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ATtrayopeueTal n avTiypa@r], arrobrikeuan Kai diavoun TNG TTapoucag pyaciag, €€ oAokAfpou
l TUAUATOG QUTAG, YIA EUTTOPIKO OKOTTO.  EMTpETETAl N avaTUTTwon, aTToBAKEUON Kal
dlavouny yia OKOTTO Hn KEPOOOKOTTIKO, €KTTAIOEUTIKAG 1 €peuvnTiIKAG @UONG, UuTtd Tnv
TpoUTe0eon va avagepeTal n TnNyA TTPoéAeuong Kal va diatnpeital To Tapov PAVUMQ.

EpwTtAuata TTou agopolv Tn XPHon Tng €pyaciog yia KEPOOOKOTTIKO OKOTTO TIPETTEI VO

QaTTEUBUVOVTAI TTPOG TOV CUYYPAQEQ.

O1 atmméyelg Kal Ta CUUTTEPACHATA TTOU TTEPIEXOVTAl O€ AUTO TO £yypa@o eKPPAlouv Tov
ouyYypo@éa Kal Oev TTPETTEI VO €PUNVEUBEL OTI avTITTPOCWTTEUOUV TIG €TTIONUEG BECEIC TOU

EBvikoU MeTodBiou MNMoAuTexveiou.






MepiAnwn

To EasyLap civar €éva poptmoTiké ouoTnua  ToANaTAwyY  Bpaxidvwy  yia
AOTTAPOOKOTIIKEG EYXEIPNOEIG eviaiag 1 TTOAAQTTANG TTPOCBacng TTou Xapaktnpifetal ammod Tn
Xpnon mapadooiakwy A vEéwv opydvwy aAAd TTavayxpnOIUOTTOICIHWY 1 SIaBECIHWY Kal
XOUNAOU KOOTOUG, OTOV OTTOI0 0 €AEYXOG TOU CUCTHMATOG avaTiBeTal o€ £va HOvo XEIPoupyo,
pE OUO XEIPIOTAPIO KAl PIa O€IpA aTTd KOUMTTIA KAl pEOOTATEG. TO OTITIKO KIVEITAI aAveCApTNTA
Yo va akoAouBroel To €pyo Tou yIaTpoU, evTOTTICOVTag TTAVTOTE TO OPYAVO OTO OTTOIO EVEPYEI
0 YIOTPOG Kal TAUTOXPOVA HETAKIVWVTAG Ta epyaAeia oTnv 086vn akpIifwg oTnv Kateubuvan
oTnVv otroia o yliaTpdg PeTakIvei To joystick. Aedopévou Tou OXETIKA XaunAou KOOTOUG TNG
Kovoohag, Ba cival duvatd va uttdpyel pia OeUTEPN KOVOOAQ oTnv OTToia €vag OeUTEPOG
yliaTpdg, OUVABWG TTIo £uTTelpog, Ba ptTopei va avaAdBel Tov €AeyXO TNG XEIPOUPYIKAG
eMEPPBAONG O€ TTEPITITWON AVAYKNG.

2710 TTAQiCI0 AQUTAG TNG BITTAWNATIKNG dnuioupyroaue 3D TTpooouoiwon Kivnong Jovo
evOG ammd Toug PBpaxioveg Tou CUCTAUATOG XPNOIMOTTOIWVTAG €va atmAd joystick TTou

ayopdaoTnke online.

Aégeig-kAe1d1da: PopTtroTikA Xeipoupyiki,AatrapookoTtikr,lpocouoiwon,



ABSTRACT

EasyLap is a multi-arm robotic system for single or multi-access laparoscopy
characterized by the use of traditional or new instrumentation but reusable or disposable
and low cost, in which control of the system is entrusted to a single surgeon, provided with
two joysticks and a series of buttons and rheostats, and in which the optical moves
independently to follow the work of the doctor, always identifying the instrument on which is
acting the doctor, and at the same time always moving tools on the screen in exactly the
direction in which the physician moves the joystick. Given the relatively low cost of the
console, it will be possible to have a second console on which a second doctor, usually
more experienced, will be able to take control of the surgery in case of need.

In the framework of this thesis we have created the real time 3D simulation of the

movement of only one of the arms of the system using a simple joystick bought online.

Key words :Robotic Surgery, Laparoscopy,Simulation
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Extended Summary-Ektetapevn lMNepiAnwn

Eicaywyn

O XWPOG TWV XEIPOUPYIKWY ETTEURACEWY BPIOKETAI O€ KATAOTAON CUVEXOUG £EENIENG
TIG TEAeUTAiEG BeKETiEG. TO ETTIKEVTPO QUTOU €ival N AVOIKTA XEIPOUPYIKN €TTéUBacn, 6TTou o
yIaTpOG Ba ékave PEYAAEG TOPEG OTNV TTEPIOXH OTTOU ETTPETTE VA AEITOUPYAOEl WOTE TO XEPI
TOU va €XEl XWPO yia va KivnBei kal yia va ptropei va PAETTEL. Tevika €xel TTAEOV, EUTUXWG,
ekAeiyel kal dlatnpeital Yovo wg TEAIKA AUOT. AuTO O@EiAeTal KUPIWG OTR Xprion Tng
AQTTAPOOKOTIIKIG  XEIPOUPYIKNAG KAl OTNV  €TMTOUA TG OUYXPOVNG XEIPOUPYIKAG, OTNn
POMTTOTIKY] XEIPOUPYIKH.

H AQTTOpOOKOTTIKY XEIPOUPYIKA TTEPIOTPEPETAI YUPW aTTO TN XPAON AETTTNG,
OWANVWTAG OUOKEUNG TTOU OVOUAZeTal AQTTOPOOKOTTIO, N OTToia €ival PaciKd pia PIKPA
QWTOYPAPIKA UNXOVA HE QWG, TTOU XPNOILOTTOIEITAI Al PE EIDIKA KATAOKEUAOUEVA EpYOAEia
TTOU €I0AyovTal PECW HIKPWY TOPWY OTNV KOIANIA 1 TN Aekdvn yia Tnv €KTEAEOn TG
Agitoupyiag. Méow TnG kauepag 1o TTedio epyaaiag TpoBaAAeTal o€ pia 086vn. Eival TAéov o
TPOTTOG PE TOV OTTOI0 EKTEAOUVTAI OI TTIO OUYXPOVEG XEIPOUPYIKEG eTTepPAocls. H eicaywyn
POUTTOT OTN XEIPOUPYIKN oTov 200 aiwva €Qepe TTAvACTACN OTNV IOTPIKA OTTWG TNV EEPOULE.
QoT1600, QUOIKA, Oev MIAGUE yIa AQUTOVOPQ GUOTAMAOTA, aAA& pnxavég TTou BonBolv Toug

XElpoupyoug.

To medio TNG XEIPOUPYIKNG POPTTOTIKAG OXNMATIOTNKE ocav avapdaduion oTig
AQTTOPOOKOTTIKEG BIAdIKATIEG, N OTToia €ival n TTPWTN TEXVIKA TNG €AAXIOTA ETTEPRATIKAG
xelpoupyikAg (MIS) tTou &ekivnoe 10 1987 pe TNV TTPWTN AATTAPOCKOTTIKY) XOANOKUGTEKTOUN.
‘EkTOTE, O PUBPOG €EENIENG TNG TEXVOAOyiag NATAV CUVETTAG MWE TNV TTO0OTATG TWV
XEIPOUPYIKWYV ETTEURACEWY TTOU TTPAYUATOTTOINONKAV PE AATTAPOCKATINGN KAl PE TNV TEXVIKN

IKAVOTNTA TWV XEIPOUPYWV.

Ta mAeovekTpaTa Tou MIS €xouv yivel euTTpdodekTa PETAEU TWV XEIPOUPYWY, TWV
000evwV KAl TWV 00QAANIOTIKWVY ETAIPEIWV, KOBWG O TOUEG gival MIKPOTEPES, O KivOUVOG
MOAuvong eival pIKpOTEPOG, N TTEPIOdOG TTAPAPOVAG OTO VOOOKOMEIO gival PIKPOTEPN Kal

MEPIKEG @opég TTePITT. EmimmAéov, peiwvetal onuavtikd n aigoppayia Kar o0 Xpovog


https://translate.google.com/translate?hl=el&prev=_t&sl=auto&tl=el&u=https://en.wikipedia.org/wiki/Hemorrhaging

avappwons. O1 peiwpéveg DIAPOVEG OTO VOOOKOMEIO, 0 TTOVOC Kal Ol OUAEG, n TaxuTepn
EMOTPOPN OTNV  KABNUEPIV Cwr KAl n  KOAUTEPN MPETEYXEIPNTIKA  AsIToupyia  Tou
QVOOOTTOINTIKOU CUCTHAPATOG eKTIUATAI OTTO OAa T eUTTAEKOUEVa pépn. EmimAéov, uttdpxel
MEIWMEVN €KOBEDN TWV ECWTEPIKWYV OPYAVWY O€ TTIBAVES e€WTEPIKEG PWOAUVOEIG, aTTOKTNONG

AOIHWEEWV.

ATI6 TNV AAAN TTAcupd, 600 TTI0 EAKUCTIKN gival n apxitektoviki MIS, utrdpyouv
OPKETOI TTEPIOPIOHOI OXETIKA ME TNV TEXVIKA Kal PNXavikp @uon Ttou efomrAiopou. O
oUYyXPOVOG AQTTAPOOKOTTIKOG €COTTAIONOG TTACOXEl ATTO ATTWAELIQ TNG ATITIKAG avAadpacong

(SUvaun Kai aTrTIKn), TO QUOIKO CUVTOVIONO XEIPO-UATI Kal TNV TTIOECIOTNTA. [6]

H Aamapookdtnon eival, amd 1n euon NG, avridiaiodnTikrl Kabwe To epyaAcio,
TPETTEl va KIvnBei TTpog Tnv avTiBeTn KaTteuBuvon atmd Tov mMOUPNTO OTOXO OTNnV 086vn yia
va aAAnAemdpdoel Ye TO OnuEio evdIa@EPOVTOG, KATI TToU gival €1 BAPOG TOU CUVTOVICHOU
TWV XEIPIOU-0QOaAuwyY, KATI TTOU €ival yvwoTO WG TO PaivOuevo Tou uttopoxAiou( fulcrum
effect). To mpoRANua TNG EAAeIYNG avTiAnwng BaBoug oTig TTaPadOOIAKEG AATTAPOCKOTTIKEG
XEIPOUPYIKEG eTTEURACEIG ETTIAUBNKE TTPOCPATA UE TN XPAON AATTAPOCKOTTIKWY TTOU QPEPOUV

OUo0 Kdpepeg TToU KaBIoTOUV Jia eiIkdva TTou divel TNV avTiAnwn Tou BAaBoug Tou xeipoupyou.

MapdAAnAa, Ta opyava dev eTITPETTOUV  EEQIPETIKA €UEAICia, KOBWG Ta TTEPIOTATEPO
éxouv 4 Babuoug eAeuBepiag (DOF). Ze ouykpion, £vag avBpwITivog KAPTTOG Kal éva XEPI
éxouv 7 . YTdpxel €rmiong Mo Peiwpévn aiobnon a@ng TTou KAVEl TOV XEIPIOUO 10TWV
eCapTnuévo atrd Tnv ameikdvion. TEAOG, DOVAOEIG OTO XEPI TOU XEIPOUPYOU evioxUovTal Kal

METOBIGOVTAI EUKOAX HECW TOU PAKOUG TWV AKAUTITWY OpYAvVWV.

Av Kkal €xouv avatrTuyBei Tépa TTOAAG ouoThpaTa n aixuni Tou départog atrd 1o 2000
gival To ouoTtnua Da Vinci, To oTroio avamTuxBnke ammo 1o Intuitive Surgical of Mountain View
otnv KaAipdpvia) Kal ival CAPEPA TO TTIO YVWOTO AATTAPOCKOTTIKO POUTIOT KAl TO TTPWTO TTOU
éxel AaBer Tnv éykpion Tou FDA vyia yeviki AQTTAPOCKOTIIKA XEIPOUPYIKA POAOYIWV
XEIPOUPYIKWY  ETTEPRACEWY €VNAIKWY Kal TTAISIATPIKWY XEIPOUPYIKWY ETTEURACEWY OTIG
akOAouBeg TTepIoxEG OUpPOAOYIKWYV XEIpoupyEiwy, MEVIKWY AQTTAPOCKOTTIKWY XEIPOUPYEIWY,
YEVIKWV N KapdIayyeIakwy BwPaKOOKOTTIKWY ETTENRACEWY Kal SIadIKACIWY KAPSIOTOUAS ME

BwpakooKOTTIKA uTToBontnan.


https://translate.google.com/translate?hl=el&prev=_t&sl=auto&tl=el&u=https://paperpile.com/c/OGTOCo/JWfx

H Baoikn 16éa dev éxel aAAagel amd Ta pwTa oxédia TG NASA Tng dekaeTiag Tou
'70, evw o1 duvaTtOTNTEG UAIKOU Kal AoyIoPIKoU £xouv BeATIwBei dpapaTikd. Ta xeipnoTrpia
TNG KUPIAG KOVOOAAG XPNOIUEUOUV WG BIETTAPH YIA TOV XEIPOUPYO, ETITPETOVTAG TOU / TNG Va
XelpiCetar Ta epyaleia ouolaoTikd. ‘Eva ocuotnua atreikoviong 3D evowpatwveTal €1miong
oTnV KUpIa KOVOOAQ, TTapoucidlovTag TO XEIPoupyikd TTedio TToU KaTaypda@eTal atmd 1o
€VOOOKOTTIO OTEPEOPWVIKNG KAPEPAG. H ouvdeon dUO PBaoiKwy KOVOOAWV Egival €TTiong

ouvarr, EMTPETTOVTAG TNV OTTOTEAECUATIKN EKTTAIdEUON KOl O1I6ACKAAIQ.

Evw 10 oUotnua DaVinci emétpeye €CaipeTik@d euaicbnTeg  AATTAPOCKOTTIKEG
XEIPOUPYIKEG TTEUPRACEIG, €xel TTOAU PEYAAO KOOTOG Kal n Xprion €1dIKwv epyaAlgiwv TO
KaBIioTd akoua 1o datravnpd cuaTtnua. EmimAéov, yia va xpnoIdoTToiNoeTe To oUCTNUQ,
atraiteital €10IKA eKTTAIdEUON TTOU €ival €TTiong TTOAU xpovofopa. Autd odriynoe 1o DaVinci,
TapPad TIG EVTUTTWOIOKEG dUVATATNTEG TOU, va PNV XpnolhoTtroindei eupéwg otnv Eupwtrn. Qg

aTTOKPIoN O€ aUTO TO TTPORANUA avaTTTuooeTal To cUuoTnua EasylLap.



Opyavwon KepaAaiwv

2€ auTd 1o €pyo dIaTpIPnG Ba avaTtuouue oto Matlab Tnv TTpogouoiwon eAéyxou

€vOG Bpaxiova Tou povTtéAou Tou EasylLap.

TNV avaTtuén autng TNG £pyaciag SIOXWPICANE OKTW KEQAAAIQ, TO TTPWTO aTTd TA
oTroia Ba cival yia eicaywyr) oToug BacikoUg opIoHoUg TTOU ATTAITOUVTAI YIa TV KaTavonaon
NG €vvolag QUTAG TNG €pyaciag, OTTwWG eival N AATTAPOCKOTTIKY XEIPOUPYIKH, N POMTTOTIKA
XEIPOUPYIKA €ival Kal n Jop@r) TG OTnV TpEXouca €O Madi Je pia oUvToun 1I0TOpia Tou
oucoThpaTtog da Vinci €1dikdTepa. O@a kaBapiooupe €Tmiong 10 TTPOPANUA HE T TPEXOVTO

POUTTOTIK& CuOTAMATA Kal TI ETMOILKOUME va AUCOoUUE e TO UTTO €€EAIEN €pyo, To EasylLap.

210 Ke@dAhaio 2 Ba mapoucidooupe kai Ba egnyfooupe 10 poviéAo CAD TTou
oxedidotnke yia Tnv EasyLap kal oxedidotnke emmiong amd tnv idia oudda tng Calabrian
High Tech.

210 Kepdhaio 3 Ba Trepiypdywoupe 10 Mabnuatikd Movrého Baciopévo oTtnv
avatmrapdotaocn Denavit - Hartenberg Ttou xpnoigotroigital yia v avaTmtuén Tng

TTPOCONO0IWONG TTOU apyoTeEPa Ba pag odnynael oTn dnuioupyia TNG TTPOCOHOIWANG EAEyXOU.
210 Kegpdhaio 4 egetdfoupe ol €ival n dueon Kal EUUECN KIVAUATIKY O€ 10AVIKEG
OUVORKES Kal TTWG €QapUOOTNKE OTNV TTEPITITWON Hag. Mwg dilacuvdEcape TO JOVTEAD HOG

ME TO joystick kal TTwg eAéyxovTav padi ue TO JOVTEANO TTPOCOMOIWONG.

210 Ke@dhaio 5 egetdfoupe 10 PBACIKA CnNTAUATA TTOU QVTIMETWITIOOUE OTNV

0IKOOOUNON AUTOU TOU £pYOU HAdi PE TO OKETTTIKO HOG OXETIKA PE TOV TPOTTO ETTIAUCHG TOUG.

270 KEPAAQIO 6 GUVAYOUUE TA CUUTTEPACHATA TTOU GUVTAEANE OXETIKA WE TNV EPYOATia

MOG padi ye opiopéva BEuata TTou Ba TTPETTEI VA AVTIMETWITTIOTOUV.

TéAog, oTo Ke@dAaio 7 Trapouaidloupe Tn BiIBAIoypagia TTou XpNOIUOTTIOINCOE.



2UANNWnN NG 16€ag

O1twg avaeépbnke TTponyoupévwg, Ta dIaBéoiua pouTToTiIKG cuoTApaTa MIS eival
TOAU akpIBd €101 SUOKOAQ MIa KAIVIKE) Ba €xel TTepioodTepa atrd éva i dUo To TTOAU. H
KAUTTUAN €KPABNONG yia TO TTPOOWTTIKO €ival APKETA ATTOTOUN KAl EVOEXOPEVWG ATTAITEITAI
TEPIOOOTEPOG  APIBUOG TTPOOWTTIKOU  yia  va  Asitoupynoel. Emiong, éva didypaupa
ToAaTmAwY €€oTTAICHWY TTou €10MXOn atd To Intuitive Surgical, pye Tnv eupeoitexvia WO
2014/028557 A1, dev emTPETIEl TN XPACN TWV UQICTANEVWY opyavwy. H AUon autwv Twv
mpoBAnudaTwy cival o Adyog yia Tov otroio n EasylLap yevvABnke wg 16€a.

To EasyLap Bpioketal o €&ENIEN WG POUTTOT ueE 5 Ppaxioveg yia XEIPOUPYIKEG
emeyBdoeigc e otdxo Tnv atmrAotroinon Twv MIS pe Tn Xprion povo dUO XEIpIoTNPIWVY Kal
KouuTtmiwyv. MTropei va xpnoiyotroinBei yia Aammapookotria povoUu | TTOAATTAWY onueiwv
TpocRacng KAl Xpnolyotrolei  TTapadooiakd A Kaivoupyla  opyava  €iTe
ETTAVAXPNOCIUOTIOINCIYA  €iTE AVOAWOIYA, OGAAG TO TTIO ONPavTikG, XAPnAoU KOOTOUG.
EmmAéov, ecivar diaBéaiyo éva véo egpyaleio TTOAAATTAWV XPrOEwV TTOU TTPOCQEPE! TPEIG
BaBuoug eAeuBepiag kal uUTTOpEi va TTEPIOTPEPETAI evw gival KAeloTo. Eival €101 Ikavo va
TTpocavaToAifel Tnv KOTTH Tou WaAidlou oTa Tpia £TTiTTedA, dIAPECOU TNG dOUNRG TTOAAATTAWYV

THNHATWY OTNV AKpn TOU Kal TNG IKAvOTATAG XProng evOAAACTOUEVWY AaBidwy.

O éAeyxog Tou CUCTAPOTOG UTTOPEl va ageBdei ae Eva pudvo xeipoupyd. To XEpI KE TO
OTITIKO KIVOUVTAl aveEdpTnTa yIid va akoAouBrioouv To €pyo TOU yIATPOU, EVTOTTICOVTOG
TAVTOTE TO ONUEIO OTO OTIoI0 evepyei O ylaTpdg. Tautdxpova Ta epyoaAgia otnv 0Bdovn
METOKIVOUVTQI OTNV KaTEUBUVON TTOU O YIOTPOG METOKIVEI TO XEIpIoTAPIO. Aedouévou Tou
OXETIKA YaunAoU KOGTOUG TNG KovooAag, Ba gival duvaTtdv va utTdpxel Jia deUTePN KOVOOAQ
oTnVv otroia €vag deUTEPOS YIOTPOG, OUVABWG TTIo éUTTEIpog, Ba ptTopei va avaAaBel Tov

EAEYXO TNG XEIPOUPYIKAG ETTEURACNG OE TTEPITITWON AVAYKNG.

[Mpocouoiwon

Me tn xpnon evég Aoyiopikou CAD ptTopoUpE va TTIPOCOPOIWOOUNE TN YEWUETPIA, TO
OXNMG Kal TIG UNXAVIKEG 1I010TNTEG £VOG PEPOUG 1} OAOKANPOU TOU GUOTAMATOG. ZTNV OPAda

Mag xpnoigoTroioUue 1o Solidworks.



