level of maturity
probe kafertipag http://www.wordreference.com/gren/%CE%BA%CE%B1%CE%B8%CE%B5%CF%84%CE%AE%CF%81%C one for the endoillumination probe

translational HETaQOpa. (ypapkn) Reference: EAKEITA AOTI (IATE) one translational that passes through it

piezo melonkextpuc http://www.wordreference. com/engr/piezoelectric The insertion assembly employs an off-the-shelf piezo actuator

velocity o0 hitp://www.wordreference.com/engr/velocity maximum velocity

nm VavOpETpo Reference: Ivotizodro Mehetav TepiBdihovioc, Adiva Axadnuio Adnvav (IATE) a step size at around 300nm

wormwheel gearhox GOGTIIL ATEPLLOVE. KOPOVE. http:/Awww. m3.tuc.gr/ ANAGNWSTHRIO/Drawing/ THEORIA/SXEDIASHY%20TROXWN. html The components that constitute this mechanism are a wormwheel gearbox

wormwheel ATEPUAV KOPOVOL http://iate.europa.eu/FindTermsByLilld.do?lilld=1136314&langld=el A wormwheel based configuration is designed to produce roll motion

forward kinematics evfetor kmpomi https://eclass.teiwm.gr/modules/document/file.php/BSMM121/%CE%IA%CEY%95%CEY%AB%CE%91%CE %9t In this section forward kinematics of the S-Robot manipulator are briefly developed

The coordinate frame assignment in space To clotnpo cuvetaypuévay 610 JOpo (Aev vidpyet axpipi petdppaon Tov 6pov) https://el.wikiversity.org/wiki/%CE%A3%CF%8DY%CFY%83%CF%684%CE%B7%CE%BC%CEY%BL_%CF%83 The coordinate frame assignment in space is illustratedin Fig. 4

roll draiing GEovag https://valadis-kotorlos.blogspot.com/2016/05/3.html The S-Robot consists of a roll and a tilt mechanism

tilt €YKapalog GEovag https://valadis-kotorlos.blogspot.com/2016/05/3.html The S-Rahot consists of a roll and a tilt mechanism

roll motion TEPLOTPOOT YOP® 0md Tov Stoyrn dova A wormwheel based configuration is designed to produce roll motion

tilt motion TEPLOTPOPT YOP® 070 TV gYKapato Gova Concerning the tilt motion, a six-bar mechanism that provides a mechanical RCM is selected
roll mechanism WIOVIOLOG TEPOTPOYNG YOP® om0 TV dtaurficn dEovar The S-Robot consists of a roll and a tilt mechanism

tilt mechanism LITOVIOLOG TiEPOTPOPNG YOP® 0o Tov EyKapoto GEova The S-Robot consists of a roll and a tilt mechanism

Center of Mass (CoM) Kévpo padag https://el.wikipedia.org/wiki/%CE%9A%CE%ADY%CE%BDY%CF%84%CF%81%CE%BF %CE%BCY%CEY%AI Finally, each vector denotes the position of the Center of Mass (CoM)

matrices Tivae (piTpeg) http://www.wordreference.com/engr/matrix For the derivation of the robot’s homogeneous transformation matrices

expression napdotoon (padnpomkn) http://www.wordreference.com/engr/expression The derived expressions of the above functions

equations of motion (EoM) e£160081g Kiviong https://el.wikipedia.org/wiki/%CE%95%CE%BE %CE%AF%CF%83%CFY%89%CF%83%CE%BT_%CE%8CY The Euler-Lagrange equations of motion (EoM)

backlash didikevo http://www.wordreference.com/gren/%CE%BC%CF%80%CF%8C%CF%83%CEY%BI%CE%BA%CEY%BF  eliminating backlash.

anti-hacklash vk e&dhenymg dudkevou (Agv umdpyer axpipig HeThppoion Tov 6pov) Aev vrdpygt myn pag Kot 0 6pog amoddBKe mEPLPPOOTIKG an anti-backlash lead screw assembly and a worm drive.

free body diagrams (FBD) Stoypdppoto ehevBépov copdrav (oek 26, 5.1, oed 27, 5.1) http://nefeli.lib.teicrete.qr/browse/stef/epp/2015/ArnaoutakiAikaterini/attached-cocument-1427182710-530361-1 the free body diagrams of the worm and gear are depicted in Fig. 5

lead angle yavio Khicgng Reference: A.Z.Xovdpoytavvn,Zvotfuote Metadoong Kiviong kat Metagopdc 11,A61va, 1987 (IATE) InFig. 5, Aw denotes the worm’s lead angle

pressure angle Yovia Tieong Reference: Ayyhoehnvikd Agkixd Emotnuovikdv kon Teyvikdv Opav,Michigan Press,Exd.IT.Kovtoovpmdc (£ 6w the spiral’s pressure angle

sliding surfaces empavelo g Reference: X.[Tvpyidng,Iohrikoc Mijyavikoc,Ap Zvykowaviohdyog, AJLO. (IATE) the frictional forces between the sliding surfaces

spiral omEipOpaL https://eclass.duth.qgr/modules/document/file.php/TME 106/Presentations/%CE%BAY%CE%BF%CF%87%CE%R Assuming that the coefficient of friction is constant across the length of the spiral

nominal torque OVOLLOOTIKY pOT Reference: ¥.Mavidg,er.kafnynig E.M.IT, K Koykapdxng,kafnyneic E.M.IL (IATE) a motor with nominal torque at 20mNm or higher is considered suitable

nut TEptkOyALo Reference: Evappoviopévo Zootnua ket (tpomoroupévn) Ovopatoloyio ov Zupfovhiov Tehavewkng Zuvepy the pushing nut of the lead screw