To SolidWorks eival évag TTpoypauua HPOVTEAOTTOINGNG , TIOU AKOAoOuBei €éva
OUVEKTIKO OUVOAO apXWV YIa Tr HaBnUaATIKr Kal UTTOAOYICTIKI JovTeAoTToINON TPIoBIACTATWY
OTEPEWV ME QUOIKN TTIOTOTNTA PE TTPOOEYYION TIAPAUETPIKWY XOAPOAKTNPIOTIKWY . Ta
XOPAKTNPIOTIKA yVWwPIoHaTa ava@épovTal OTa TTAPAPETPIKA OXAHATA TTOU OXETICOVTal UE TIG
1010TNTEC EVOG OXNMUATOG, OTTWG Ol EYYEVEIC YEWMUETPIKES TTAPANETPOI TT.X. TO MAKOG, TO TTAATOG
Kal To BAB0¢ KaBwG Kal N B€on Kal 0 TTPOCAVATOMICHOG, Ol YEWUETPIKEG AVOXEG , Ol IDIOTNTEG

TWV UAIKWV KaI Ol ava@opES o€ AAAD XOPAKTNPIOTIKA.

To MATLAB ( Matrix Laboratory ) eival éva apiBunTiké UTTOAOYIOTIKO TTEPIBAAAOV
TTOAATTAWY UTTOdEIYUATWY Kal IBI0KTNTN YAWOOO TTPOYPAUUATICHOU TToU avaTiTuxOnke atmd Tnv
MathWorks . To MATLAB emTpémmel XeIpIOYoUG o€ Trivakeg , oXediaon CUVOPTACEWY Kal
oedopévwy, ulotroinon aAyopiBuwy , dnuioupyia dieTTa@wy XPAoTn Kal dloouvdeon e

TTPOoypPAuUMaTA Ypauuéva o€ AAAEC YAwaooeg, 6TTwg C, C ++, C #, Java , Fortran kai Python .

‘Eva 1mpdéoBeTo TTakéTo, TO0 Simulink , XPNOIMOTIOIEITAI yIO TO YEYOVOG OTI TTPOCOETEI
YPOQIKN TTPOCOMOIWCN TTOAAATIAWY TOHEWY Kal OXedIAoUS BAcel JOVTEAOU yia QUVAUIKA Kal

EVOWMPATWHEVA CUCTAMATA .

To Simulink eivar éva ypa@iké TTepIBAAAOV TTpoypauuaTioyoUu Tou BacifeTal oTo
MATLAB vyia povteAotroinon, TTpocouoiwon Kal avaAuon SUVAPIKWY CUCTNUATWY TTOAAATTAWV
ToMéwv . H KUpia dieTagr civar éva ypa@ikd epyaAeio dlaypAauuiong WTTAOK Kal €va
TPOCAPHOCINO GUVoAO BIBAIOBNKWY MPTTAOK . [lpoo@épel evOWUATWON HE TO UTTOAOITTO
mepIBAAov MATLAB kai ptropei €ite va odnynoel 1o MATLAB e€ite va ypa@tei amd autd. To
Simulink xpNOIPOTTOIEITAI EUPEWG OTOV AQUTOUATO EAEYXO KaI TNV ETTEEEPYATia WnPIOKOU AUATOG

yia TTPOCOMOoIWoN TTOAAATTAWY TOPEWY Kal OXESIAOUO BACEI JOVTEAOU .

BaBbudg EAsubepiag

21N QUOIKA , 0 BaBuog eAeubepiag (DOF) evog unxavikol ouoTAUATOG €ival 0 apIBPOg
avefdpTnTwy TTapaPEéTpWY TToU  KaBopiouv Tn Odlapdpewor] Tou. Eivar o apiBuog twv
TTOPAUETPWY TTOU KaBopifouv TNV KATtdoTaon evog QUOIKOU GUOTAMATOG Kal €ival GNUAVTIKA IO

TNV avdAuon ouoTNUATWY CUCTNUATWY OTOV TOMEA TNG MNXAVIKAG , TNG GEPOVAUTINYIKAG , TNG

POUTTOTIKAG KaI TNG OOMIKAG MNXAVIKAG .
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H Béon kal o TTpooavaTtoMNIOUOG EVOG GKAPTITOU OWHATOG O0TO didoTnua kaBopisTal atrd
Tpio CUCTATIKA TNG METAPPAONG Kal TP OUCTATIKA TNG TTEPICTPOPNAG , TTOU onuaivel OTI €xel £EI

BaBuoug eAeubepiag.

[Mepiypagny 2uoTAPATOS

ATIO TOug 5 Ppaxioveg, O KEVTIPIKOG KEVTPIKOG Ppaxiovag OuyKpaoTei TO OTITIKO
ouoTnua Kai TTavta Ogixvel TNV Akpn Tou opydvou KaTé Tn xprion. To épyavo KIVEiTal TTAVTOTE
oUPQWVa JE TNV KaTEUBUVON OTNV OTToI0 TO XEIPIOTHAPIO METAKIVEITAI AUECO OpaATO OTNV

006vn.

YTdpyouv U0 BIAPOPETIKEG HOPPES PPAXIOVWY. H TTPWTN XPNOIUOTIOIET TTEVTE
EVEPYEG aPOPWOEIG TTOU CUYKPATOUV TOV TTPOCApHOoYyEa opydvwy. O TTpocapuoyEag YTTopEi
ETTIONG va TTEPIOTPEQPETAI YUPW aTTd TOV GEOVA TOu, O OTToI0G Tou divel TOUAAYXIOTOV évav
akéua Babud eAeubepiag, ouv TNV EvEPYOTTOINGN TOU OPYAvou, UE €vav €W TPEIG BaBuoug

EVEPYOTTOINONG.

H O&cutepn Silapdpewon, €BIKA yia Ta OMTIKA ocucTAuaTta, éxel Técoepic DOF
evepyotroinuéveg ouv  OUO  eheyyxopeveg. OAa Ta  pouTOT TTapoucidfouv  TTabnTikA
avTIOTABUION , Kal gival e€0TTAICPEVA e aioBnTApa duvaung Kal KABe akpaia armréAngn civai
€COTTAIOHEVN HE NAEKTPOUNXAVIKO TOXUOUVOECHUOUG PETABOON OUVEXOUG PEUNATOS Kal éva

KaAWDIO yia TN METADOON TWV EVTOAWV OTOUG KIVNTIPEG.

O1 KIvnTAPEG Kal N OXETIKA TTAOKETA EAEYXOU TOTTOBETOUVTAI OTOV EVEPYOTTOINTH TTOU
Exel oxedlaoTel yIO TO OUYKEKPIMEVO €pPYaAgio, KaBWG OAa Ta XEIPOUpPYIKA epyaAtia
ToTToBeTOUVTAI KABETO OTOV Afova AcIToupyiag, TTPOKEIMEVOU va diatnpouvTal ol Bpaxioveg

TOTTOOETNUEVOI O€ OKTIVIKI) KATEUBUVON yia va aTmTo@eUYovVTal O OUYKPOUOEIG PE GAAOUG

Bpaxioveg.

H aAAnAouxia avoixtwv aAugidwv Twv TTEPIOPICHWY €VOG XEIPIOTIKOU [Bpayiova
akoAouBei Tnv akdAoubn diapdpewaon. O TPWTOG OUVOECHUOG PPICKETAI OTOV KATAKOPUPO
agova TEPIOTPOPAG, O OeUTEPOG OUVOECHOG gival pia KABeTn Trpiopatiky dpBpwaon TTou
avTioTaBpieTal amd éva BAPOG TTOU KIVEITQI TTPOG TNV avTiBeTn kKateuBuvon Tou KUplou

OWMPATOG POMTTOT. AUTO eAéyxeTal ammd €va OITTAG OoUOTAPA OOOVTWTWY TPOXWV Kal
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00oVTWTWYV TpoXwv. H TpiTn Kai TETapTn ApBpwan TTEPIOTPEPOVTAI £TTIONG YUPW aTTO TOV

Katakopuo dgova. H 5n ouvdeon gival oTov opIfOvTIO Ggova.

2€ OAeg TIG apBpwaelg PTTopEi va Bpedei Yia opada PEIWTAPA POTEP PE TN HOPPN EVOG
OTTOAUTOU KWOIKOTTOINTH, €KTOC OTTO TIC KATAKOPUPEG ApOPWOEIG, TTOU £XEI AVTIKATACTOBEI
atmd €vav ypappIkG etmauénTikd KwdikoTroIiNTA. O1 KIvNTAPES eival agiepwuévol oTta dUo
mpwTa DOF 110U TOTTOBETOUVTAI OTO AV CTAPIYHUA, EVW O UTTOAOITTOG KIVATAPAG TOU POUTTOT
@IAogeveiTal oTnV TTAATQOPHA TTOU €ival TOTTOBETNUEVOG TTAVW OTNV OAIGBNoN, HETapépovTag

TNV Kivnan oTIG TPEIG TEAEUTAIEG apOPWOEIG HECW INAVTWY i AAUGIdWV.

To emBUUNTO OPYAVO PTTOPEI VO TTPOCAPUOCTEI K TWV TTPOTEPWYV OTOV EVEPYOTTOINTH
TOU OKPOOEKTN TepMaTiIopou. ‘Eva véo dpyavo eival ermiong diaBéoipo, pe 1O 181QITEPO
XOPAKTNPIOTIKO TwV AVOAWGCIYWY TTEPIOTPEPOUEVWY AaBidwyv, | dueca OlaBéaiyeg oTnv
ayopd. O1 AaBideg ytropouv va eTTICTPOPOUV O€ pia KaTteuBuvon o€ oxéon PE Tov Agova Tou
opyavou . O xpnoTng UTTopPEi £TTioNg va TTEPICTPEPEI TIG AARidES yUpw atTd Tov Agovd Toug
EVW TO Opyavo gival aKOPA KAUTTUAO ETTITPETTOVTAG OTOV XPNAOTN VO ETTIOTPEWEI TO ETTITTEDO

avoiyhaTog Twv AafBidwv.

O1 Bpaxioveg cival TotToBeTNUEVOI OE €va TTAQICIO TTOU UTTOPED va PETAKIVNOET TTAVW
a1rd TO XEIPOUPYIKO TPATTEQ Kal TOTToBeTEITal YUpw a1rd TNV KOIAIA Tou acBevoug. OAol ol
NAEKTPOKIVNTAPES UTTOPOUV va ouvoeBoUv Kal va atroouvdeBouy atrd tnv apBpwan Toug e

TO TTATANA EVOG KOUMTTIOU.

AUTO TO XOPOKTNPIOTIKO TTPOCTEBNKE yIa aCQAAEIQ, WOTE va EMITPETTEI HIO ypriyopn
Kal ac@aArn aAAayr] ammd AaTTapookOTnon o€ AatrapoTtouia. IMNa va eKIVael N XEIPOUPYIKA
eTEYRAON, PE TOUG KIVNTAPES ATTOCUVOEDEUEVOUG, OAD TO Opyava TTPETTEI VO EYKATAOTAB0oUV
Kal va oTepewBoUV . ZTn OUuvEéXela, Ta trocars TTpETTel va ToTTo0eTNBOUV OoTOV 00BEVH OTO
TPaTTEQl. € auTd TO onueio, éva KABe @opd, KABe dpyavo TTPETTEI va 0dnyEiTal OTO AVTIOTOIXO
TPOKAP Kal va €I0AYETAI £TO1 WOTE N AKPN TOU OpyAvou va TOTTOBETEITaI O QvVTIGTOIXia PE TNV

EM@AvEIA TOU BEPPATOG TOU aoBevoUG.

AuTo emTpETTEl, VA yVwPICOUME TIG aKPIBEIG OUVTETAYUEVEG TOU TTAAICiou avagopdg

TOU POMTTOT, KABe onueiou €10600U OTNV KOIAIGKA XWPA Tou acgBevolg PHECW TNG GPXIKAS



OlauopYWaOnNg Tou cuoTAuatog. To onueio Ba mpétrel va dlaTnpeital oTabepd KaATa TN

OIApKEIA TNG XEIPOUPYIKAG ETTEURAONG.

Aedopévou 611 To ouoTna ival TTARPWGS BabBuovounuévo , To POPTTOT yVwpilel TTAvTa
TN B€0n kKAGBe opydvou, £T01 WOTE va gival TTAvTa o€ B€an va KaTteuBUuvel TV OTITIKA TTPOG TNV
TTEPIOXN OTNV oTroia BpiokeTal n dkpn Tou opydvou TTou WETOKIVEITaI atmd Tov yiatpd. O
yliaTpdGg Ba UTTopEi TAUTOXPOVA VA TTEPIOTPEPEI TO OTITIKO OUCTNHA Kal va PETABAAAEI TO

BaBog dicioduong Tou xpnoiPoTroiwvTag dUo KouBia.

To ouoTnua ouvdéeTal TTAVTOTE PE £va quaternion ava@opdg TTou KaBopilel TTANPWG
TN 8€on KAl Tov TTPOCAVATOANICHSG OTO oUCTANO ava@opds pouTTéT Kal gival eTTiong o€ B€on

VO METOKIVEI T epyaAcia oTnv 086vn akpiBwg oTnv KaTteuBuvon oTnv oTToia O yIaTPOS KIVEN TO

XEIPIOTAPIO.

Meprypa@n TNG TTPOTIMWHMEVNG UAOTTOINONG
MNa TIG TTEPIYPAPES TTAPATTEYTTOUPE TOV AVAYVWOTN OTA OXAMATA TTOU O UTTAPXOUV.

To ZxAua 5 PAémoupe Tn doun evog POVO Bpaxiova TTou KpAaTd TO XEIPOUPYIKO
epyaAcio Tou oxedidotnke armmd Tnv oudda g Calabrian High Tech yia auté 10 poutror, 1o
OTTOI0  TTPOEPXETAl OTTO  TTAAQIOTEPEG EUPECITEXVIEG TnNG idIAG €PEUVNTIKNG ONAdAG
EP05778744.2 ka1 IT102019000004255.

OAeg o1 TTEPIOTPOPIKEG APOPWOEIG XPNOIUOTTOIOUV évav aTTOAUTO KwdIKoTToINTA 16
bit, vy o1 KIvATAPESG TV TTPWTWV TEOCCAPWY APPWY QEPOUV ETTIONG MIa opdada peiwTipa. O
TPWTOG oUVOECUOG TTou opileTal atrd To anpeio (1) gival TTEpIOTPOPIKOS aToV KABETO GEova.
O deUTepog ouvdeopog (2), etriong ME KATOKOPUPO dAgova, eival TTPIOUATIKOG Kal €ival
€QOBIAOUEVOG UE YPAPMIKO auénTikd KwdIkoTToINTr. O1 TTEPIoTPOYIKES apBpwaclg (3) kai (4)
dlatnpoulv Toug AEovEG Toug KABeToug Kal TTapaAAnAoug avrioTtoixa. TéEAog n dpBpwon (5)
gival TTEPIOTPOYIKN oTov 0pIfovTIO Afova ZnPEIOTE €TTiong 0TI, XApn oTnv uloBetnBeica

AUon, o ouvdeopog (3) emTpétTel oxedOV 360 poipeg TTEPIOTPOPAGS YUPW aTTO TOV AEoVA Tou

O1 KIvNTAPES TWV TEAEUTAIWV TPIWV apBpwoewyv QIAoEEvouvTal aTTd TNV TTAATEOPUA

TTOU €ival TOTTOBETNUEVN OTO KABETO €AKNOPO TOU OEUTEPOU QPUOU, N Kivnon PeTadideTal



MéOWw TpoOXaAlwv Kal Igaviwyv. O aiobntipag @opTiou Kal POTIAG TOTToBeTEITAl OTOV
OKPOOEKTN TEPUATIOUOU KABe Bpaxiova (6) 0 cUvOECUOG (7) ETITPETTEI TNV TaXEiO aAAayr) Twv
EVEPYOTTOINTWYV TOU OPYAVOU TTOU TTEPIYPAPOVTAl OTNV €I0aYywWYr auToU Tou Ke@aAaiou. Autd

TA CUOTAMATA EKTAKTNG avAYKNG XPNOIMOTIOIOUV JNXAVIKOUG KAl NAEKTPOVIKOUG GUVOETHPEG.

O1 800 TeAeuTtaiol Babpoi eAeuBepiag TTapdyovTal OTO TEAOG TWV OUO OPOKEVTPWV
agoOvwV TToU €AéyXovTal ATTO TPOXAAIEG EOWTEPIKA TwV Bpaxidvwy, oTToTe dev gival opaTég.
TeAika oTo (8) €ival 0 KIVNTAPAG TTOU PTTOPET va PETOKIVET Ta 0pICOVTIa EAKUCTHPA, U OpaTd,

o€ U0 PAYEG, €K TWV OTTOIWV 0 €vag gival opatdg (9) pe Tpoxahieg (10) kai ipavTa (11).

Figure 5: Structure of a single arm holding the surgical instrument designed by the team of
Calabrian High Tech

To ZxAua 6 mapouaiddel pia TTAAyIa dwn TnG SITTANG PAYAs TTOU PIAOEEVE TO POPTTOT
oTn Mia TAeupd Kai To avTiBapo atrd TNV AAAn, atrapaitnTo yia TNV TTadnTIK avTioTAduIon
ToUu B&POUG TOU POUTTIOT. ZTO KEVTPO N TETPAywVN KOiAN paRS0C £TTi TNG OTTOIAG OTEPEWVOVTAI

ol dUo OIdNPOTPOXIEG ETTI TWV OTTOIWV KivoUvTal Ta €AKNBpa TTOU OTEPEWVOVTAl OTIG dUO



TAATPOPUES (12), dTTOU PIAOEEVOUVTal O KIVNTAPES (13) TWV TPIWV TEAEUTAIWY apBpwoEwYV
TOU POUTTOT, Kal (14) , To avTiBapo, cival eAcUBepo va oAioBaivel katakdépuPa Pe Eva INAVTA
TTou KIveiTal amd Tov KivnTApa (8), TAvTa €QOdIAoUEVOG PE PnXavioud olvdeong Kal

OTTOKOAANGCNG, TOTTOBETNUEVOG GTNV KOPUPH HETW TWV TPOXOAIWV.

O 1yavrag Opwg dev QopTwveTal aTTd TO BAPOG TWV TTAATPOPUWY, N Kivnon Tou
oTToiou avTioTaBuiCel To PAPOG eAEyxeTal atmo éva ypavdadl TOTToBeTnUEVO KEVTPIKA (15) TTou
EUTTAEKETAI E DUO pAQIa OTEPEWMNEVA OTIC TTAATPOPMES (16). ZT0 id10 ypavadl TOTToBETACaUE
TOV KWOIKOTTOINTA aTTOAUTNG POTING TTOAAGTTAWY OTpoPwyV (17), 0 OTToi0G ETITPETTEI AKPIPEIG
peTprioelg B€ong. O KivnTAPAG TOTTOBETEITAI £TTIONG OTO AVW OTAPIYUA, TO OTTOIO gival IKavé
va ouvdéel Kal va atroouvdéel Tov PETAOOTN Kivnong, tTou odnyei Tnv KABeTn Kivnon

OAGKANPOU TOU CUCTAHATOG OAiCBnoNG.

Figure 6: Lateral view of the double slide hosting the robot on one side, and the

counterweight on the other



To TTEUTITO POUTTIOT, TO OXNMA 7 , TTOU CUYKPATEI TNV OTITIKY, TTAPOUCIAlEl HIa
KapTeaiavh dIaudpPwan, e Toug Agoveg X Kal 'y opifovTia (18) kai (19) kal yETaKIVEITAI ATTO
évav 1gavTa Tou odnyeital atmd évav ATTOOTTWHEVO KIVNTAPQ, €VW N YPAPMIKA B€on
kataypd@etal oo £va oAU (20) TTou PETPA TNV TTEPICTPOPN TNG TPOXOAIOG A TOU YPAUMIKOU
BaBuiaiou KwdIKOTTOINTA, 6TTOU 0 G&ovag ¢ éxel didTagn opoia pe Tn deuTEPN APBpwWOnN TwvV
GAWV TEGOAPWY BPaxIOvwy, eV O TETOPTOG EVEPYOS OUVOECHOG TTEPIOTPEPETAI PE TOV
KaTakOpupo dagova (21) dUo appoi eival ol Agoveg MIAG YEVIKNAG ApBpwong (22) TTou
BonBouvtal ammd KwdIKOTTOINTEG, dIATNPWVTAS OPWS TOV OQAIPIKG KAPTTO. ZNUEIWOTE OTI O€
QUTA TNV TTEPITITWON OAOI OI KIVNTAPEG PTTOPOUV va aTToouvdeBoUV atrd TOUG aVTIOTOIXOUG

appoUg TOUG.




Figure 7: The arm that holds the optics moved with a Cartesian configuration

To Zxnua 8 deixvel To cuoTNUA oUVOECNG KAl ATTOCUVOECNG TWV KIVATHPWY atrd Thv
apBpwon. Autda (23) cival ToTtToBeTnuéVa O€ €va oAIoBnTApa, TTou dev gival opaTd aTO OXAMA
ereIdn PpiokeTal Tiow a1rd TOV KIVNTAPA OUVOECNCS Kal aTToddkpuveong, aAAd KiveiTal o€ dUo
TTapAAANAEG papRdoug (24) kol cuvdéeTal Pe éva €id0g apoevikoU odovTwTou ypavadiou (25)
EI0AYETAI KAl ATTOOUVOEETAI O€ €va BNAUKO 0dovTwTO Yypavddl (26), o OTT0iog 0T CUVEXEIX

ouvdéeTal e Tov dEova Tng dpBpwang Kail ETTEITA PUE TOV KWAIKOTTOINTH.

O KkivnTAPOG CUVOEETAI KOl OTTOCOUVOELETAI TTEPIOTPEPOVTAG PIa KOXAIWTA Bida (27)
TTou odnyeital atrd évav Kivatipa (28). MNpétrel va onpeiwBei 011, dedopévou ATl N ywVvIOKH
Béon Tng Ceugng cival yvwaoTh Katd Tn OTIydA TNG atmroouvOeong Tou KIvnNTAPA, auTh n véa
Béon Ba cival emmiong yvwoTth otav TpETTel va ¢nNTnBbei va emavacuvoebei o KivnTAPAG.
Aedopévou OTI 0 apIBUOG TWV SOVTILY TWV dUO KWVIKWVY ypavadiwy gival yvwoTog, Ba gival
duvaTtd va UTTOAOYIOTEI N TTEQICTPOPI TOU KIVNTAPA TTOU €ival ammapaitnTn yia va TaIpiadel

atmoAuTa e Toug BUO TPOoXOoUG, XWPIG N ETTAVACUVOEDN Va TTPOKAAEDEI Kivnon.




Figure 8: System for connecting and disconnecting the motors from the joint.

Mpogavwg, autd 1oxUel 6tav n povdada Kivntpa /transmission €xel Tn duvaroTnTa
eAéyxou Béong TTapopolag e ekeivn Tou kwodikoTroinTh. AgiCel emmiong va onuelwBei o n
duvaToTNTA ATTOOUVAPUOASYNONG Kal ETTAVACUVOEONG TWV KIVATAPWY gival atrapaitntn yia
TNV ac@A@Acia. ZTnv TTpayuaTikotnTa, Ba cival duvarr) n UuAoTToinon €vog €VOAAOKTIKOU
KUKAWMATOG €AEyxoU, aveEdpTnTa atrd Tov £AEyXO TOU UTTOAOYIOTH, TO OTTOIO, TTATWVTAG éva

KOUUTTI EKTAKTNG avAykng, TTPORAETTEI TNV aTTOOUVOEGN OAWV TWV KIVNTAPWV.

Ommwg ava@épbnke TTPONYOUNEVWG, TO POUTTOT TIOU KPATd Ta Opyava @EpEl
eAeyxopevn Yovo 5 BaBuoulg eAeubepiag, dedopévou OTI TO €KTO AVAKEI OTOV TTPOCAPUOYEQ
opyd&vwy, TO OTTOIO ETTITPETTEI TNV TTEPICTPOPN TWV OPYAVWY YUpw aTTd Tov dfovda Toug. Kdbe
apBpwon eAéyxetal ammd évav emecepyaoTr) Arduino 2, o OTToiog €AEyXel TOV ATTOAUTO

KwdIKoTToINTA, 6Aol oI Arduinos cuvdéovTal oe oeipd atrd 1o RS485.

H kivhon Tou poptrét akoAouBei authy T Aoyikr. O yiatpdg, XEnOIUOTTOIDVTAS TO
joystick, ©Ocixvel Tnv karevBuvon oTnv otroia emOUMEl va peTakivrioel To Opyavo. O
uTTOAOYIOTAG AauBavel TIG TTANpoopieg Kal uTToAoyiCel Tn véa B€on Tou dkpou Tou opydvou
OTO TTAGICI0 Ava@OPAg TNG KAUEPAG, TO OTTOI0 PMETOPPAZETAI GUECWS OTO TTAQICIO ava@opdg
TOU POUTTOTIKOU CUCTAMATOG. MvwpilovTag TIC CUVTETAYMEVEG TOU Onueiou €l06dou OTNV
KOIAIOKN Xwpa, €ival yvwaoTh n armairoupevn 6éon Kal, WE avTioTPO®n KIVNUATIKNA,

uTTOAOYiCOVTQI OI VEEG TTAPAUETPOI.

2Tn ouvéxela TO oUCTNMPA ETTIKOIVWVED TIG VEEC TTAPANETPOUG OE KGBe dpBpwon,
divovTtag €tmiong Tov Xpovo Trou éxel 600¢i yia autr Tnv Kivnon. MOAIG oAokAnpwOei n
ETTIKOIVWVIa o€ KAGBe ApBpwaon, To cuotnua Oivel EVIOAR va TTpoXwpnroel otn véa Béon.
Quoikd auté @aivetal va oTTaitei TTOAU Xpdvo, aAAG oTnv TTPAYUATIKOTNTA Eival oXEdOV
OoTIydIgia. Zapwg uttdpxel pia aAuaida Arduinos ocuvdedepévn o€ GeIpd yia KABe Bpayiova,
ME TeAeuTaio To Arduino TTou EAEYXEI TOV EVEPYOTTOINTH) TOU Opydavou.

2uveyxifovrag Ba eEeTAfoupE TWPA TOV EVEPYOTTOINTA €vOG TTaPadooiakou opydvou,
Tou @aivetal oto xAua 11 . Maparnpouue TNV TMapoucia dUO KivATHpwy, Hia yia Tnv

TEPIOTPOYPR TOU OwAnviokou Tou opydavou (29), kai Tou dAAou (30) ouvdedepévou pe évav



odovTwTd TPpoxO (31) yia Tnv evepyotroinon TNG Aapng (32) trou KkAeivelr Tig Aaidec. H
EVEPYOTTOINON eKTEAEITAI PE PNPATIKOUG KIvNTAPES, HE 200 BAPOTa Kal €AeyKTr] OEKAEE]
Bnudtwyv. O evepyotroiNTAg xwpileTal o dUO eCapTiuaTa, éva, AmooTelpwaolho (33), To
OTTOIO TTEPIEXEI TO OPYAVO, Eva OEUTEPO PN ATTOCTEIPWHEVO (34), TTEPIEXEI TOUG KIVNTAPES TTOU

TotroBeTOUVTAI TTAPAAANAQ, évav aiodnTripa duvaung (35) kKal Ta NAEKTPOVIKA.

H mepiotpoery Tng pdpRdou Tou opydvou emmTuyXAavetal pe éva Ceuydpl €10IKa
OXeOIOOPEVWY  KWVIKWY  ypavadiwy (36), tou KivouvTal atrd €va  €UKAUTITO KIBWTIO
TaxutATwy (37). OTTwg UTTOPOUPE va ONPEIWCOUME, Kal ol dU0 KIVNTAPES TOTTOBETOUVTAI
Tiow a1rd T0 Opyavo Kal eubuypappidovTal Je Tov Agova Tou, JE TIG AaBEG OTPAPUEVES TTPOG
TO POPTIOT. Me TOV TPOTTO QUTO TO CUCTNMA Ba cival KAAG 100pPOTINUEVO KAl O XWPEOG
agaipeital ammdé Tov TTPocapuoyéa Tou opydvou e oUYKPIoN ME Tn XElpokivntn xpron Oa
MeIwBei onuavTika. MNa va eAéyxetal n duvaun KAsioipatog AaBidag, e auTrh TNV TTEPITITWON
O KIVNTAPAG TTOU PETATPETTEI TO YPAVAdl atéppova TTou KAEivel TN XEIPoAaBr ival eAsUBepo va
oAioBaivel mECovTag €vav PETATPOTTEA SUVAUNG EVW TTEPIOTPEQPEI TO Ypavall atéppova, £T0I
WOTE O HOPYOTPOTTEAG PETPA TN dUVANN YyIa va KAgioel TIG AaBideg Kal avTITTPOCWTTEUEI AUTH
n dUvaun oTov Tivaka eAéyxou wg pdpdog aufavouevou PAKoug apxik& TTPAcIvou, TTou
MTTOPEI VO HETATPATTEI O€ KOKKIVO €AV N dUvapn augnBsei TTadpa TToAU.

Omtwg avagpépbnke TTponyouuévwg, dlaBéToupe etmiong dUo véa epyaleia, To Eva pe
€UKAUTITO AKPO Kal eVOAAGEIEG AaRideg, To delTEPO €ival PIa POPTTOTIKA €kdoon Tou SAL

Twin Forceps.

Figure 9: actuator of a traditional instrument



To Zxnua 9 o&¢ixvel v eikdva €vOog vEOu TIpOCapUoyéa yia TéEOoOEPIS BaBuoug
EVEPYOTTOINONG TOU OTTOOTEIPWHEVOU OPYAVOU HE TO EUKOUTITO AKPO Kal TIG EVAANACOOUEVEG
AaBideg. O TpwToC PaBUOS eAeuBepiag XpNOILOTTOIEITAI yIA TNV TTEPIGTPOP TOU CWANVIOKOU
oc ox€0n PE TO CWHPA TOU, €V Ol GAAOI TPEIG €ival APIEPWHEVOI OTA XAPAKTNPIOTIKA TOU

opydvou.

Etriong, o mmpocapuoyéag xwpiletal o€ dU0 KOPPATIA, éva TTOU QIAOEEVEI TO Opyavo
(38) ka1 cival ammooTelpwuévog. To deUTEPO, TTOU TTEPIEXEI TOV KIVNTHPO KOl TO NAEKTPOVIKA
(39), dev eival atmmooTeipwuévo (40), aAAd TpétTel va KaAUTITETAI AT KoupTiveg. OTTwg
MTTOpEl va @avei, ol TEooepig KivnTHpeS (41) cival euBuypapuiopévol, he agoveg KABeToug
OTOV OWANVIoOKO Tou opydvou, kaBévag aTmd TOUG OTTOIOUG KATEXEI £va KWVIKO ypavadl (42),
TO OTIOI0 EUTTAEKETAI PE €va KWVIKO ypavadl (43) tou TePIBAAAEI TOV OWANVIOKO TTou

TTapouciadel dOvVTIA Kal OTIG dUO TTAEUPEG, UTTOBETOVTAG Hia SIaudp@wan &ITTAOU KWVOouU.

H &eutepn Oyn Tou idlou o@aipikou ypavaliol, OE TPEIS TTEPITITWOEIC TTAVW aTTd
TE0OEPIG (OXI VIO TNV TTEPICTPOPr TOU CWANVIOKOU), HE Eva TPITO 0d0OVTWTO Ypavdad (44) TTou
MTTOPEI VO TTEPIOTPEPETAI XWPIG Va dIATapdcoeTal 0 0O0VTWTOG TPOXOG TTOU CUVOEETAI [E TOV
KivnTApa. Autd Ta ypavdalia Aofwv peTadidouv TIGC €VIOAEG OTOUuG Tpelg Pabuolg

EVEPYOTTOINONG TOU Opydvou.

EmoTtpépoviag oto Opyavo, n duvatdtnTa KAUWNSG TOU TEAEUTAIOU TUAUATOG TOU
OpYyAavou o@eiAeTal oTNV TTapousia PIag oelpdg oToIXEiwv (45) 1IdiaiTepng Hop@rg TTou, Xdpn
o€ T€E00Epa oUpUATa TOTTOBETNUEVA ECWTEPIKA, MTTOPOUV va Auyioouv ocav Tnv Akpn e€vog
evdookoTriou. QoTd00, auTd deV gival KAIVOUPYIO, TO YEYOVOS OTI TO OpYyavo auTd UTTOPEi va
TEPIOTPEPETAI YUPW aATTO TOv AEovA Tou SlIaTNPWVTAG TNV KAPWN WOTE VA TPOTTOTTOINCEI TO

eTmimedo dpaong Tng Aaidag.

2€ QuTA TNV TTEPITITWON, EVW £vag aTTd TOUG TECOEPIG KIVNTAPES Ba cival uttelBuvog
yio TNV TTEPIOTPOPH TOU CWANVIoKou Tou opydvou, evw évag delTEPOG Eival UTTEUBUVOGS YIa
TNV evepyotroinon g Aafidag, ta TeAeutaia duo Ba civalr utteUBuva yia Tov €Aeyxo TNG
Kivhong Twv CUPUATWY OTO €0WTEPIKO TOU EUKAWTITOU TPMAMATOS TOU OPYAVOU WOTE va

EMTPETTETAI N TTEPICTPOPN YUPW aTTO TOV AEOVA TOU VW BIATNPEITAI N KAPWYN TOU. ZNUEIWOTE



eTTiong OTI a1TO TOUG TPEIG KWVIKOUG 0dOVTWTOUG TPOXOUG TToU PETAdIOOUV TIC EVTOAEC OTO
6pyavo, duo eival TTapdAAnAol, evw o0 évag eival KABETOG OTO €TTITTEDO OTO OTTOIO BpioKovTal
Ta GAAa dUOo, Kal autd cupPaivel apou Ta TECTEPA CUPPATA TTOU EAEYXOUV TNV Kivnan Tou
Gkpou douAeUouv o€ OUO KABETA ETTITTEDQ .

ZUYKEKPIPEVQ, €TTEION Ta CUPUATA TTOU EAEYXOUV TNV KAUWN TOU GKPou JETABAAAOUV
TO MAKOG Toug 6Tav aAAdCel n dlauopPwWon, To TUPTTAVO TToU divel EVTOAN yia AUTH TNV
TapaAlayr diaipeital o dUo pépn (46) kai (47) diaipoUueva Pe OTPETITIKG EAATHPIO, YIO VA
diatnpouvtal Ta kKaAwdia. O1 Aapideg dev TmapoucidlovTal, dedopévou OTI givar Adn oTnv
ayopd Kal wg €K ToUTOU aTTelkovideTal JOvo 0 GUVOETHOC OTIG AaBideg piag xpriong (48). O
KIVNTAPAg TTou KAegivel Tn AaBida cival ToTmoBeTnuévog O évav PETPNTA OTPEWNS Yia va

eMTPEYEI TOV EAEYXO TNG dUVANNG KAEIGipaTog NG AaBidag.
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Figure 10: New adaptor for four degrees of actuation of the sterilizable instrument with the

flexible tip and interchangeable forceps

To ZxAua 10 deixvel 1o deUTEPO TEGOAPWV TTapauéTpwy, To SAL Twin Forceps Tou
PCT /1T2013 / 00052 xpnOIUOTIOIWVTAG TO idI0 OXAMA TTOU TTAPOUGCIACTNKE TTPONYOUMEVWG,
EMTPETTEI VO KPATNOE TO CWHa £Ew atTd TN XEIPOUPYIKN TTEPIOXH, KATI TTOU gival 181aiTEpa
ONUavTIKG €dv TTPOKEITAI va €KTEAEOTOUV Xelpoupyeia eviaiag TmpoofBaong. To SAL Twin

Forceps @€pel pOvo TPEIG KIVNTAPES EAEYXOU, O TETAPTOG KIVNTHPAG ETTITPETTEI TNV TTEPIOTPOPN



TOU opydvou yUpw atrd Tov dgovd Tou. Duoikd, yia va emITEUXOE auTtr n TTEPIOTPOPN,
TIPETTEI VA TTEPIOTPEWOUNE OAOUG TOUG UTTOAOITTOUG KIVNTAPES YE TNV idla TaxUuTnTa oTnV idia

KaTeuBuvon, €101 woTe n B€on KABe evIOAG va diaTnpeital oTabepr).

TéNog, TOo ZxAua 11 deixvel Tn dIGTAEN TOU POUTTIOT, OTNV TTEPITITWON AUTA YOVO ME
OUO0 POUTTOTIKOUG BPaxiOVeEG , GUV TO TPITO TTOU KPATAEI TNV OTITIKY, OAQ KPEUOVTAl ATTO MIa
OOUNA TTOU KPATEITAI TTAVW ATTO TO XEIPOUPYIKO TPATTEC e BUO TTAEUPIKEG OTAAEG. To ouoThua
£xel oxedlaoTei yia évie Bpayioveg, aAAd To OXEDIO TTEPIOPIOTNKE OE TPEIG VI VA PEIWBE N

TToAUTTAOKOTNTG TOU HovTéAou CAD.




Figure 11: Robot Configuration using the SAL Twin Forceps

To paBnuatikd yovtéEAo

Moia gival n avatrapdactacn Tou Denavit-Hartenberg

Aedopévou Tou OTl n TeXVIKA Denavit-Hartenberg eivar TToOAU kaAd €Enynuévn oTnv
ouyxpovn BiBAIoypagia kal oTo dIadUKTEIO Ba TTAPAPEIVOUNE OTA TTPAKTIKA TNG OITTAWMATIKAG
QUTAG.

O1 rapauerpol Denavit-Hartenberg (1Tou ovopalovral etriong mapduerpol DH ) civar ol
TEOOEPIG TTAPAPETPOI TTOU OXETICOVTAI WE MIO OUYKEKPIMEVN oUuBacn yia tTnv TTpoocdptnon
TTAQICiWV ava@opds OTIC OUVOETEIC HIOG XWPIKAG KIVAMATIKAG aAucidag 1 oTnv TTEPITITWON PG
EVOG XEIPIOTA POUTTOT avolkTAG aAucidag . YToBétel om umtdpxouv n + 1 cuvdEoeig TTou
ouvdéovtal pe n apBpwoelg otmou Link 0 civar cupBatikd oTtepewpévo oTo £d0@og. Kdbe
apBpwaon Tapéxel éva povo DOF, 1Tou avTioToIxEi oTn YETABANTA dpBpwaong.

2€ autn TN oUPPaon €vag PETOOXNUATIOPOG GUVOEETAI WE TNV APBpwWaON, ag TNV OVOUACOUE
[Z], xai n deuTepn ouvdEeTal e Tov aUvdeauo [X]. O1 HETAOXNUOATIOUOI CUVTETAYMEVWY TWV [Z] Kal
[X] mpocdiopiCovral pe povreAomroinon Twv apbpwoewv wg apbpwTéGc R oAloBaivouoeg
apBpwoeic. Katd pAKog Twv N OECUWY N KIVNKOATIKA €EiI0CWaN TOU POUTIOT AVTITTPOCWTTEUETAI ATTO

TO METAOXNUATIONO CUVTETAYUEVWY TOU

[T1=[Z 411X 4T[Z 2] [X 5] o [X 0 112 0T [X ]

otou [T] €ival 0 yetaoxnuaTiopog TTou evriomifel Tnv TeAIKR {eugn. Kai o1 duo TUTToI apbpwoewv
€Xouv dia povadikn ypaupn oTto didoTtnua, Tou Ba avagepBolpe wg S. AuThi N ypauun
oxnuartifel Tov agova apBpwang Kal opilel TN OXETIKA Kivnan Twv dU0 CUVOEGHWV.

Ma kdBe akoloubBia ypappwv S | kar S, ,, , UTTAPXEI MIA KOIVF) KAVOVIKA ypauurnp A, ., .
Mpoxwpouue atn aUuBaacn 6T o1 AEoveg CUVTETAYUEVWY Z eKXwpPoUvTal GTOUS KoIvoug agoveg Ol

agoveg oUVTETAYPEVWY S Kal X avTIoToIXi{ovTal 0TNV KOIVA KAVOVIKI A |, ;.

O1 Tapduetpol yeTaoxnpaTiopou D-H mou xpnoiyotroioUye gival auTég TTou akoAouBouv:

@ d : avrioTaBuion KATA PrKOG TOU TTPONYOUNEVOU Z GTO KOIVO QUGIOAOYIKO


https://translate.google.com/translate?hl=el&prev=_t&sl=auto&tl=el&u=https://en.wikipedia.org/wiki/Kinematic_chain
https://translate.google.com/translate?hl=el&prev=_t&sl=auto&tl=el&u=https://en.wikipedia.org/wiki/Robot
https://translate.google.com/translate?hl=el&prev=_t&sl=auto&tl=el&u=https://en.wikipedia.org/wiki/Transformation_(geometry)

@ 0 : 'wvia yia 1o TTponyoUuevo Z , atrd 7o TTaAIG X 070 VEO X .
@ I : uAKoG TNG KOIVAG KavoVvIKAG. YTTOBETOVTAG IO TTEPIOTPEPOUEVN GPBpwaon, auTr gival n
QKTiva yia TO TTPONYOUEVO Z .

@ A : ywvia oxeTIKA PE TNV KOIVIA KAVoVIKr), aT1rd Tov TTaAId dgova Z €wg Tov véo déova Z .

AuTtA n olpBacn, TToU avao@EéPBnNKe TTPONYOUPEVWG, ETTITPETTEI TOV OPICKO TNG Kivnong Twv
OUVOECUWYV YUpw aTTd £vav Koivo dgova dpBpwong S e TNV YETATOTTION TOU KOXAia , OTTOU e 6
;Kal d ; ava@epOuaoTe oTnV TTEPIOTPOPN YUpw atrd Kal TNV oAicBnon katd urkog Tou agova Z
avTioToixa. KaBe pia amod Tig TTapapéTpoug PTropei va gival otabepr, KATI TToU opideTal atrd TN

Oour TOU POUTTOT.

Opiopdg TNG VEOG AUEONG Kal avTioTpo@NnG TEAIKAG KIVNUATIKAG TNG
1I0AVIKAG MNXAvAG

MpwTta, TTpocdiopioTnkav ol TTapdueTpol Tou Denavit - Hartenberg, tou
TTapouaialovtal otov lNivaka 1. O TeAeuTaiog cUVOEONOG (q6) OXETICETAI PE TNV TTEPIOTPOPN
TOU AQTTAPOCKOTIIKOU Opyavou yupw atré Tov idio Tou Tov dfova Kal gival aveEdpTnTog atmo
TOUG GAAOUG, ETTOUEVWG MTTOPEI VA EQAPMOOTEI LEXWPIOTA XWPIG va eTTNPEAlel TIG AAAEG
apBpwoelg . To ZxAua 13 deixvel I Bewpolue TNV ApXIKA SIaudpPwaon TTou Yag 0drnynoe
oTtov Tivaka. To R (0TAAeg) divel yUpw atrd troiov agova yiveTal n epIoTPO®A Kail 1o Tij TNV

METATOTTION OTTé TNV | 0TV j ApBpwan.


https://translate.google.com/translate?hl=el&prev=_t&sl=auto&tl=el&u=https://en.wikipedia.org/wiki/Screw_axis%23Screw_axis_of_a_spatial_displacement#Screw_axis_of_a_spatial_displacement
https://translate.google.com/translate?hl=el&prev=_t&sl=auto&tl=el&u=https://en.wikipedia.org/wiki/Screw_axis%23Screw_axis_of_a_spatial_displacement#Screw_axis_of_a_spatial_displacement

Figure 13: Kinematic Model of the Robotic Arm

To ZxAua 14 O&cixvel To POVTEAO yia T WEAETN TNG aQvTioTpoYNnG Kivnuatikng. H
avaAuon dapxioe amd Tn B€éon Tou TEAIKOU TEAEOTH], BewpwvTag Tov WG eubeia ypapun.
yvwpifovTag Tn B€0n evog eEWTEPIKOU Onueiou TOTTOBETNPEVOU KATA PUAKOG TNG YPAUUAS (Pt)
Kal TNG B€ong Tou TeAIKOU onueiou Tou akpaiou TeAeoTh (Pe), eival duvatov va Bpebouv Ta
KOTEUBUVTHPIO GUVNMITOVA XPNOIKMOTIOIWVTOG TIG EKPPATEIG TTOU TTAPOUCIAoVTal TTOPOKATW.

O1 egiowoeig @aivovTal kaBapd oTo TETAPTO KEPAAQIO OTTOTE deV UTTAPXEI AOYOG va

emavaAn@Bouv edw. MNapatréuTTOUPE TOV AvVAyVWoTN TTI0 KATW.
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Figure 14:The model used for the inverse kinematic

MovTeAoTTOINON KAl TIPOCOUOIWOCTN TOU POUTTOTIKOU GUOTAHATOG

To eméuevo BAPA PETE TNV KIVNUATIKA MEAETN ATAV va dnuioupynBei TO JOVTEAO VOGS
EVIQIOU POWPTTOTIKOU Bpayiova TTou Ba XpnoipoTToindei yia 1o péyebog Twv eEapTUATWY Kal
0Tn CUVEXEIA yIa TRV TTpocopoiwaon. AuTé £yive ato Simulink kal @aiveTal oo oxnua 17 Kai

10 block didypapua oto ZxAua 18.



Figure 17 : Simplified geometric model of a single arm in Simulink



e

Figure 18: Block diagram of 3D model of single arm



270 JIAYPAUMA, EKTOC ATTO T UTTAOK TTOU OXETICOVTAI PE TA AKAPTITA CWUATIA KAl TIG
apOPWOEIG, UTTAPXOUV TA PTTAOK PETACYXNUATIOHOU TWV cUCTNUATWY ava@opds (AKAPTITOG
MeTaoxnuaTiopdg) TTou XpnoldoTrololvTal TG00 YIa TNV TOTTOB£TNON TWV iIdIWV TWV CWHATWV
600 Kal yIa Tov €AEyXO TWV ATTOOTACEWV WETALU Twv dlapopwy apbpwoewyv. To PJOVTEAO

OOKIJAOTNKE PE TNV TTAPOXA TUXAIWY TIHWYV €1I0000U GTIC ApBPWOEIC,

AIETTOQRA  TNG  TTEPIPEPEIOKNG  €CWTEPIKNG EVIOAAG e  TTEPIBAAAOV
TTPOCOUOIWaNG

H 1mpoocopoiwan eAéyxou Tng Kivnong evog atrd Toug Bpaxioveg TTOU PETAPEPOUV TO
véo Opyavo ulotroisital oto Matlab. Xpnoipgotroioupe 10 Extreme 3D Pro Joystick tTou

01a0éTel 12 kKoupTid dpdong kal 4 DoF TrepIAauBavovTag TepIoTPoPn YUpw atrd Tov agova.

Ta xeipioTApIa AsiToupyouv pe TTapépolo TpéTTo oT1o TTEPIB&GAAov Matlab.

"EAEYXOC TNG KivnoNg TOU CUCTAHMATOG HECW EEWTEPIKAG CUOKEUNG

MpootraBricaue va oxedIAOOUPE MIa "epyOVOUIKA", yia TOV XEIPOoupyod, pon
epyaciag Tmou Ba e@apuoloTav oe £va TTPAyuaTiko oevaplo. H Asiroupyia XwpioTnke
o¢ Tpia Baoikd BAuarta: n TPWTN CuvioTaTal 0TV TOTTOBETNON TOU Opydvou OTO
onpeio €106dou. Autd Ba yivel, oTnV TTPayuaTikr {wr TToU EKTEAEITAI XEIPOKiVNTA. ZTO

MOVTEAO TTOU AauBaveTal TTECOVTAG Eva ATTO T KOUMTTIA OTO joystick.

AuTtr] n @aon akoAouBeital amd TNV euBUYPANPION TOU OPYAVOU OE OXEON ME
TN 6€0n TOU OTITIKOU (fj dAAOU opydvou), TTou AQUPBAVETAI TTATWVTAG €va OEUTEPO

KOUWTTI.

H 1pitn @d&on ouviotarar otn XEIPOKivnNTn Kivnon TOU OpyAavou Kal Twv
OTITIKWV: OTO MOVTEAO TTPOCOMOIWONG gival duvatd va HPETAKIVAOOUUE TO Opyavo

XPNOIJOTTOIWVTAG  TO joystick Kkal va  XpnoIYOTTOINCETE TIG TIMEG B€ong Kal



TTPOCAVOTOAICHOU TNG GKPNG TOU OPYAVOU YIO VA UTTOAOYIOETE TIG PETABANTEG Twv

apBPWOEWV HECW TNV AVTIOTPOPN KIVNUATIKA. N OTITIKA €ival QuTh TwWV OTITIKWV.

AuTO petakiveital atreuBeiag atod To idlo joystick xpnolgoTToILWVTAG JIa KAPEPQ
TOoTTOBETNUEVN O€ €va KivnTd OUCTNUA ava@opdag: €va Kouutri e TO joystick

XPNOILOTTOIEITAI VIO VO JETAKIVNOET aTTd TO Bpaxiova oTnv Kivnon TNG KAUEPAG.

MOAIG TeAeiwoel n @Aon XelpokivnTng Kivnong, ECOVTOG £va KOUMTTI, €ival
duvartni n TPoPoAR TNG Kivnong Tou Bpaxiova () Twv Bpaxidvwy) atrd pia eEWTEPIKA
own dIOPOPETIKA ATTO AUTH TWV OTITIKWV: OTN @ACN AUTH Ol TINEG TWV TTAPAPETPWV
apgou utroAoyifovtal PE N AvTioTPO®N KIVAPATIKA ATTOOTEAAETAI OTO UNXAVIKO
MovTéAO TOu PBpayiova. Me autdv Tov TPOTTO Ba UTTOPECOUNE VA AEIOAOYROOUUE TN
OWwOTA Kivnon Kal va eTTaAnBeUC0UPE TUXOV OUYKPOUOEIG / TTAPEPPBOAEG NETAEU TWV

THNUATWV.

Oa ocuvoyiooupe TIG TTOMATTAEG evépyeleg evOG POVOU XEIPIOTNPIOU OTO
Mivaka 2 1Tou ep@avifeTal Kal dw YETAPPAOHEVOGS Kal Ba deifoupe TOOO TIG KIVOEIG

000 Kal Ta dIAPOPA KOUWUTTIA TTOU XPNOIKNOTTOIOUVTAIl, OTTWG QAIVETAI OTO ZXNuUa 23.



Figure 23: Joystick with numbered buttons and axis of rotation
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MepitoTtpodhotTtoX X

MepLoTtpodphoey. Y

MepiLoTtpodh oto 2 YA

ASovagcepraldleiov)

Metakivnon MeptrLoTtpo

pn+Kovovumii

AvoirLxthNaBibda Kovumis
KAleiorthANaBida Koovpmis

Miv akag 2: Avtday pappa TWvV
KLVAOCEWYV TOoUL MTTO O OVY vVa
EKTEALETTOOY wE TO

XELOLOTAPLO KAl To OXETLKG

KOULUUT L&

To Zuotnua EAéyxou oto Simulink



‘Exoupe doKigAoel TTOANEG DIAQOPETIKEG €KOOXEG YyIa TO HOVTEAO simulink. Apxiké
¢ekiviijoape va Bafoupe 1o TTAVTa O €va povo emmiredo. AuTO KaTéAnge va eival TTOAU
TTEPITTAOKO Kal XpovoRBOpo yia va epyacTei Kaveig, av Kal gixe Ta Aiyotepa AaBn kai duckoAia
otn uetaacn amd @dcon oe @daon. lNpooTrabioaue OTn Cuvéxela va OlaxwpPioouue To
MOVTEAO pOG Ot Oeutepeliovia TeETPAYwvd, OAAG autd dnuioUpynoe TTOAANG O@AAuaTa
"ueTaQOPAG" oTa OrUaATa TTOU BIEPYXOVTAI KAl EEEPpXOVTAl aTTO Ta SEUTEPEUOVTA TETPAYWVA. Z€
QuTO TO onuEio dIATTIOTWOANE OTI JE TOV DIAXWPICKO TNG TTPOCOM0IWONG OTA UTTO-UOVTEA
TTou ovopdloupe A, B kai C kal Ta TPEXOVTAG TA ME YPOUMIKO TPOTIO O¢ éva script
QPXIKOTTOINONG PAIVETAI VA €ival O TTIO ATTOTEAECUATIKOG TPOTTOG va SouAéWoupe. MioTelouue
o1l auTo o@eiAeTal oTIG TTOANATTAEG aAAQYEG PETAEU TWV TUTTWYV BEBOPEVWV CANATOG KAl TWV

METATPOTTWV PETAEU TOUG

2¢ OA0 TA UTTOOUCTAMOTA UTTAPXEl TO UTTAOK CUYXPOVIOHOU TTPaYMATIKOU XPOVOU Kal
auTé cival ammapaitnTo yia va BePaiwbeite 611 To PovréAo AauBdvel To OPa o€ TTPAYUATIKO

Xpovo.
MNa 10 eTTOPEVO PEPOG Ba avagepbouue 01O ZXAMG 26.

To utrAok joystick (1) oto TepiBdAAov Matlab peTagpddlel autoparta Toug 4 Agoveg o€
Mia "avahoyikn" é€odo-didvuopa 1x4 otnv epioxn [-1, 1] Kal Ta KOUPTNIA WG PETABRANTEG
Boolean. XpnoiyotroiwvTag 1o Block Selector (2) atropovwvouue Ta KOUUTTIA TTOU apIBouv
METAEU 7 Kkal 12 kal xpnolgoTroiwvrtag To boolean utAok (3) peta@pdloupe QUTEG TIG
METABANTEG o€ double popen kal pe 1o kEPSOG (4) divoupe oe KABe éva kKEPDOG atmod 1 €wg 6
avtiotoixa. Téoo o1  auetdpAnteg  double petapfAnTég 600 Kal o PETABANTEG
ToAaTAaciadopeveg pe PeETaBANTEG KEPDOUG eiodyovTal oTo PTTAOK Agitoupyiag (5) wg
diavuopata 1x6. H cuvapTtnon ouykpivel TTola €icodog ival upnAn (iIcouTtal e 1) kai divel To

avTioToIXo KEPBOG WG £€000 TNG CUVAPTNONG.

To upmAOK evepyoTroinong (6) dlaoc@aAifel OTI N TIUAR TTOPAUEVEI aKOPA KAl OTaV
aTTEAEUBEPWOOUNE TO KOUUTTI Kal Ba douue apydTepa yiati autd cival onuavtiké. To demux
(11) oTn ouvéxeia diaxwpilel Tov Qopéa O POVA OAUATA OTTOU TTPOPAVWG POVOo €va gival
uynAd. Mmropoupe etmiong va doupe 6T n ypauun Button Input Line (7) ouveyilel EexwpioTa.
H ypapuni petakiveital oe évav aAAo etmAoyéa (8) o oTToiog atTopovwvEl To TTARKTPO JE apiB.
11. Tote 10 peTaTpéTrel o€ double Tiun, KaBWg auTtdg gival 0 TUTTOG €1I0080U Tou PTTAOK Stop,
(10), déxetal. Autd To KOUMTTi Ba oTauaThoel TNV TTpocouoiwon A Kal Ba pag eTavagEpel

oTnVv apxikn ypaer. Auté 8a odnynoel otn TTpocopoiwon B.



270 utTodovada A €xouue pOvo TO XEpI OTNV apxIKA Tou dlaudpewaon. MNMartwvrag 1o
TAAKTPO apiB. 7 o Bpaxiovag TTPOCOMOIWVEI TN XEIPOKIVNTH TOTTOBETNON TTOU TTEPIYPAYANE
TTOPATIAVW KAl TTATWVTAG TO TTAAKTPO 8, TTPOCOMOIWVEI TV AUTOPATN €UBUYPAUMION. 2N
OUVEXEIQ TTATAUE TO KOUWTTI aplB.11.

Doono

5] ¥l

Figure 26:Subsystem A , Definition of neutral position(1) , conditionally passing thourgh
(2) and converted to usable signals (4),(5) for the arm and Inverse Kinematics block (7)

and turned into a single vector (6).

Oa ggeTdooupe TwWPa £va AANO TUARUA TOU JOVTEAOU OTTWG ATTEIKOVICETAI OTO XA
27. Ztov TIOAUTTAEKTN (1) BAETTOUME TIG TIWEG TTOU KaBopifouv To onueio €il06dou Tou
opydavou. 210 UTTAOK gvepyoTToinong (2), autd TTou AEIToupyei wg ofiua eAéyxou eival To G
XeipokivnTng TotroBéTnong Omwg aTreikovieTalr OoTO0 TTponyouuevo oxnua. Otav autd

TaTtnBei, o1 TIPEG divovTal TAUTOXPOva OTOV TTOAUTTAEKTN (6) Kol OTO MTTAOK dpeong



kivnuaTikAg (DK) (7). Z10 ummAok DK 1O XE€IpokivnTo onueio €100d60u uttoAoyileTal pe Tn
HOpP®r EVOG QOpEa 4x4 TTOU TTEPIEXEI TO OUVOAIKO PETAPPAOTIKO TTAEYHa PETAEU TNG £vapéng
TOoUu Bpayxiova Kal TNG KOPUPNG Tou onueiou €10000uU Kal diveTal wg £€060G He TV ovouaaia

DK Output TOE. ®@a egetdooupe apyoTtepa Tl guuBaivel Je 1o orjpa £1I00d0u.

[¥]

Figure 27: Subsystem A, Automatic Alignment function (2), save calculate matrix to

workspace (5), Inverse Kinematics (3) and conversion to usable signals (4).



MNa 1o eTTOPEVO PEPOG Ba avagepBouue 01O ZXAMG 28.

To ofpa €g6dou DK, OTTWG @aiveTal OTO TTPONYoUUEVO oXAua, TTnyaivel otn Béon
Enable Block, (1) 6mmou 10 oApa gAéyxou gival To orja Tou TTARKTPoU euBuypduuiong. Otav
auTo gival evepyoTroinuévo 1o ofua petapaivel otn daon 2: PuBuion Eubuypdppiong. Ekei ol
OUVTETAYUEVEG TNG AKPNG TOU Opyavou Trapdpévouv ol idleg evw 1o 3x3 TTavw aploTeEPO
MEPOG TNG PETAPPOAOCTIKNAG MATPAG UTTOAOYICETAI Kal avTiKaBioTaTal Je TNV EUBUYPAUMIOHEVN
€kdoon, Kabwg autd eival To TUAMA TTou €Aéyxel Tn B€on Kal Tov TTPOCAVATOAIOUO TOu
Bpaxiova. To TOE_Aligned civar n pATPa 4x4 Tou Trepiypd@el Tn B€éon kal Tov
TPOCAVATOAIOUO TOU €UBUYpaUMIOUEVOU Bpayiova, O OTToiog OTn cuvéxela OiveTal wg

€icodog otnv AvrtiotTpo@n KivnuaTikn (3) oto ZxAua 29.
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Figure 28: Expanded neutral position (1) and MSG (2)
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Figure 29 : B Subsystem input with initlal axis signal processing and stop sequence.

AuTo TTou KAvel auTrh N AsiToupyia gival 0TI uttoAoyiCel éva véo TOE tTou @épvel Tnv
dkpn Tou opydavou Tou Bpaxiova oe pia TTapdAANAn euBcia peTagl Tou onueiou I06dou Tou
Opyavou Kal evog onueiou pe Tig idieg dlaoTdoelg x kal 'y pe 70 CEP, aAAd 10 idlo pe Tnv
€i00d0 Kauepag onueio. MNa va amopeuxBolv opiopéva o@AAPOTa AdYWw HABNUATIKWY

uttoAoyIouWwy, authi n didoTtaon z kabopioTnke pe eAagpd amokAion 10 A (- 2), Tou



TMOTEUOUNE OTI gival atrodekT atmokAlon. e auTtd To onueio TNG AEIToupyiag TTPETTEN va

PEPOUNE TO Opyavo TTAPAAANAA OTO ETTITTEDO Xy WOTE VA EEKIVIOEI N €i0000G OTO CWHA

AuTO TO WTTAOK uTToAoyIZEl TIG TIMEG TTOU TIPETTEl va €XOUV Ol OPMOi WOTE va
ToTToBETACOUY TOV PBpaxiova pe Tov €mOuuntd TPpOTTo. AUo £E0d01 uTToAoyiCovTal aAA&
XpnoigotroioUue pévo ekeivo TTou Oivel T BeTIKA TR Tou 3. AuTd dev Pag €TTnNPEAdel PE
Kavévav TpOTTo, ETTOMEVWG N €TTIAOYN €ival auBaipetn. To 1x5 didvuopa TTou TTaipvoupe oav
£€000G TPEXEI HEOW TOU OXNUATIOHOU (4) TTou dlopBwvel To kKEPSOG TTavw oTNV ApBpwaon g2
KAl METATPETTEI TIC TIMEG TWV GAAWV apBpwoewv C€ aKTivia XpNOILOTIOIWVTAG Toug OUo
TTOAUTTAéKTEG. AapBdavoupe kal TTAAI éva 1x5 Oldvuopa TTOU TTEPIEXEl TIG TIHEG TwV
apBpwoewv o¢ okTivia. H TOE_alligned (5) xpnoigotrolgital ye POVadIKO OKOTIO Tnv
atroBrikeuon Tou Trivaka TOE_aligned, 4x4 oTo XWPO £pyaciag, WOTE va XpnoIPoTroindei o€
éva Trepaitépw oTAdI0. AuTO T €yive apxikKd pe To WTTAoK "To workspace" 10 oTT0io
aTTOdEIXONKE PN OTTOTEAEGUATIKO. AVT 'autoU €TMAECANE Tn OUYKEKPIPEVN GUVAPTNON TTOU
a1ToONKEUEl TNV TIKF O€ TTPAYHOTIKO XPOVO, eVW To UTTAOK "To workspace" atraitei 011 ol TINEG
Ba amoBnkeuToUV OTO TEAOG TNG TTPOCOMOIWGCNG TTOU O QUTA Thv TTEPITTTWON dev ATAV

emAoYN.

2710 PTTAOK (1) Tou ZxnuaTog 28, opiletal N oudéTepn B£on Tou Bpayiova, 6TTou OAEg
ol apBpwocelg Ppiokovtal oe 0 poipeg / akTivia. AUTA XPNOILOTTIOIEITAI WG TTPOETTIAEYUEVN
Béon o évav diakoTTn Multiport Switch. A&iCel va egeTdooupe autd TO OTOIXEID, KABWGS QUTO
BpiokeTal 01O £TTIKEVTPO TWV TTPOCOUOILOEWY pag. O diakdTTTng Multiport xpnoiyotroiei wg
TpoeTAeyuévn €000 TO oAua TTou diveTal oTnVv TeEAeuTaia €i00d0 n OTToIO GTNV TTEPITITWAN
auTh eival To oAua 1x5.. H mavw Bupag €106dou opiCel TTola BUpa XPNOIUOTIOIOUUE WG
£€000. ES&w XpNOIKOTTOIOUNE TO CNPA EI00B0U TWV KOUUTTIWY KABWG To orjua £¢6dou yiveTal
MEOW TNG TTPAYMATIKAG TIMAG TG €106dou. Ta onuara TTepvolv avaAAoiwTa Kal JOvo TO

EMAEYUEVO KAOE Qopd.

AUTO TTOU KAVOUE OUCIOOTIKA £DW €ival va TTIAEEOUE TIG TIUEG TWV APBPUWCEWY TTOU
Ba d0BoUv oTo PovTéAo Tou Bpaxiova. Otrwg eidape TTPonNyoupEvwG. To ofua 1x5 xwpeiletal
Olauéoou PIag ammopvnuoveuong Kail ol TIWEG divovTal atmeubeiag oTa avTioTolXa UTTAOK TWV

apBpwaoewv.

€ autod TO onueio UTTOBETOUPE OTI £yIVE N TTPOETOINACTA, KOBWG KAl N XEIPOKivNTN
TOTTOBETNON KAl N QUTOPATN €UBUYPAMUPION. ZTANATAUE TWPA TO HOVTEAO A, TO OTTOIO YE TN

ocipd Tou odnyei oTto povTéAo B 10 oTroio Ba e€eTdooupe Twpa.



Eivar onuavtiké va kataAdBoupe TT0I0G gival 0 OKOTTOG autoU TIPIV apXiCOUME va
TEPIYPAYOUUE TO TIPAYHATIKO HOVTEAO. XTO utrooUoTnua B eipaoTte oto onueio 610U TO
Opyavo €ICEPXETAI OTO CWHA. Oewpoupe PEANICTIKA £va TTOAU PIKPO XWPEO £pyaciag yia Ta
6pyava. YTToBETouuE OTI 0 €AeyX0G TTAPAdIOETAI TWPA GTOV XEIPOUPYO Kal ETCI TTPETTEI TIPWTA
va €I0€ABOUPE GTO CWHA, HECW TNG XEIPOKIVNTNG Kivong TOU XEIPIGTNPIoU, TTPIV EEKIVAAOOUUE

va SOUAEUOUE.

ApXIK@ Ba doupe Tnv Kapepa (To 50 Bpayxiova), 6TTou Ba PETAKIVIIOOUUE TO Opyavo
avaAdywg xpnoipoTtroiwvTag To joystick kai d étav méfoupe T0 TTAAKTPO no . 6 Ba douue TNV
Kivnon Tou Bpayiova yia va Taipidlel Je TOV PHETAOXNMATIONO TTOU TTPOKUTITEL aTwvTag To
TAAKTPO 4 Ba EMOTPEYOUUE OTNV OTITIKA Yywvid TG KAPEPAS / XEIpoupyou. & QAUTH TN
AeiITroupyia pytropoupe va aAAd&oupe Ty TOTTOBETNON TNG KAPEPAG Eavd pEow TNG Xprong Tou
Xelpiotnpiou. Autd ptropei va emmavaAneBei TToAAEG @opég. OTav TeAsiwooupe Pe TN @Aon
AgiIToupyiag Ba TTatAcouue To TTANKTPO aplB. 12 6TTwg Ba TTeplypagei TTapakaTw yia ££0d0

a1rd TO UTTOCUCTNHA.

To ptrAok (1) gival kai TT&AI To ITTAOK Tou joystick. Eival onpavTikd va BuuduacTe 6T
n €€0dog Tou joystick pe Tnv ovopacia "Axis" divel wg £€060 £va diIGvuoua OTO OTTOI0 KABE
oToixeio Aaupavel pia Ty petau 0 kar 1 TTou AvTIOTOIXEI OTN UETATOTTION O€¢ KABe GEova
METOKIVWVTAG TO joystick TTpog Ta €UTTPOG TTEPICTPEPOUEVO 1 XPNOIMOTIOIWVTAG TOV KATW
OIAKOTITN. 27NV ABpoion Twv PTTAOK (2) XPNOIKMOTTOIOUUE TO YWWOTO aTTo TIPIV OXNHATIONS
NG EMAOYAG XPNOIMOTIOIWVTAG Ta KOUMTTIA €TTIAOYAG apiBu. 4 Kal 6 o1 OTToiEg TTAPOUOIWG
TIPIV PETATPATTOUV O¢ booleans, atrodidouv kEPdN 1 Kal 2 avTioTolxa Kal XpNoIUOTTOIWVTAG
TO UTTAOK TWV AEITOUPYIWV Kal TOV BIOKOTITN £vEPYOTTOINONG dIaTNPoUpE ThV TIUA £€6d0U Kal

TNV XPNOIPOTTOIoUNE WG €i00d0 aTov dIakATITN multiport (4).

H eicodog yia 10 PTTAoK (4) emregepyddleTal, oW TOU TTPOCAPUOCHEVOU UTTAOK (3)
TTOU QaiveTal OTO OXMKa , onfuaTta Tou 4 dfova TTou eAfyxovTal atrd To XelpioThplo. OTwg
pTTOpEl va @avei oto Exriua 30 uttdpyxouv dUO dIaQopETIKOi 1X8 popeig TTou dnuioupyouvTal
Kal divovTal wg £€0060G¢ Tou PTTAOK (3) Kal w¢ €ic0dog 010 PTTAOK (4). Autd CuvéRN BI0TI
diveTal OAOKANPOG 0 Yopéag diaxwpiletal o€ dU0 1x4 @opeic SIAUECOU TOU ATTOTTOAUTTAEKTN
(9 ) pe Ta TpwTa 4 oToIXEiO aQIEpWPEVA OTNV Kivnon Tou CWHATOG Kal Ta TeAeuTaia 4

OTOIXEIa aQIiEpwéva OTNV Kivhon TG KAPEPAG.
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Figure 30: Opened custom (3) block from Figure 29

2TNV  TPWTN  TIEPITITWOTN, Ta TEOOepa TeAeutaia oOToixeia TOU  OlAVUOUATOG
TpooTiBevTal wg puNdevikd Kal oTn deUTEPN TTEPITITWOTN TA TTPWTA 4 CGTOIXEIQ TTPOCTIBEVTAI WG
MNOevIKA. AuTO cival va atro@euxBei otroiadATToTE aAAayr] KOTd Tn PETOKIVNON METAEU TwV
Ouo TPOTTWV TTPOPROARG TTou TTEPIYPA@oOvVTal TTapaTTdvw. Evw XpnoIgoTToloUhE TNV OTITIKN
TOU XEIpoupyou, dev Ba trapatnpenBei kivnon oT1o XEPI Kal evw PBAETTOUPE TNV Kivnon Tou
Bpaxiova, dev Ba utTopéCOUNE va HETAKIVIIOOUUE TO Opyavo. NpooTrabhoaue €miong va
OouE Kal Ta dUo TauToxpova, aAAdG dev ATav duvartd. Ta KEPON Kal yia TIG dUO TTEPITITWOEIG
OTTOU TO ATTOTEAECUA TNG AUOCTNPAG XEIpoKivnTNG BaBuovéunong atmd pépoug pag. H kivnon

TNG KAPEPAG PAVNKE VA €ival APKETA akpaia OTNV TTEPITITWOTN TWV XEIPOUPYWV.

A@oU 0 atroTTAEKTNG (9) diaxwpilel TNV Kivnon Tou CWHATOG Kal TNV Kivnon KAPEpag

oe diavoouarta 1x4 aveEdptnta yetagu Toug péoa ato Ta (10) kai (12).

Ta (11) kai (13) xpnoigotrolouvTal yia va dSIac@ANIoTE 0TI dev Ba UTTAPEOUV TUXAIEG

KIVIOEIG TOU XEIPIOTNPIOU TTOU VA EVEPYOTTOIOUV Ta Opyava r TNV KAPEPA Katd Tn didpKeia



™G @dong Acitoupyiag. To Joystick Tolerance 1Tou XPNOIMOTIOIEITAI £DW) OEV ETTITPETTEI VO

TEPACEI KATTOIO ONPA PEXPI VO ETTITEUXOET Eva opIoPEVO, KAOTWEAI Kivhong.

Kal TéAI péow Twyv atrommAekTwv (14) kai (15) o1 popeig kaTavépovTal o€ BABUWTEG
TIWEG TTOU BaBuovopouvtal Eavd diapéoou Twv (16) kai (17) EexwpioTd. AgiCel va onueiwBei
OTI o€ KABe TTEPITTTWON N Kivnon TTou avTioToixEi aTov KATW OI0KOTITN TOU XEIPIgTNPIoU Eival,
oc autd TO Onueio, avaipeital Kal TTapapével axpnoigotrointn. ©Oa e{eTAoOUPE TTWG

XpnolgoTrolouvTal Ta uttéAoITTa SiavUouaTa TTOPAKATW.

Mpiv mAue oto UTTOAOITTO cUCTNPA agifel va €CETAOTEN TI CUMPBAIVEI OTOV OTTOTTAEKTN
(5). Ommwg meprypdeetal ato Mivaka 1, To TTAAKTPO apiB. 1 xpnoIYoTToIEiTAl VIO TOV EAEyXO
GAWV KIVIOEWY, WOTE va OTEAVETAI wG TTPoUTTOBeon yia va PTTAOKApEl, Ba £EeTACOUNE

TEPAITEPW.

Tautdxpova, To KOUNTTi apiB. 12 xpnOIUOTIOIEITAI YIO VO OTAPATACEI N TTIPOCONOIWaN
Kal To ofua ammd 1o TTARKTPO apiB. 2 uetarpétretal o€ double (6), dedopévou evag KEPOOUG

(7) TTOU PETATPETTETAI OE €VA YUOIKO OTUa KOl XPNOIYOTIOIEITAI KOl TTAAI TTPOG TA KATW.

Oa avagepBolpe oto oxApa 31 yia va €EETAOOUPE TNV Kivnon TNG KAUEPAG.
Xpnoipotroiwvtag 10 Block Parameter ptmAok 1Tou Tepva n €icodog 1 6tav n €icodog 2
IKAVOTTOIEI TO €TTIAEYMEVO KPITHPIO. AIGQOPETIKA, TTEpva N eicodog 3. O1 eicodol apiBuouvTal
aTrd TTAVW TTPOG TA KATW (] a1td aploTepd TTpog Ta de€1d). H TTpwTn Kai n Tpitn BUpa si06dou
gival Bupeg dedouévwy Kal n BelTePN BUpa e1cddou gival n BUpa eAéyxou. XpNOIJOTTOIOUME
TO Ofua atd 10 TTARKTPO apIB. 1 wg BUpa eAéyxou Kal OTIG BUO TTEPITITWOEIG, EKTOG AV gival

Mia £€0dog givai 0.

To (4) oto ZxApa 31 dnuioupyEi To ONUEIO TTOU XPNOIKMOTTOIOUNE WG avagopd oTnv
TIPOCONOIWON KAl TO CUCXETICEl e TO TTAYKOOUIO TTAQiCI0.wWTOo (3) XPNOIYOTTOIEITAl VIa TN
OUOoXETION TNG PAROOU KAUEPAS OTN TNAECKOTTIKA ApBpwaon, EMTPETOVIAG HAG €TC1 va TNV

eAEyEOULE.
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Figure 31:Camera movement signal processing to control camera movement and world

frame setting.

MNa 10 eTTéPEVO PEPOG Ba avagepBoupe 01O ZXAMA 32.

Oa egetdooupe Ta (4), (6) kai (10) wg pavpa kouTId evw Ba eEeTdooupEe TNV Kivnon
Tou opydvou. To KouuTri no.1 xpnaoiyoTrolEiTal wg utrown@io afjpa yia (1) Kai (2) ge To undév
va €ival N evaANaKTIKN TIUAR. XpNOIKMOTTOIOUUE TO idlI0 oUCTNUA TTOU TTEPIYPAWAME YIO TNV

KGuepa, aAAG auTtri TN QOPA yia Tnv Kivnon Tou opydvou. & auTd TO onueEio TTPETTEl va



€CETAOOUNE TTPOCEKTIKA éva aATmd Ta PEYOAUTEPA CNTAMOTA TTOU OVTIMETWTTICANE KOTA TN
OIdpKeId auToU Tou £pyou, TO yeyovog OTI TO ONUEio TTEPIOTPOPAG TOU OPYAvou TTPETTEI VO
TTapapeivel oTaBepd wg onueio eil0ddou. AuTd cival CWTIKAG onuaciag Kabwg eyyudrtal TNV

aoQAAEIa yia Tov acgBevn.

MNa va AuBei To TpOPANPa oTaBepoU onuEiou £1I0000U, TTPETTEI va ONUIOUPYACOUUE
éva PETAOXNMOTIOMOU TTou uTtoAoyidetal atmd 10 (6) TO OTToi0 TTOAAATTAQCIAJOUME WE TO
TOE_alligned 10U KOAOUPE ATTO TO XWPO €£PYOOIAG XPNOILOTTOIWVTAG TO MUTTAOK "From
workspace" (7) xpnoigotroiwvTag 1o (8). Auté TToOANATTAACIAdEl TN UATPA TTOU TTEPIYPAPEI TNV
euBuypaupiopévn Béon Tou Bpaxiova oTo onueEio €1I6600U PE TN PATPA METATOTTIONG Kail / )
TTEPIOTPOPNG TTOU CUMPAIVEl PJE TRV Kivnon TOu Opydavou Kail €101 OXETICETAI YE TO TTAQICIO
Baong otn Bdon Tou Bpayiova. ATrd ekei UTTONOYICOUUE TIG VEEG TIMEG TTOU TTPETTEI VA €XOUV Ol
apMoi  yia va Treplypdyouv TN véa B€on Kal TOV  TTPOCAvVATOAIOPG Tou [paxiova
XPNOIMOTTOIWVTAG TNV avTioTpo®n KivnuaTikr (9) Tnv oTroia GTn CUVEXEID XPNOIUOTIOIOUME
(10) petaTpéTToupe o€ akTivia, divOUUE TTPOCAPUOCHEVA KEPDON KAl ATTOBNKEUOUUE GTO XWPO

epyaociag.
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Figure 32: Subsystem B control of body movement (1)(2)(3)(6)(7)(8)(9) and saving for

later use(10). Definition of camera and transformation (4)(5)



H mrpoocopoiwon eAéyyou

Twpa TToU TEAEIWOAPE YE TNV TTEPIYPAPH] TOU CUCTHHATOG, agifEl va ONUEIWOOUUE TA

Baoikd NTAPATA TTOU AVTIMETWTTICAKE OTNV KATOOKEUR aQUTOU TOU £pYyOu.

Méxpr oTIYUAG TO KUPIO BEUA TTOU QVTIMETWTTICAPE ATAV TTWG VO GUOXETIOOUWE TNV
dkpn TOU oOpydvou pE TOo TIAQiOI0 PBdong. Apxik& TTPoCTTaBoapE va UTTOAOYIOOUUE
MaBnuatikd Tov TPOTTO HE TOV OTToi0 Ba ETTPETTE va KIVEITAI OAOKANPOG o Bpaxiovag
XPNOIMOTTOIWVTAG TIG YwVieG METAEU Tou opydvou Kal TNG avTIAapBavouevng Béong €100d0u
oT0 owpa. prAyopa E€yive eU@AvEG OTI PE auTOV Tov TPOTTO Oev Ba PTTOPOUCAME va
QTTAOTTOINCOUKE TO MOVTEAO Kal va €XOUME TNV OTITIKA TOU XeElpoupyou, apa auTh n 16€éa
EYKATOAEIPONKE ypriyopa. ZTn ouvéxela doKIYAoaue Eva aTTAOTTOINKEVO JOVTEAO OTO OTTOIO N
Kivnon Tou dfova x oTo joystick Ba avTioToixouoe o€ Wia Kivnan Tou GEova X 0TO TTAyKOGHIO
MOVTEAO TNG TIPOCOMOIwoNG K.0.K. AUTO QUOIKA ATV YN PEAMIOTIKO OE TTPAYMATIKEG
EQPOPUOYEG KAl TTAPOUCiaoe akKOPa To idI0 TTPORANPA OTTWG TTPIV. TO UTTAOK TNAEOKOTTIKNG
aBpwong pog £dwoe 3 AEoveg TTEPIOTPOPNG Kal éva dgova petagopag. MapdAo TTou n

TEKUNPIWON ATAV QVETTAPKNG JE TTOAAG TTEIPANOTA KATAPEPAE VO TO AEITOUPYIOOULIE.

To &eUTePO KUpPIO TTPORANUA ATAV N OTITIKI TWV XEIPOUPYWYV HUE TTPOCOUOIWON
Kivnong. Evw treplypd@eTal oto uttoouoTnpa B, agidel va eTTaveEETACOUNE Kal va TTEPACOULE
amd T Aoyikf dladikacia. ApxIkd avakGAuwa OTI Ba pmopouce va opioTEl éva oTaBepd
onueio Béaong, aAAG Empette va TTPOOKOAANBEI e éva ocwpa kaBwg dev Ba ptTopouoe va
yivel o€ €va anueio oe axéon Ye To owpa. Agv uUacTav o€ Béon va Bpolue TNV TEKUNPiwon
Tou Matlab kai apxik& TTpooTTaB)CAUE VO TO TTPOCEYYICOUPE ME QUTOV TOov TPOTTO. TN
OuVEXEID OnUIoUPYRoaUE €va MPIKPO QVTIKEIMEVO O0€ éva POAIKO yia €uag oOnueio kai
TPOoCapuOCaue TTAVvw Tou To anueio Béaong. Otav autd Asitolpynoe, To SIOUOPPWCANE O€

PARdO yIa va YoIddel TTEPICTOTEPO E TO TTPAYHUATIKO OPYaAvo..

To akéAouBo {ATNUa €TTIAUBNKE €TTIONG ME T XPHON TOU TNAECKOTTIKOU UTTAOK
ouvdeang TTou avagépOnke TTapatrdvw, aAAd atiCel etriong va egetaoTei. XpeialduaoTav va
TTEPIOPICOUPE KATTWG TOV TOPED £PYOOIAg TOU Opydvou wg TTPoQUAAEN ac@alciag. ApXIKA
OKEPTAKAUE TNV TTPO0BAKN €vOG ouykekpipévou dlaBabuiopévou dIavUCUATOG, UE OTOIXEIO
TTOU QVTIOTOIXOUV O¢ KABe afova, TT.X. TNV TpEXouca BEon TTou Treplypd@eTtal atd £vav 1x3

olavuopa ocuv [10, 10, 10]. Auté kaTéAnge va unv civar BoAikd kabwg dev PTTOPOUUE VO



uttoBécoupe OTI N Kivnon Ba yivel yovo TTapdAAnAa pe Toug Afoveg X, y Kal z KaBwg kai oTl,
TTPOPAVWG, N TTEPIOXA epyaciag Ba TTPETTEl va POIAZEl TTEPICCOTEPO PE KWVO Kal OXI KUPO.

Ala@opeTIKd, Ba uttdpgouv TTOAAEG dovroelg aTov Bpayxiova.

2UPTTEPAO AT

Quoikd, evwy auto eival akdua Eva €pyo o€ eEENIEN, opiouéva BEpaTta Eyivav Eueavoi
oTnNV TTPOCouoiwan. Autd NTavV QUOIKA KAAG, KaBWGS autdg gival o AGyog yia Tov OTTOIO £yIVe
n mpooouoiwon. Q¢ ek TOUTOU, QUTA €ival Ta TTPAYHATO TTOU TTPETTEI VO @PTIOXTOUV OTO
MEAAOV.

Evw dev mmapouoidoTtnke o€ auTr] T douA&ld, ol dIaCTACEIG TOU Bpayiova KaTEAngav
va gival TTOAU PEYAAEG yIa TOV TTEPIOPICUEVO XWPO TOU XEIPOUPYIKOU TPATTECIOU Kal ETTPETTE
va MIKpaivouv o€ uéyeBog, kabuwg ol aAAol Bpaxioveg dev ymmopoucav va TTpocappocToly. H
Meiwon Twv Bpaxidvwy Ba pag TTPOcPEPEl ETTIONG TTEPICOOTEPN KIVNTIKOTATA KATI TTOAUTIUO
OTO TTEPIOPIOUEVO TTEPIBAANOV EVOG XEIpOUpPYEiOU.

H mrpooopoiwon £yive o€ Eva 1davikd oevapio. O unxaviouog EKTOKTNG avAaykng TTou
Ba atroouvdEel TOUG KIVNTAPEG aTTd TOUG appoUg dev eQapuOoTNKE TTAPOAO TTOU auTo gival
TTOAU aTTAG. Agv €@apuoOoTNKAY oUTE AAANOI UNXAVICHOI ac@aAEiag.

H oTrTiKA ywvia Tng Kauepag dev eTTEKTABNKE yia va eTITPEWEI PEYOAUTEPN €UEAISia,
TTAOPOAO TTOU O€ TTPAYUATIKEG EQAPHOYES IOWG ATAV WEEAIJO éva OTITIKO TTOU ETTITPETTEI
OTITIKO TTEdI0 UTTO ywvia.

Eixape peydAec kaBuoTepnoelg, KABWC ETTPETTE VA TTEPIMEVOUPE TTOAU XpOvo o€
OPICHEVEG TTEPITITWOEIS YIa va doUpe TIG TTpooouolwoels. AauBdvovtag utown 6t Ba
XPEIAOTEl va TTpooTEBOUV TTEPICOOTEPOI Bpaxioveg, N TTPOCOUOIWaN Ba yivel TTo aTTaITNTIKN,

y1 'autd Ba TTPETTEl va QPOVTIoOUHE va UTTapgel iowg Katrola avapdaduion oto hardware.






Chapter 1: Introduction
1.1 Generally

Surgery has been in a state of constant evolution in recent decades. The highlight of
this is that open surgery, where the doctor would make big incisions in the area where he
needed to operate in order for his hand to have room to move around and for him to be able
to see,has, thankfully, now eclipsed and is being kept only as a final solution. This has been
mainly through the utilization of laparoscopic surgery and the epitome of modern surgery,

robotic surgery.

Laparoscopic surgery revolves around the use of thin, tubular device called a
laparoscope, which is basically a small camera with light,used along with specially made
instruments that are inserted through small incisions into the abdomen or pelvis to perform
the operation. Through the camera the operation field of view is projected on a screen. Itis
now the way most modern surgeries are performed. The introduction of robots in surgery in
the 20th Century revolutionized medicine as we know it. However we are, of course, not

talking about autonomous systems but rather machines that assist the surgeons.

The field of surgical robotics was morphed as an upgrade to laparoscopic
procedures, which is the first technique of Minimally Invasive Surgery (MIS) starting in 1987

with the first laparoscopic cholecystectomy. Since then, the rate of evolution of technology



has been consistent with the amount of laparoscopically performed surgeries and the

technical skill of surgeons.

The advantages of MIS have been welcomed among surgeons, patients, and
insurance companies as incisions are smaller, there is less risk of infection, hospital stays
are shorter, and sometimes unnecessary.What is more, there is reduced hemorrhaging and
convalescence is significantly reduced. Decreased hospital stays, pain and scarring, a faster
return to everyday life, and better postoperative immune function are also greatly
appreciated by all parties involved[1]-[4] Furthermore there is reduced exposure of internal

organs to possible external contaminants thereby reduced risk of acquiring infections.[5]

On the other hand, as attractive as MIS may originally seem, there are several and
severe limitations regarding the technical and mechanical nature of the equipment. Modern
laparoscopic equipment suffers from a loss of haptic feedback (force and tactile), natural

hand-eye coordination, and dexterity.[6]

Laparoscopy is, by nature, counter intuitive as the instrument, must be moved in the
opposite direction from the desired target on the monitor to interact with the site of interest,
to the expense of hand-eye coordination, something known as the fulcrum effect.[7] The
problem of lack of depth perception in traditional laparoscopic surgeries has been recently
solved, with the use of laparoscopes that carry two cameras that render an image that gives

the surgeon depth perception.[8]

To add to that, instruments do not allow for extreme dexterity, as most have 4
degrees of freedom (DOF). In comparison, a human wrist and hand have 7 DOF. There is
also a decreased sense of touch that makes tissue manipulation more heavily dependent on
visualization. Finally, tremors in the surgeon’s hand are amplified and readily transmitted

through the length of rigid instruments.[6]

The motivation to develop surgical robots is rooted in the desire to overcome the
limitations of current laparoscopic technologies and to expand the benefits of minimally
invasive surgery. From their inception, surgical robots have been envisioned to extend the
capabilities of human surgeons beyond the limits of conventional laparoscopy. Medical

telerobotics enabled surgeons to perform medical operations from remote places, far from
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their patient. Telesurgery systems allow great flexibility, improved performance in general,

and support the creation of ideal surgical conditions.[9]

The National Aeronautics and Space Administration (NASA) was the first to coin the
concept of telerobotics for surgery in the early 1970s aiming, at first, to provide medical
assistance for astronauts during their space missions. The idea was that remotely controlled

robots would have been used, with the surgeon on Earth and the patient in space.
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Figure 1: The first concept of telesurgical robotic system from a USA project proposal[10]

The proposal was however not funded, with only limited documentation remaining
accessible. First prototypes appeared 15 years later, with the help of the US military.
Unfortunately, time delay, caused by the large distances, made controlling telesurgical

robots very challenging and especially in extreme environments, e.g. in space.

Thus the project shifted, shorter distance telesurgery was born, leading to the

introduction of the first commercial surgical robots into the market by the end of the 1980s.
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The first telesurgical systems were designed to improve the dexterity of the surgeons, to
increase the reliability of the surgical interventions and to improve the accuracy of the
manipulations. Academic centers joined the development of new systems around the world

in the 1980s as well.

The first procedure, assisted by that robot was carried out in 1984 at the UBC
Hospital, organized by the same academic institution. The developer group from UBC
submitted another patent on their newly developed robot the same year, but the submission
was withdrawn six years later . Nevertheless, they introduced an arm-holder version of the
robot, intended for in-surgery use . Thirty years ago, a robot was used on a human patient
for the first time, providing direct surgical support. It was proven that accurate stereotaxis

could be achieved by the use of robotic surgical systems, in a CT-guided brain biopsy setup.

The first robot that was explicitly used and designed for patient treatment assistance
was the Arthrobot of Heartthrob, in 1983, together with a scrub nurse robot. The
development was led by J. McEwen, G. Auchinlec and B. Day at the University of British
Columbia.[11]

The PUMA 560 robotic surgical arm was the first documented use of a
robot-assisted surgical procedure in 1985 in a neurosurgical biopsy which is obviously a
non-laparoscopic surgery. The same system was then used in the first laparoscopic
procedure involving a robotic system, cholecystectomy, in 1987. The following year the

same PUMA system was used to perform a robotic surgery transurethral resection.[6]
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Figure 2:Puma 200, the first robot used for assisting human neurosurgery.

In 1990 the AESOP system produced by Computer Motion, a robotic arm controlled
by the surgeon's voice commands to manipulate an endoscopic camera, became the first

system approved by the Food and Drug Administration (FDA) for its endoscopic surgical
procedure.[6], [13]

Figure 3:The AESOP surgical robotic platform for camera handling.

The tip of the spear since 2000 has been the Da Vinci System, developed by
Intuitive Surgical of Mountain View in California), and is now the best known laparoscopic
robot and the first to have received the approval by the FDA for general laparoscopic

surgery for both adult and pediatric robotic surgery procedures in the following areas of


https://paperpile.com/c/OGTOCo/JWfx+JBei

Urological surgeries, General laparoscopic surgeries, general non-cardiovascular

thoracoscopic surgeries and thoracoscopically-assisted cardiotomy procedures.

The prototype Mona went through initial trials in 1997, while the first closed-chest,
multi-vessel cardiac bypass procedure was performed using this robot in 1999. The system
became very popular for its use radical prostatectomy hysterectomy. It was, nonetheless

originally designed, for carrying out cardiac procedures, such as beating heart surgery.

The da Vinci prototype is a typical master—slave system, consisting of a master side
console, a patient side set of robotic arms and a visualising system. The basic architecture
has remained the same, following the initial concepts from the first generation. The four
generations of the da Vinci are the Classic, S, Si and Xi. In it it absorbed Aesop, which was
a system among the first surgical systems that used robotic technology[14] in the
laparoscopic field. This system guided, through the use of voice commands, the optic while
Zeus was using the instruments. Both of these systems were absorbed in the da Vinci

system [15]-[22] that has prevailed so far.



https://paperpile.com/c/OGTOCo/IOYu
https://paperpile.com/c/OGTOCo/1ZKg+k02B+2jVo+GEWp+ynEN+PeCz+OKO0+w6d3

Figure 4:Da Vinci models from the top : the Classic, S, Si and the Xi.Image credit. Intuitive

Surgical Inc.

The fundamental concept has not changed since the NASA'’s '70s plans, while the
hardware and software capabilities have improved dramatically. The master side
manipulators are serving as the interface for the surgeon, allowing him/her to manipulate the
tools virtually. A 3D display system is also integrated at the master side, showing the
surgical field recorded by the stereo camera endoscope. The connection of two master

consoles is also possible enabling efficient training and teaching.

In all generations, the maximum number of patient side manipulators is 3, extended
with an additional robotic arm holding the endoscopic camera. The arms are copying the
movements of the surgeon’s arms, following them in real-time. This can only be achieved if
the surgeon is in the same room with the patient in order to keep the latency (time delay)
low. To achieve this, Intuitive used the technology of pre-existing systems, which is
supported by the fact that after its incorporation, it closely observed the RAMS patents for
force reflection surgery from the California Institute of Technology. Later, one of the first da

Vinci was installed at one of the NASA facilities. [11]

Multiple systems were suggested by different research groups, such ad MiroSurge
by DLR Institute of Robotics and Mechatronics, Germany [23]which uses multiple arms and
the Socrates[24][ systems focuses on making easier the communications between doctors
located in different places anywhere in the world. While this is useful,it can not be
considered a surgical robotic system. Sprint [25] [26] presents a new concept, where a two
arm system for Single-incision laparoscopic surgery (SILS). In this case instruments are

introduced through a bigger orifice inside the patient, again using only its own tools. SAIT
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(Samsung Advanced Institute of Technology) ,using the same concept, carries the optic and
a third operatory arm. Complete recent reviews of the various robots are provided in [26],
[27]

1.2 Defining the Problem

While the DaVinci system has allowed extremely delicate laparoscopic surgeries, its
is, by itself, very expensive and the use of proprietary instruments makes it even more
costly. Furthermore to use the system, special training is required which is also quite timely.
This has caused the DaVinci, despite its impressive capabilities to be left out of being
widely used in Europe. As a response to this problem the EasylLap system is being

developed.

1.3 Aim of this thesis

In this thesis project we are going to develop in Matlab the control simulation of the

model of EaselLap.

1.4 Chapter Organisation

In the development of this thesis we have split it into eight chapters, the first of which
will be an introduction to the basic definitions needed to understand the concept of this work
such as what is laparoscopic surgery, robotic surgery is and its form in the current era along
with a brief history of the da Vinci system in particular. We will also define the problem with
current robotic systems and what we aim to solve with the project under development, the

EasyLap.

In Chapter 2 we will present and explain the Computer Aided Design (CAD) Model

designed for EasyLap which was also designed by the same Calabrian High Tech team.
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In Chapter 3 we will describe the Mathematical Model based on the Denavit -
Hartenberg representation that is used for the development of the simulation which will later

lead us to creating the Control Simulation.

In Chapter 4 we examine what direct and indirect kinematics are in ideal conditions
and how this was applied in our case. How we interfaced our model with the joystick and

how it was controlled along with its simulink model.

In Chapter 5 we examine the main issues faced in the building of this project along

with our train of thought on how to solve them.

In Chapter 6 we draw the conclusions we drew regarding our work along with some

issues that will need to be addressed..

Finally, in Chapter 7 we present the bibliography used .



Chapter 2: The Conception and Design behind
Easy-Lap

2.1. The Concept of EasyLap

As mentioned before, available Robotic MIS Systems are very expensive to acquire
thus never allowing a clinic to have more than one or two at most.The learning curve for the
staff is quite steep and possibly more staff is required to operate. Also a multiple arms chart
introduced by Intuitive Surgical, with WO 2014/028557 A1, does not allow for the use of
existing instrumentation. This idea was, was already present on the web site of Calabrian
High Tech — CHT S.r.l., www.chtsrl.com. The solution to these problems is why EasylLap
was born as an idea.

EasyLap is under development as a 5 arms surgery robot aiming to simplify MIS
robotic surgery with the use of only two joysticks and buttons to pass the control to the two
remaining instruments. It can be used for single or multiple access point laparoscopy, and
uses traditional or new instrumentation either reusable or disposable but most importantly,
low cost. Furthermore a new multipurpose tool is available. It offers three degrees of
freedom and can rotate while closed. It is thus capable of orienting the cutting of the scissors
in the three planes, through the multi-segmented structure for the tip and the previously

stated ability to use interchangeable forceps. [28]

Control of the system can be left to a single surgeon, with the use of the two joysticks
and a series of buttons and rheostats. The optics move independently to follow the work of
the doctor, always identifying the instrument on which the doctor is acting, and at the same
time always moving tools on the screen in exactly the direction in which the physician moves
the joystick. Given the relatively low cost of the console, it will be possible to have a second
console on which a second doctor, usually more experienced, will be able to take control of
the surgery in case of need. The system is aimed to be also be sued on babies which is a

novelty.
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At this point it is an upgraded version of previous research done by this research
group, deriving from the experience of Navi-Robot [29] DARTAGNAN[30], [31] and the
study of special end effectors for laparoscopy [32], [33].

2.2. Modeling Software

With the use of a CAD software you can represent and simulate the geometry and
shape and mechanical properties of a part of or of an entire assembly.They work based on
five features extrusion, revolution, loft, sweep, and shell. Using these five features we can
draw every solid imaginable. In our team we are using Solidworks which is a feature-driven

software

2.3 What is Solidworks

SolidWorks is a solid modeler, a consistent set of principles for mathematical and
computer modeling of three-dimensional solids with physical fidelity with a parametric
feature-based approach. By features we refer to parametric shapes associated with the
attributes of a shape such as intrinsic geometric parameters such as length, width, and
depth as well as to the position and orientation, geometric tolerances, material properties,

and references to other features.

2.4. What is Matlab

MATLAB (matrix laboratory) is a multi-paradigm numerical computing environment and
proprietary programming language developed by MathWorks. MATLAB allows matrix
manipulations, plotting of functions and data, implementation of algorithms, creation of user
interfaces, and interfacing with programs written in other languages, including C, C++, C#, Java,

Fortran and Python.

An additional package, Simulink ,is used to to the fact that it adds graphical multi-domain

simulation and model-based design for dynamic and embedded systems.
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2.5 What is Simulink

Simulink is a MATLAB-based graphical programming environment for modeling,
simulating and analyzing multi domain dynamical systems. Its primary interface is a graphical
block diagramming tool and a customizable set of block libraries. It offers tight integration with
the rest of the MATLAB environment and can either drive MATLAB or be scripted from it.
Simulink is widely used in automatic control and digital signal processing for multidomain

simulation and model-based design.[34], [35]

2.6 What is a Degree of Freedom ( DOF)

In physics, the degree of freedom (DOF) of a mechanical system is the number of
independent parameters that define its configuration. It is the number of parameters that
determine the state of a physical system and is important to the analysis of systems of bodies in

mechanical engineering, aeronautical engineering, robotics, and structural engineering.

The position and orientation of a rigid body in space is defined by three components of

translation and three components of rotation, which means that it has six degrees of freedom.

2.7 Description

Out of the 5 arms, the central central arm is holding the optics and always points at
the tip of the instrument in use.The instrument always moves according to the direction in

which the joystick is moved directly visible on the monitor.

There are two different arm configuration in the design.The first one utilizes five
active joints that hold the instrument adaptor. The adaptor can also rotate about its axis
,which gives it at least one more degree of freedom, plus the instrument actuation, with one

to three degrees of actuation.

The second configuration, specifically for the optics, has four DOF actuated plus two
just controlled. All of the robots present a passively self balanced configuration, and are

equipped with force sensor, each end effector equipped with electromechanical quick
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connectors transmitting DC power and a bus to transmit the commands to the motors used

to control the arms to actuate the various degrees of freedom of the surgical tool.

The motors and relative controlling board are mounted on the actuator that is
designed for the particular tool, being all surgical tools positioned perpendicularly to the
robot end effector axis, in order to maintain the arms positioned in radial direction to avoid

conflicts with other arms.

The open-chain sequence of constraints of an operatory arm follows the following
configuration. The 1st joint is on the vertical rotational axis, the 2nd joint is a vertical
prismatic joint counterbalanced by a weight moving in the opposite direction of the main
robot body. This is controlled by a double rack and pinion system.. The 3rd and 4th joints

are also rotating around the vertical axis. The 5th join is on the horizontal axis.

In all of the joints a motor-reducer group in the form of an absolute encoder can be
found except for the vertical joints were it is substituted by a linear incremental encoder. The
motors are dedicated to the first two DOF placed on the upper support, while the remaining
motor of the robot are hosted on the platform placed on the slide, being motion transmitted

to the last three joints via belts or chains.

The desired instrument can be pre-loaded on the actuator of the end effector. A new
instrument is also available,designed by the Calabrian High Tech Team , with the special
feature of interchangeable rotating forceps, which are readily available in the market. The
forceps can rotate in a direction with respect to the instrument axis. The user can also rotate
the forceps around their axis while the instrument is still curved allowing the user to rotate

the plane of opening of the forceps.

The arms are mounted on a chart which can be moved over the surgical table, and is
placed around the patient's abdomen. All robots present self balancing prismatic joints, with
the use of a counterweight moving in opposition on the same prismatic joint. All motors can

be connected and disconnected from their joint by the push of a button.

This feature was added for safety, to allow for a swift and safe change from

laparoscopy to laparotomy. To initiate the surgery, with the motors still disconnected, all



instruments must be installed and secured on their actuator. Then the trocars have to be
placed on the patient and the chart moved on the table. At this point, one at a time, each
instrument is to be guided on the respective trocar and introduced so that the tip of the

instrument is placed in correspondence to the patient’s skin surface.

This allows, at the start, to know the exact coordinates of the robot frame of
reference, of each entry point in the patient’'s abdomen through the initial configuration of the

system.The point will have to be kept fixed during the surgery.

Since the system is fully calibrated, the robot always knows the position of each
instrument, thus it is always able to point the optics towards the region in which the tip of the
instrument, moved by the doctor, is located, The optic will be pointing half way if two
instruments are moved at the same time. The doctor will, at the same time, be able to rotate

the optics and vary its depth of penetration using two knobs.

The system is always associated with a reference quaternion that fully defines
position and orientation in the robot reference system,and is also able to move tools on the

screen exactly in the direction in which the physician is moving the joystick.

2.8 Description of the preferred embodiment

Figure 5 shows the structure of a single arm holding the surgical instrument designed
by the team of Calabrian High Tech for this robot, which derives from a previous patents of
the same research group EP05778744.2 and 1T102019000004255.

All of the rotational joints use a 16 bit absolute encoder, while the motors of the first
four joints bear also a reducer group. The first joint defined by point (1) is rotational on the
vertical axis. The second joint (2), also with vertical axis, is prismatic, and equipped with a
linear incremental encoder. Rotational joints (3) and (4) are keeping their axes vertical and
parallel . Finally joint (5) is rotational and presents a horizontal axis Note also that, thanks to

the solution adopted , joint (3) permits almost 360 degrees of rotation about its axis



The motors of the last three joints are hosted by the platform placed on the vertical
sled of the second joint, motion being transmitted via pulleys and belts.Force and torque
sensor are placed on the end effector of each arm (6), while a quick connector (7) allows for
the rapid change of the instrument’s actuators discussed in the introduction of this chapter.

This emergency systems utilizes both mechanical and electronic connectors.

The last two degrees of freedom are produced at the end of two concentric shafts
commanded by pulleys internal to the arms, thus not visible. Finally (8) is the motor that can
move the vertical sleds, not visible, on two rails, of which only one is visible (9) using pulleys
(10) and a belt (11), located at the top.

Figure 5: Structure of a single arm holding the surgical instrument designed by the team of
Calabrian High Tech

Figure 6 presents a lateral view of the double slide hosting the robot on one side,
and the counterweight on the other, necessary to compensate passively the robot weight. At
the center the squared hollow bar on which are secured the two rails on which move the
sleds which, fixed to the two platforms, (12), hosting the motors (13) of the last three joints of

the robot, and (14), the counterweight, are free to slide vertically commanded by a belt



moved by the motor as (8), always provided with attachment and detachment mechanism,
placed on the top, through pulleys .

The belt however is not loaded by the weight of the platforms, whose weight
compensating motion is controlled by a gear placed centrally (15) meshing with two racks
secured to the platforms (16). On the same gear we have mounted the multi turn absolute
encoder (17) which allows precise position measurements. The motor is also positioned on
the upper support, which is able to couple and uncouple the transmission, that drives the

vertical motion of the entire slide system.

Figure 6: Lateral view of the double slide hosting the robot on one side, and the

counterweight on the other

The fifth robot, Figure 7, holding the optics, presents instead a Cartesian
configuration, with axis x and y horizontal (18) and (19) and moved by a belt driven by a
detachable motor, while the linear position is registered by a multi-turn (20) measuring the
rotation of the pulley or linear incremental encoder, the axis z having a configuration similar
to the second joint of the other four arms, while the fourth active joint is rotational with the

vertical axis (21), the last two joints being the axes of a universal joint (22) assisted by



encoders, preserving however the spherical wrist . Note that in this case all motors can be

disconnected from their respective joints.

Figure 7: The arm that holds the optics moved with a Cartesian configuration

Figure 8 shows the system for connecting and disconnecting the motors from the
joint. These (23) are mounted on a slide, not visible in the sketch because it's located behind
the coupling and detaching motor, but traveling on two parallel rods (24), and are connected
to a kind of male bevel gear (25) which is inserted and disengaged in a female bevel gear

(26), which is then connected to the axis of the joint and then to the encoder.

The motor is connected and disconnected by rotating a worm screw (27) driven by

an underlying motor (28). It is to be noted that, since the angular position of the coupling is



known at the moment of the motor disconnection, this new position will also be known when
it should be requested to reconnect the motor. Since the number of teeth of the two bevel
gears is known, it will be possible to calculate the rotation of the motor necessary to

perfectly match the two wheels, without the motor reconnection causing the robot to move.

Figure 8: System for connecting and disconnecting the motors from the joint.

Obviously, this is true if the motor / gearbox unit has a possibility of position control
similar to that of the encoder. It is worth noting also that being able to detach and reattach
the motors is essential for safety. In fact, it will be possible to realize an alternative control
circuit, independent from the computer control, which, by pressing an emergency button,

provides for the disconnection of all the motors.

As mentioned before, the robot holding the instruments bears only 5 degrees of
freedom controlled, since the sixth belongs to the instrument adaptor, that allows rotating the
instruments about its axis. Each joint is governed by an Arduino 2 processor, which controls

the absolute encoder, all Arduinos being connected in a series by RS485.



The motion of the robot follows this logic. The doctor, using the joystick, indicates the
direction in which he/she wants to move the instrument. The computer receives the
information and computes the new position of the instrument tip in the camera frame of
reference, which is immediately translated into the robotic system frame of reference.
Knowing the coordinates of the entry point into the abdomen, the required position is known

and, through inverse kinematic, the new parameters are computed.

Then the system communicates the new parameters to each joint, giving also the
time assigned for this motion. Once the communication to each joint is complete, the system
gives the order to proceed to the new position. Of course this seems to require a hell of a lot
of time, but in reality is practically almost instantaneous. Clearly there is a chain of Arduinos
connected in series for each arm, the last being the Arduino which controls the instrument
actuator.

Continuing now to examine the actuator of a traditional instrument, shown in Figure
9. We note the presence of two motors, one to rotate the cannula of the instrument (29), the
other (30) connected to a worm gear (31) to activate the handle (32) closing the forceps.
The actuation is performed by step motors, with 200 steps and a sixteen step controller. The
actuator is divided into two components, one, sterilizable (33), which contains the
instrument, a second non sterilizable (34), contains the motors, placed in parallel, a force

sensor (35) and the electronics.

The instrument’s rod rotation is obtained using a pair of specially designed bevel
gears (36), driven by a flexible transmission (37). As can be noted both motors are placed
behind the instrument, and aligned with its axis, with the handles turned toward the robot. In
this way the system will be well balanced and the space subtracted from the adapter of the
instrument compared to the manual use will be extremely reduced. In order to control the
forceps closure force, in this case the motor that turns the worm gear that closes the handle
is free to slide pressing a force transducer while turning the worm gear, so that the
transducer measures the force to close the forceps and represents this force on the control
panel as a bar of increasing length initially green, that may turn into red if the force increases
too much.

As previously mentioned, we also have two new instruments, one with flexible tip and

interchangeable forceps, the second being a robotic edition of SAL Twin Forceps.



Figure 9: actuator of a traditional instrument

Figure 10 shows the image of a new adaptor for four degrees of actuation of the
sterilizable instrument with the flexible tip and interchangeable forceps. The first degree of
freedom is used to rotate the cannula with respect to its body, while the other three are

dedicated to the instrument’s characteristics.

Also this adaptor is divided in two components, one which hosts the instrument (38)
and is sterilizable. The second, containing the motor and the electronics (39), not sterilizable
(40), but should be covered by drapes. As can be seen, the four motors (41) are placed
aligned, with axes perpendicular to the instrument’s cannula, each holding a bevel gear (42),
that meshes with a bevel gear (43) surrounding the cannula presenting teeth on both sides,

assuming a double cone configuration.

The second face of the same bevel gear meshes, in three cases over four (not for
the cannula rotation), with a third bevel gear (44) that may rotate without disturbing the bevel
gear connected to the motor. These bevel gears transmit the commands to the three

degrees of actuation of the instrument .

Returning to the instrument, the possibility of flexing the last portion of the instrument

is due to the presence of a series of elements (45) of peculiar shape that, thank to four wires



positioned internally, may turn like the tip of an endoscope . This is clearly not new
however,the fact that this instrument may rotate about its axis keeping the bent configuration

in order to modify the plane of action of the forceps is.

In this case, while one of the four motors will be in charge of the rotation of the
instrument’s cannula, a second being in charge of the forceps actuation, the last two will be
in charge of controlling the motion of the wires inside the flexible portion of the instrument in
order to allow turning about its axis while keeping its bent configuration. Note also that of the
three bevel gears transmitting the commands to the instrument, two are parallel, while one is
perpendicular to the plane in which lay the other two, and this is done since the four wires
controlling the tip motion work on two perpendicular planes.

In particular, since the wires that control bending of the tip vary their length when the
configuration changes, the drum that commands this variation is divided in two parts (46)
and (47) divided by a torsional spring, in order to keep the cables tenses. The forceps are
not shown, since they are already on the market, and as such only the connector to the
disposable forceps (48) is shown. In the case the motor that closes the forceps is mounted

on a torsion meter to allow controlling the forceps closing force.,
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Figure 10: New adaptor for four degrees of actuation of the sterilizable instrument with the

flexible tip and interchangeable forceps



Figure 10 shows the second four parameters instrument, the SAL Twin Forceps of
PCT/IT2013/00052 using the same scheme previously shown, allows to keep the body out
of the surgical region, which is particularly important if single access surgeries are to be
performed. The SAL Twin Forceps bears only three controls, the fourth motor allows rotating
the instrument about its axis. Naturally, in order to obtain this rotation, we need to rotate all
remaining motors at the same speed in the same direction, so that the position of each

command is kept fixed.

Finally Figure 11 shows the setup of the robot, in this case only with two robotic arms
for the various instruments, plus the third holding the optics, all hanging from a structure
kept above the operatory table by two lateral columns. The system is designed for five arms,

but the drawing was limited to three to reduce the complexity of the CAD model.



Figure 11: Robot Configuration using the SAL Twin Forceps

Chapter 3: The Mathematical Model (Denavit-Hartenberg

representation)

3.1 What is the Denavit-Hartenberg representation

The Denavit—Hartenberg parameters (also called DH parameters) are the four parameters
associated with a particular convention for attaching reference frames to the links of a spatial

kinematic chain, or in our case an open chain robot manipulator. It assumes there are n+1 links


https://en.wikipedia.org/wiki/Kinematic_chain
https://en.wikipedia.org/wiki/Robot

connected by n joints where Link 0 is conventionally fixed to the ground. Each joint provides a
single DOF, corresponding to the joint variable.

In this convention one transformation is associated with the joint, let’s call it [Z], and the second
is associated with the link [X]. The coordinate transformations of [Z] and [X] are determined by
modeling the joints as hinged or sliding joints. Along the n links the kinematic equation of the

robot is represented by the coordinate transformation of

[TI=Z0X4] [ZA0Ks]- - X ] [ZG1DXG]

where [T] is the transformation locating the end-link. Both types of joints have a unique line in
space, that we will refer to as S. This line forms the joint axis and defines the relative movement
of the two links.

For each sequence of lines S and S,,, there is a common normal line A,.,. We go by the
convention that Z coordinate axes are assigned to the joint axes S, and X coordinate axes are
assigned to the common normal A, .

The D-H transformation parameters we use are the ones that follow:

e d: offset along previous Z to the common normal

e 0: angle about previous z, from old X to new X.

e I length of the common normal. Assuming a revolute joint, this is the radius about
previous Z.

e {: angle about common normal, from old Z axis to new Z axis.

This convention, previously stated, allows the definition of the movement of links around a

common joint axis S, by the screw displacement,

cosf; —sinf;
sinf; cos®,;
0 0
0 0

2] =

O = O O
- o o
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where by 6, and d, we refer to the rotation around, and the slide along the Z axis respectively.
Either of the parameters can be constant, something defined by the structure of the robot. Under
this convention the dimensions of each link in the serial chain are defined by the screw

displacement around the common normal A, from the joint S;to joint S,,,, which is given by

1 0 0 Tii41
[_X] o 0 cos i1 — Eiﬂﬂ!igﬁ_l 0
T 0 sine;p  cosayin 0
0 0 0 3!

where a,,., and r,,, define the physical dimensions of the link in terms of the angle measured

around and distance measured along the X axis respectively.

In summary, the reference frames are laid out as follows:

1. the Zz-axis is in the direction of the joint axis
2. the X-axis is parallel to the common normal: x,=z, x z,,,
If there is no unique common normal (parallel Z axes), then d is a free parameter. The

direction of X, is from z, ,to Z,,,.

3. the y-axis follows from the X- and zZ-axis by choosing it to be a right-handed coordinate

system.
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Figure 12: The four parameters of classic DH convention are shown in red text, which are 6, d, r, a,. With those

four parameters, we can translate the coordinates from O, , X ,, Y.,Z_t0 O, X, Y,,Z,

There is some choice in the frame layout as to whether the previous X axis or the next x

axis, points along the common normal. The commonly used notation places each
down-chain x axis collinear with the common normal, leading to the transformation calculations

shown below.

We can note constraints on the relationships between the axes:

e the X, -axis is perpendicular to both the Z,_, and Z,, axes
e the X, -axis intersects both Z,_,and Z, axes.
e the origin of joint n is at the intersection of X, and Z,, .

e Yy, completes a right-handed reference frame based on X,, and Z,,.

When working with screw displacement we usually separate it into the product of a pure

translation along a line and a pure rotation about the line so that



[zﬁ] = TI‘&IlSzi {dl}l Rﬂltz_i (97;},
and

[X,:_] = TI&I[S_}{‘; [7‘1'1,'4_1} H,th(i '[ai,i—l-l :Il

We describe each link, using this notation, with a coordinate transformation from the concurrent

coordinate system to the previous coordinate system.

e Trans.,_, (dn) - Roty, , (0x) - Trans,, (mn) - Rota, (@)

This is of course the product of two screw displacements where Trans,, (r,) refers to translation

along the x axis by rand Rot, (r,) refers to rotation around the z axis by an angle a.

The matrices used are

1 0 0 0
0 1 0 0
Tranﬁzﬂ—'.l {dﬂ':} [-I u 1 d-n
_n_[l_{} ______ 1 .....
i cosf, —sind, 0 0 ]
gin # cos 6 00
R{}tzn—'l [:HR) = D b ﬂ " 1 u
: _D 0 [ll |
1 0 0|7,
Trans,, (r,) = i B
_0 0 1 _ 0 .
0 0 0 1
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I 0 0 0
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0 sine,, cosa, O
0 0 0 1
cosf, —sinf,cosqa, sinb,sina, @7, cos8,
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Where we “fragment” the last one to
R T
n—l Tﬂ —
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where Ris the 3x3 submatrix describing rotation and Tis the 3x1 submatrix describing

translation.

This last matrix is also used to to represent the pose (position and orientation) of one body with

respect to another. By setting

n—1 Tw, = M’n—l,n
And
Ry Rmy R,. T,
M. o = R‘L'T R‘.UIJ Rfﬁ TIJ'
; Ry Rzy R.. T.
0 0o o0 |1 |




We demonstrate the position of body n with respect to n-1 through the last matrix, The
upper left 3x3 submatrix represents the relative orientation of the two bodies. The upper right

3x1 represents the body position in frame n — 1 represented with element of frame n.

Generally speaking the position of a body, let's call it k, with respect to another body,
let's call it i, can be obtained as the product of the intermediate transformation matrices. For this
example let's consider we are left with only two matrices representing the pose of j with respect

to i and that of k with respect to j. This can be separated into

ﬂ{ﬂ"k = Mzdﬂ’fj.ﬁ'

3.2 Kinematics

More matrices are needed when describing acceleration and velocity of bodies. The

velocity of body i with respect to body j can be represented in frame k by the matrix

[0 —w, Wy | U |
W w, 0 —y | Uy
“J{k} _"ll..l'J.y L2y U Ve
i 0 0 0 0 ]

where W is the angular velocity of body j with respect to body iand all the components are
expressed in frame k. The term u refers to the velocity of one point of body j with respect to
body i, the pole, which is the point of passing through the origin of frame. The axis on which we

are referring to is shown by the pointer.

The acceleration matrix defined as

Hi s = Wit + Wi

is equal to the sum of the time derivative of the velocity plus the square of the same velocity of a

frame i of a point of body j .



The same velocity and acceleration of the same frame and point can also be represented by

P=W,P
P=H,P

We can also show that

M;; = Wi M,
Mi; = Hij) M,

The absolute velocity is the sum of the parent velocity plus the relative velocity.For the

acceleration the acceleration the Coriolis' term is also present such that

Wip = Wiz + Wii
H;. = HT;;-; + Hj1j¢ + Eﬁ’r.,;,jﬁ’?;,k

The components of velocity and acceleration matrices are arbitrarily expressed in the frame k

and transform from frame to frame, as shown

Winy = My Wiy Min
Hyy = My Hgy My

3.3 Dynamics

For our last part of the analysis of the D-H parameters we will refer to the dynamics of

the open cain robotic link. In this case, similar to the kinematics, we need to define more
matrices to describe the inertia J, linear and angular momentum I, and the forces and torques

@ applied to a body.

Inertia J* we use the matrix



[ Ly Ly L |aym
i lye Ly Iy | ygm
Lin Ly L. | z,m

TyM YgMm  Zgm | M

where M is the mass, and terms x

¢ Vg2, FEpresent the position of the center of mass, and the

terms /.1, ... represent inertia. Inertia is defined as

Lo = [ a* dm
ff zydm

w0

£
I,

Action matrix @, containing force f, and torque t is defined as

F D _tz ty ﬁ.ﬂ i
& — 1 0 s | K
_ty 12 0 .fz

I _f;r _fy _f:; 0 |

Momentum matrix I”, containing linear p and angular ¥, momentum

0 =% Y  Pa
0 —_—,
T = Tz T | Py
T Y= 0 | ps
| =Pz —py —p: | 0]

All the matrices are represented by the vector components in frame K. Transformation of

the components from frame K to frame h follows the rule



Jm] = ﬂfh,k'}{ﬁ;}ﬁfﬁ:k
F(h] = ﬂffh,kr[k] 'ﬂ{fﬁ:k
'I’(h] = Jnffh,k "I"{k} ‘:‘l’ffiujk

The matrices have been described in a way that allows for the writing of the dynamic
equations in a concise way so that the first equations described below is the equivalent of the
vector equation of Force=Mass times Acceleration, f=ma, plus Angular Acceleration in function
of Inertia and Angular velocity. We use the second equation to evaluation the linear and angular

momentum when velocity and inertia are known.

Newton's law:
&=HJ-JH
3.4 Momentum

r=wJ-JwW*

In this work up to the point at which | was working on only the Position Matrices were
used. As to not go into the code directly in a later phase of this work the executive design of the

management system and control will be explained now.

Chapter 4: The Control System

We will now examine the logical process we followed for the executive design and
construction of the console, which was much more complex than initially expected. The
design of the control console, was not something particularly difficult in itself, given that we

had already defined practically everything in the preliminary stages, but the development of



all the control software model of the machine proved to be quite a task due to unexpected

and unexplained error which caused us to approach the design from various angles.

4.1 Definition of the new direct and inverse final kinematics of the
ideal machine

First, Denavit - Hartenberg parameters, shown in Table , were determined. The last
joint (g6), is relative to the rotation of the laparoscopic instrument around its own axis and is
independent of the others, therefore it can be implemented separately without affecting the
other joints.Figure 13 shows what we considered the initial configuration that led us to Table
1.

Rz Dz Dx Rx
TO1 gl +3 / / /
T12 -7 q2 + DI / /

T23 q3 / D2 -n



T34 q4 / D3 /
T45 q5 — D4 / +1
T56 q6+73 -D5 +3
Table 1 : Denavit- Hartenberg Table of the Arm
T6E = Dz(D6)

DI

Figure 13: Kinematic Model of the Robotic Arm




Figure 14 shows the model for the study of inverse kinematics.The analysis started
from the position of the end effector, considering the latter as a straight line; knowing the
position of an external point positioned along the direction of the line (Pt) and the position of
the end point of the end effector (Pe) it is possible to find the cosines directors using the

expressions shown below.
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Figure 14:The model used for the inverse kinematic

We start by calculating the directional cosines between every axis (X,Y,Z) and the
Q5 joint

— Xr_ Xe
Cxlgs) = X~Xe) HY ~Y o HZ~Ze)*

_ Y- Y.
9 = o oy

— Z-Z,
C:9s) = sxma



Knowing the directing cosines it is possible to find the coordinates of the point Pt, where the

tip of the instrument is located and is given by:

Xt= C\(gs)*d+Xe
Yi= C,gs)*d+Ye
Zt= C,(qs)*d+Ze

Where Xe, Ye and Ze are the coordinates of the end effector and d is the distance

between Pe and Pt. So Pc, the point at the angle between g5 and g6, is given by:

Xc= C,(qs) * D6 + Xt
Ye= Cy(gs) * D6+ Yt
Zc= C,(qs) * D6+ Zt

Thus using the properties of the directional cosines the values of g5 and g4 can be

calculated:

Ci(g5
Cox — Z(Q ) .
\C9) + C,4(g5)

C - Sl
e+ sy

g5 = arcos( Cy(q5) * Cox+ C,(g5) * Cpy)

C,(45)
CX(q5>)

q4 = atan(

Knowing the values of g5 we now calculate the coordinates for the position of joints

P5 and P4 as presented below

X5 = tan(q5)* C,(q5)*d5+Yc
Y5 = tan(q5) * C,(q5) * d5 + Xc
Z5 =cos(q5)* D5+ Zc

X4=X5
Y4=Y5
Z4 =75+ D4



To derive the values of q1 and g3 the elbow equations can be used, of which the final

expressions are reported, leaving out the intermediate steps for simplicity:

g3 = atan2 (s3,c3)
g1 = atan2(Y4, X4) -y

Where
X4= rcos(y) r= k1% = (k2 ) Kl o= d2+d3xc3
Y4= r*sin(y) Y = atan2(k1, k2) k2=d3 53

Knowing the value of q1 it is possible to calculate values of g4rel,not visualised here as it
depends on the bottom part of the robot.It the angle between D3 and the dotted line of g4 and is,

relative to the orientation of the previous link ,D2:

q4abs = g4 = ql + g3 + qg4rel
q4rel = g4abs —ql —q3

g4abs is the angle between g4 and the tip of the instrument .Thus, points 3 and 2 will have

the following coordinates respectively

X3 = D2 *cos(ql) X2 =0

Y3 = D2 *sin(ql) Y2 =20

Z3 =74 Z2 =173



g2:

Figure 15: “Elbow” model

We will briefly use the side view of the model, in Figure 16 to calculate the value of
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Figure 16 : Side view of the line model of the robotic arm

Zt= dl+ q2+d4+d5 * cos(q5)+ db6 = sin(q5)

q2=Z7Zt—d4—dl —d5 * cos(g5) + db * sin(g5)

4.2 Modeling and simulation of the robotic system

The next step after the kinematic study was to create the model of a single
robotic arm to be used for sizing the components and then for the simulation. This
was tested both in Simulink as well as the 3D World Simulator of Matlab, a native
Virtual Reality Modeling Language (VRML) and X3D editor, a graphics file editor for
Extensible 3D (X3D) that enables simple error-free editing, authoring and validation
of X3D or VRML scene-graph file. The second one was quickly rejected as it was too

complicated and not really practical for our intended use.

Simulink allows us to create a multibody simulation software, in order to

model the system defining its mechanical and geometric characteristics, with the


http://www.web3d.org/x3d

possibility of performing kinematic simulations. The following figures , Figure 17 and
Figure 18 show the final simplified geometric model of a single arm as it appears in

simulink including the xyz plane, and the corresponding block diagram respectively:

Figure 17 : Simplified geometric model of a single arm in Simulink
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Figure 18: Block diagram of 3D model of single arm

In the diagram, in addition to the blocks relating to the rigid bodies and joints,

there are the transformation blocks of the reference systems (Rigid Transform), used



both for positioning the bodies themselves and for checking the distances between
the various joints. The model was tested by providing random input values to the

joints,

In order to compare the coordinates of the end effector with those calculated
using direct kinematics: in particular, the verification was carried out using special
blocks (Rigid Transform Sensor) able to measure the position and orientation of a

reference system with respect to another.

4.3 Interfacing of the external command peripheral with simulation

environment

The control simulation of the movement of one of the arms carrying the new

instrument is implemented in Matlab.

For this project we started by using the PC Joystick USB - THR by
THRUSTMASTER which offers 3 Axis movement and 4 Buttons plus 1 Trigger point for the
view button. It however became apparent at a very early stage that this model was not
sufficient for this project as we needed at least an extra DoF to simulate the rotation of the

new instrument around its axis.

Thus we switch to the Extreme 3D Pro Joystick that provides 12 action buttons, and
4 DoF including rotation around the shaft. The joysticks function in similar ways in the
Matlab environment so for the purpose of efficiency | will describe only the second model.

The difference that is of importance in is the extra degree of freedom and the extra buttons.



Figure 19: PC Joystick USB- THR and Extreme 3D Pro Joystick from left respectively

4.4 Control of the movement of the robotic system through an

external device

We tried to design an “ergonomic”, to the surgeon, workflow that would be
applied in a real life scenario that we implemented in the simulation. The operation
was divided into three basic steps: the first consists in positioning the instrument at
the entry point. This will, in real life performed manually. In the model obtained by

pressing one of the buttons on the joystick.

This phase is followed by the alignment of the instrument with respect to the
position of the optic (or another instrument), obtained by pressing a second button.
the two following figures show the phases just described,respectively of manual

positioning of two instruments and subsequent alignment



Figure 20: Manual Positioning to Automatic Alignment

In Figure 20 we see what the optic sees in two different points of the simulation

Figure 21: Optics View Point in different times of the simulation

The third phase consists of the manual movement of the instrument and the optics:

in the simulation model it is possible to move the instrument using the joystick and



use the position and orientation values of the tip of the instrument to calculate the

joint variables through the inverse kinematics; the view is that of optics,

Which is moved directly by the same joystick using a camera positioned on a
mobile reference system: a joystick button is used to move from the arm to the
camera movement. The following figures show the view of the optics in two different

moments of the simulation

Once the manual movement phase is over, pressing a button it is possible to
view the movement of the arm (or arms) from an external view, different from that of
the optics: in this phase the values of the joint parameters calculated by the inverse
kinematics are sent to the mechanical model of the arm. This way we will be able to
evaluate the correct movement and verify any collisions/interferences between the

parts.

To summarize the operation of the model, a diagram illustrating the logic used

and the time sequence is shown below.

Button 7 Miamsal Pessilianing ‘
I

Button 4 . | Insirumeant movement

performad by joystick

Vigialization ol the movement
of the: rabad corresponding fo

Button 10 +| the movement performed with
the instrument

Figure 22: Operation Simulation Workflow



We will summarize the multiple actions of a single joystick in Table 1 and display

both the movements and the various buttons used, as shown in Figure 23.

Action Movements / Buttons
Rotation on X X
Rotation onY Y
Rotation on Z (Tool axis) Z
Translation Rotation + Button 1
Open Pincer Button 5
Close Pincer Button 3

Table 2: Diagram of the movements that can be performed

with the joystick and relative buttons
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Figure 23: Joystick with numbered buttons and axis of rotation

It is important to note that the choice of using an external script to initialize the
parameters of the model and to manage the simulation makes it possible to simplify the

editing operations.

4.5 The Control System on Simulink

We have tried a lot of different iterations for the simulink model. Initially we started
with putting everything in a single plane. This ended up to be too complex and time
consuming to work on even though it had the least errors and difficulty in transition from
phase to phase. We subsequently tried to separate our model in sub blocks but this created

a lot of “ transfer” errors in the singlas passing in and out of the sub blocks. To this point we



have found that by separating the simulation in sub-models which we name A, B and C and
running through them in a linear fashion in an initialisation script seems to be the more
effective way to go. We believe that this is due to the multiple changes between the types of

signal data and conversions between them

In all submodels the Real-Time Sync block is present and this is necessary to make

sure the model is receiving the signal in real time.

Real-Time
Sync

Figure 24: Real- Time Sync Block

For the next part we will be referring to Figure 25.

The joystick block (1) in the Matlab environment automatically translates the 4-axis of
rotation into an “analogue” 1x4 vector output in the range of [-1 ,1] and the buttons as
Boolean variables. Using the Selector Block (2) we isolate the buttons numbering between 7
to 12 and using the boolean block (3) we translate these variables into double form and with
the gain (4) we give to each of them a gain of 1 to 6 respectively. Both the unchanged
double variables and the double multiplied by gain variables go into the Function block (5)
as 1x6 vectors. The function compares which input is high (equals 1) and gives out the

respective gain as the function output.

The trigger block (6) makes sure this value stays. even when we release the button

and we will see later why this is important. The demux (11) then separates the vector into



scalar quantities where obviously only one is high. One can also see that the Button Input
Line for (7) continues separately. The line moves to another selector (8) which isolates the
button with no. 11. It then converts it into a double value as this is the type of input the Stop
block ,(10), accepts. This button will stop the simulation A and move us back in the initial

script. This will lead to the B simulation.

In submodel A we only have the arm in its initial configuration. By pressing the button
no.7 the arm simulated the manual positioning we described above and by pressing button

no.8 it simulated the automatic alignment. We then press button no.11.
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Figure 25:Subsystem A input(1) and initial buttons’ signal processing (2)-(7),(11) and
system to stop subsystem A (8)-(10).



We will now examine another part of the model as depicted in Figure 26. In the
multiplexor (1) we see the values that define that define the entry point of the instrument. In
the Trigger Block (2) what works as the control signal is the Manual Positioning Button
signal as depicted in the previous figure. When that is pressed the values are at the same
time given to the multiplexor (6) and the Direct Kinematics(DK) block (7) . In the DK block
the manual entry point is calculated in the form of an a 4x4 vector which contains the total
translation matrix between the beginning of the arm and the tip of the entry point and given
as output named DK Output TOE. We will examine what happens to the Entry Point signal
later.
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Figure 26:Subsystem A , Definition of neutral position(1) , conditionally passing thourgh
(2) and converted to usable signals (4),(5) for the arm and Inverse Kinematics block (7)

and turned into a single vector (6).

For the next part we will be referring to Figure 27.



The DK Output signal as seen in the previous figure then goes the Enable Block, (1)
where the control signal is the Alignment Button Signal as seens two figures before. One
that is enabled the signal goes through to the Phase 2: Alignment Block. There the
coordinates of the tip of the instrument are kept the same while the 3x3 top left of the
translation matrix is calculated and replaced with the aligned version as this is the part that
controls the position and orientation of the arm. The TOE Aligned is the 4x4 matrix that
describes the position and orientation of the aligned arm which is then given as input to the

Inverse Kinematics (3) in Figure 28 block.

What this function does is it calculates a new TOE that brings the tip of the instrument
of the arm in a parallel line between the instrument entry point and a point with the same x
and y dimensions as the CEP but a z same as the camera entry point. To avoid some errors
due to mathematical calculations this z dimension was set with a slight deviasion of 10*(-2) ,
which is , we believe an acceptable deviation. At this point of the operation we need to bring

the instrument parallel to the x-y plane in order to begin the entrance into the body

This block calculated the values the joints must have that position the arm in the
desired way. Two outputs are calculated but we only use the one that gives the positive
value of q3. This does not affect us in any way, so the choice is arbitrary. The 1x5 vector we
get as output is run through formation (4) which corrects the gain on the translational joint g2
and turns the values of the other joints in radians by using the two multiplexers. We get
again a 1x5 vector containing the values of the joints in radians. The unfortunately named
TOE_alligned function (5) is used for the sole purpose of saving the TOE_aligned,4x4 matrix
in the workspace as to be used in a further stage. This part was originally done with the “ To
workspace” block which proved to be non effective. Instead we opted to use this specific
function which saves the value in real time while the “To workspace” block requires that the

values be saved at the end of the simulation which in this case was not an option.
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Figure 27: Subsystem A, Automatic Alignment function (2), save calculate matrix to

workspace (5), Inverse Kinematics (3) and conversion to usable signals (4).



Figure 28: Expanded neutral position (1) and MSG (2)

In Figure 28 sub-block (1) defines the neutral position of the arm where all the joints

are in 0 degrees/radians. This is used as the default position in a Multiport Switch. It is worth



examining this block in particular as this is in the center of our simulations. The Multiport
switch uses as a default output the signal given in the last input which in this case is the 1x5
Angles set to 0 signal. The top input port defines which port we use as output. This is where
we use the Buttons Input Signal as the output signal is done through the actual value of the

input. Signals pass unaltered and only the chosen one at a time.

What we basically do here is we choose the values of the joints that will be given to
the model of the arm as shown in Figure 28. As seen before the 1x5 signal is separated
through a demux and the values given directly to the corresponding joints blocks. We will not
further examine this Figure as it is out of our specialty and already done before | started

working on the EasyLap project.

At this point we assume that the initialization has been done, as well as the manual
positioning and the automatic alignment. We now stop the A model, which in turn leads us to

model B which we shall examine now.

It is important to understand what is the purpose of this before we begin to describe
the actual model. In sub-system B we are at the point where the instrument is entering the
body. We consider, realistically, a very small working area for the instruments. We assume
that the control is now handed to the surgeon and thus we need to first enter the

body,through manual movement of the joystick, before starting to work.

We will initially see the camera (the 5th arm) point of view where we will move the
instrument accordingly using the joystick and when pressing the button no. 6 we will see the
movement of the arm to fit the transformation. By pressing button no.4 we will go back to the
camera/ surgeon’s point of view. In this mode we can change the positioning of the camera
again through the use of the joystick. This can be repeated multiple times. When we are
done with the operation phase we will press button no.12 as will be described below to exit

the subsystem.

Block (1) again is the joystick block. It is important to remember that the joystick
output named “Axis” gives as output a vector in which each element receives a value
between 0 and 1 correponding to the displacement in each axis by moving the joystick
forwards backward rotating or using the bottom switch. In the summation of blocks (2) we
use the familiar by now formation of choosing using the selector buttons no. 4 and no.6

which similarly to before convert to booleans, assign gains of 1 and 2 respectively and using



the function block and trigger switch we keep the output value and use it as an input to the

multiport switch (4).

The input for block (4) are the edited, through the custom block (3) shown in Figure
29 ,signals of the 4-axis controlled by the joystick. There are two different 1x8 vectors
created and given as output of block (3) and as input in block (4).This happened because
the whole vector is given is separated into two 1x4 vector through the demultiplexer (9) with
the first 4 elements dedicated to the movement of the body and the last 4 elements

dedicated to the movement of the camera.

In the first case the last four elements of the vector are added as zeros and in the
second case the first 4 elements are added as zeros.This is to avoid making any changes
while moving between the two viewing modes described above. While we are using the
surgeon’s point of view no movement will be seen in the arm and while seeing the
movement of the arm we will not be able to move the instrument. The gains for both cases
where the result of rigorous manual calibration on our part. The camera movement seemed

to be quite extreme in the case of the surgeons point of view.

After the demultiplexer (9) separates the body movement and camera movement in

1x4 vectors they are independently recreated through multiplexores (10) and (12).

(11) and (13) are used to ensure that no accidental movements of the joystick set in
motion the instruments or camera during the operating phase. The Joystick Tolerance block
used here does not allow any signal to pass until a certain, custom, threshold of movement

translated into numbers is reached.

Again through demultiplexers (14) and (15) the vectors is split into scalar values
again calibrated through (16) and (17) separately. It is worth noting that in each case the
movement corresponding to the bottom switch of the joystick is ,at this point, negated and

remains unused. We will examine how the rest of the vectors are used below.

Before we move to the rest of the system it is worth examining what happens in
demultiplexer (5). As described in Table 1 button no.1 is used to control other movements so

it's being sent as a condition to block we will examine further down.



At the same time button no.12 is used to stop the simulation and the signal from
button no.2 is converted to a double (6), given a gain (7) converted into a physical signal

and used again further down.
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Figure 29 : B Subsystem input with initlal axis signal processing and stop sequence.
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Figure 30: Opened custom (3) block from Figure 29

We will be referring to Figure 31 to examine the camera movement. Using the Block
Parameters block which pass through input 1 when input 2 satisfies the selected criterion;
otherwise, pass through input 3. The inputs are numbered top to bottom (or left to right). The
first and third input ports are data ports, and the second input port is the control port. We use
the signal from button no.1 as the control port in both cases which unless it is one the output
is 0. (4) in Figure 31 creates the point we use as reference in the simulation and correlates it
to the world frame. (3) is used to correlate tha camera rod to the telescopic joint thus

allowing us to control it.
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Figure 31:Camera movement signal processing to control camera movement and world

frame setting.



For the next part we will be referring to Figure 32.

We will treat (4),(6)and (10) as black boxes while we examine the instrument
movement.Again button no.1 is used as the conditional signal for (1) and (2) with zero being
the alternative value. We use the same system described for the camera but this time for the
movement of the instrument. At this point we need into careful consideration one of the
biggest issues we faced during this project, the fact that the point of rotation of the
instrument must be kept constant as the entry point. This is vital as it guarantees safety for

the patient.

To solve the steady entry point problem we need to create a transformation matrix
calculated by (6) which we will multiply with the TOE_alligned we call from the workspace
using the “from workspace” block (7) using (8). This multiplies the matrix that describes the
aligned position of the arm at the entry point with the translational and/or rotational matrix
which occurs by the movement of the instrument thus correlating it to the base frame at the
base of the arm. From there we calculate the new values the joints must have to describe
the new position and orientation of the arm using the inverse kinematics (9) which we then

using (10) convert to radians, give custom gains and save to workspace.
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Figure 32: Subsystem B control of body movement (1)(2)(3)(6)(7)(8)(9) and saving for

later use(10). Definition of camera and transformation (4)(5)
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Figure 33 : Subsystem B block (5) expanded

What (5) does is it calculated the transformation matrix to pass from the entry point
to the tip point. Basically what (6) does but this time for the camera.
(4) are the transformation blocks used to add and control the pincers. There is a block/pincer
that is static in the simulation and a hinge, controlled by a button on the joystick, connected

to the other block/pincer that moves to simulate the open and closing.

Chapter 5: The Control Simulation



Now that we are finished with describing the system it is worth noting the main

issues faced in the construction of this project.

By far the main issue we faced was how to correlate the tip of the instrument to the
base frame. We initially tried to calculate mathematically calculate how the whole arm would
have to move using the angles between the instrument and the perceived position of the
skin. It quickly became apparent that this way we couldn't simplify the model enough and
have a surgeon’s point of view so this idea was quickly abandoned. We then tried a
simplified model in which an x-axis movement on the joystick would correspond to an x axis
movement on the global model of the simulation. This of course was unrealistic in real
applications and still presented the same problem as before. The Telescopic Joint block
gave us the 3 axis of rotation and one axis of translation required even though the

documentation was insufficient through trial and error we made it work.

The second main problem was having the surgeons point of view with simulated
motion. While described in subsystem B, it is worth revisiting and going through the logical
process. We first discovered a custom view point could be set but it had to be done on a
body, it could not be done in a point in relation to the body. We were not able to find this
again in Matlab documentation and we initially tried to approach it this way. We then created
a small object in a convenient place and attached upon it the view point. When this worked

we reshaped it into a rod to be more similar to the real thing.

The following issue was also solved through the use of the telescopic joint block
mentioned above but is also worth looking into. We needed to somehow limit the area of
work of the instrument as a safety precaution. Initially we thought of adding a specific,
calibrated vector, with elements corresponding to each axis e.g. current position described
by a 1x3 vector plus [ 10, 10 , 10]. This ended up not being convenient as we can not
assume that movement will be done only parallel to the x,y and z axis as well as that,
obviously the working area would need to resemble more of a cone and not a cube.

Otherwise there would be a lot of movements on the arm.

Subsystem C is only used to replicate the movement of the robot that we receive due

to the movement of the instrument. It follows the movement we did in B.



Chapter 6: Conclusions

Of course while this is still a work in progress some things became apparently
troublesome in the simulation. This was of course a good thing as this is the reason the
simulation was even a project. As such these are soem things that need to be taken care of
in the future.

While not presented in this work the arm dimensions ended up being too big for the

limited space of the operating table and had to be sized down as the other arms could not fit.



Decreasing the arms will also provide us with more mobility something valuable in the
limited environment of an operating room.

The simulation was done under a best case scenario. The emergency mechanism
that would disconnect the motors from the joints was not implemented even though this is
quite simple to do. No other safety mechanisms were implemented e.g. we needed to
extract the arm hastily.

The camera point of view was not expanded to allow for more versatility even though
in real applications perhaps an optic that allows for angled views would have been
beneficial.

The hardware we had prooved to be barely sufficient in these work with us having to
wait a lot of time in some occasions in order to view the simulations. Considering more arms
will need to be added the simulation will get more demanding so perhaps care will need to

be given in this area.

Figure 34: 3D Simulation Model of four arms with initial dimensions
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APPENDIX

EasylLaoParametersPlusinitialization.m

clear all
clc

%EasyLap Parameters

%Piastra

lato1_Piastra = 210; %Plate side1
lato2_Piastra = 400; %Plate side2
spessore_Piastra = 10;%Plate thickness
massa_Piastra = 2.5; %Plate mass (Kg)

%BarraTrav

lato_BarraTrav = 90; %Perpendicular upper bar side 1
lato2_BarraTrav = 90; %Perpendicular upper bar side 2
lung_BarraTrav = 700; %Perpendicular upper bar length

%BarraZ

lato_BarraSup = 60; %Z rotation bar side 1
lato2_BarraSup = 60; %Z rotation bar side 2
lung_BarraSup = 790; %Z rotation bar length
massa_BarraZ= 2; %Z rotation bar mass (Kg)

%Braccio A
lato_BraccioA = 60; %First arm square side
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lung_BraccioA = 350; %First arm length 440
massa_BraccioA = 1.5; %First arm mass (Kg)

%Braccio B

lato_BraccioB = 60; %Second arm square side
lung_BraccioB = 435; %Second arm length 645
massa_BraccioB = 1; %Second arm mass (Kg)

%Albero EndEffector

lung_AlberoEnd = 458.5; %Endeffector shaft length
diametro_AlberoEnd = 12; %Endeffector shaft diameter
massa_AlberoEnd = 0.2; %Endeffector shaft mass (Kg)

%Cerniera EndEffector

lung_CernieraEnd = 100; %End effector hinge (cilinder) length
raggio_CernieraEnd = 50; %Cilinder radius
massa_CernieraEnd = 0.2; %Cilinder mass (Kg)

%Scatola EndEffector

lato1_Scatola = 240; %Endeffector box side 1
lato2_Scatola = 310; %Endeffector box side 2
spessore_Scatola = 55; %box thickness
massa_Scatola = 0.2; %box mass (Kg)

%End Effector

lung_EndEffector = 322; %EndEffector (cilinder) length
raggio_EndEffector = 2.5; %Cilinder radius
massa_EndEffector = 0.1; %EndEffector mass (Kg)

sim('A_23_7')
sim('B_23_7')
sim('C")



Direct Kinematics

function TOE = DK(q1,92,93,94,95)

%EasyLap DK
%Geometric Parameters

d1=0;
d2=495;
d3= 350;
d4= 458.5;
d5= 264.4;
d6=442;

% Transformation Matrixes

TO1 = [cos(q1+pi/2), -sin(q1+pi/2), 0,0;
sin(q1+pi/2), cos(q1+pi/2), 0,0;
0,0,1,0;
0,0,0,1];

T12 = [cos(-pi/2), -sin(-pi/2), 0,0;
sin(-pi/2), cos(-pi/2), 0,0;
0,0,1,-(q2+d1);
0,0,0,1];

T23a = [cos(g3), -sin(g3), 0,d2;
sin(q3), cos(g3), 0,0;
0,0,1,0;
0,0,0,1];



T23 = T23a;

T34 = [cos(qg4), -sin(g4), 0,d3;
sin(g4), cos(g4), 0,0;
0,0,1,0;
0,0,0,1];

T45a =[1,0,0,0;
0,cos(-pi/2),-sin(-pi/2),0;
0,sin(-pi/2),cos(-pi/2),-d4;
0,0,0,1];

T45b = [cos(g5), -sin(g5), 0,0;
sin(g5), cos(g5), 0,0;
0,0,1,0;
0,0,0,1];

T45=T45a*T45b;

T56a = [cos(pi/2), -sin(pi/2), 0,0;
sin(pi/2), cos(pi/2), 0,d5;
0,0,1,0;
0,0,0,1];

T56b =[1,0,0,0;
0,cos(pi/2),-sin(pi/2),0;
0,sin(pi/2),cos(pi/2),0;
0,0,0,1];

T56 = T56a*T56b;

T6E =[1,0,0,0;
0,1,0,0;
0,0,1,d6;
0,0,0,1];

T02=T01*T12;
T03=T02*T23;
T04=T03*T34;
T05=T04*T45;
T06=T05*T56;
TOE=TO6*T6E;



% Xc =[T01(1,4) TO2(1,4) TO3(1,4) TO4(1,4) TO5(1,4) TO6(1,4) TOE(1,4)];
% Yc =[T01(2,4) T02(2,4) TO3(2,4) TO4(2,4) TO5(2,4) TO6(2,4) TOE(2,4)];
% Zc =[T01(3,4) T02(3,4) TO3(3,4) TO4(3,4) T05(3,4) TO6(3,4) TOE(3,4)];

% Qstart = [q1,92,93,94,95];
coder.extrinsic(‘assignin')
assignin('base’,'q5',q5)
assignin('base’,'entry_point', TOE(1:3,4))
end



Inverse Kinematics
function [Qfinalp, Qfinaln] = IK(TOE)

%EasyLap IK

d1=0;
d2=495;
d3= 350;
d4= 458.5;
d5= 264.4;
d6=442;

if TOE ==[0,0,0,0;0,0,0,0;0,0,0,0;0,0,0,0];
Qfinalp =[0,0,0,0,0];
Qfinaln = [0,0,0,0,0];

else

%Starting point (End effector's tip) [mm]

Xe =TOE(1,4);
Ye = TOE(2,4);
Ze = TOE(3,4);
Pe = [Xe,Ye,Ze];

%Tool's line cosines (Orientation of the last frame's Z axis starting from the initial frame)

cg5xb = TOE(1,3);
cq5yb = TOE(2,3);
cg5zb = TOE(3,3);
Tcosb = [cq5xb, cq5yb, cqb5zb];

%Target point
d=1;

Xt = cgbxb*d + Xe;
Yt = cqbyb*d + Ye;
Zt = cqbzb*d + Ze;
Pt = [Xt,Yt,Zt);



%Director Cosines of the line connecting the starting and target point

cg5xa= ((Xt - Xe + 0.0001)/(sqgrt((Xt-Xe)*2+(Yt-Ye)'2+(Zt-Ze)*2)));
cgdya= ((Yt- Ye + 0.0001)/(sgrt((Xt-Xe)*2+(Yt-Ye)'2+(Zt-Ze)*2)));
cqbza= ((Zt - Ze + 0.0001)/(sqrt((Xt-Xe) 2+(Yt-Ye ) 2+(Zt-Ze)*2)));
Tcosa = [cgb5xa, cgbya, cq5za];

%Qq5

cox = cq5xb/sqrt((cq5xb)*2+(cqdyb)*2); %when g5 is 90° these values are 0/0 --> Nan!!
coy = cqbyb/sqrt((cqb5xb)*2+(cqdyb)2);

cosg5lKrad= (cg5xb*cox + cq5yb*coy);

cosq5lKrad = max(min(cosqg5IKrad,1),-1);

g5IKrad = acos (cosg5lKrad);

g5IK = rad2deg(g5IKrad);

%Pc

XclK = -(cq5xb*d6) + Xe;
YclK = -(cqgbyb*d6) + Ye;
ZclK = -(cq5zb*d6) + Ze;
Pc = [XclK,YcIK,ZclK];
%Ok

if ZclK < Ze
g5IK = -g5IK;
g5lKrad = -g5IKrad;
end

%P5

Z5 = d5*cos(qg5IKrad) + ZclK;

Y5 = d5*tan(g5IKrad)*cq5yb + YcIK;
X5 = d5*tan(g5IKrad)*cq5xb + XclK;
P5 = [X5,Y5,25];

%Ok

%P4
X4 = X5;
Y4 =YS5;



Z4 = 75 + d4;
P4 = [X4,Y4,Z4];
%Ok

g4lKabsrad = atan2(cqb5yb,cq5xb);
g4lKabs = rad2deg(g4IKabsrad);

% Elbow equations for the joints 4,3 & 1
%Qq3

C3 = (X472 + Y412 - d272 - d3A2)/(2*d2*d3));
s3 = sqrt(1-c3"2);

% qg3IKradp = atan2(real(s3),real(c3))
% q3IKradn = -atan2(real(s3),real(c3))
g3lKradp = acos (c3);
g3IKradn = -acos (c3);

g3IKp = rad2deg(q3IKradp);

g3IKn = rad2deg(q3IKradn) ;

% %
gammap = atan2((d3*sin(g3IKradp)),(d2 +d3*cos(q3IKradp)));
gamman = atan2((d3*sin(g3IKradn)),(d2 +d3*cos(q3IKradn)));

%q1

g1lKradp = atan2(real(Y4),real(X4)) - gammap;
g1lKradn = atan2(real(Y4),real(X4)) - gamman;
q11Kp = rad2deg(q1IKradp);
g11Kn = rad2deg(q1IKradn);

%P3

% X3 = d2*cos(q1IKrad)
% Y3 = d2*sin(q1IKrad)
% Z3 = Z4

%P2
% X2 =0
%Y2=0
% Z2 = Z3
% P2 = [X2 Y2 Z2]

%qdrel



g4lKrelp = g4lKabs - q1IKp - q3IKp;
g4lKrelradp = deg2rad(g4IKrelp);

g4lKreln = g41Kabs - q11Kn - q3IKn;
g4lKrelradn = deg2rad(g4IKreln);

%Qq2
k3 = (d1 + d4 +(d5*cos(g5IKrad)) +(d6*sin(g51Krad)));

g2IK = -Ze -k3;

%P1

% X1 = X2

% Y1=Y2

% Z1 =272 - q2IK - d1
% P1=[X1Y12Z1]

%Joints parameters vector

%Qstart = [rad2deg(q1),q2,rad2deg(q3),rad2deg(q4),rad2deg(q5)]
Qfinalp = [q1IKp, q2IK, q3IKp, g4IKrelp, g5IK]
Qfinaln = [q1IKn, q2IK, q3IKn, g4IKreln, g5IK];

%IK graph
% Transformation Matrixes IK

TO1IK = [cos(q1IKradp+pi/2), -sin(q1IKradp+pi/2), 0,0;
sin(q1IKradp+pi/2), cos(q1IKradp+pi/2), 0,0;
0,0,1,0;
0,0,0,1];

T12IK = [cos(-pi/2), -sin(-pi/2), 0,0;
sin(-pi/2), cos(-pi/2), 0,0;
0,0,1,-(q2IK+d1);
0,0,0,1];

T23alK = [cos(g3IKradp), -sin(q3IKradp), 0,d2;
sin(q3IKradp), cos(q3IKradp), 0,0;



0,0,1,0;
0,0,0,1];

T23IK = T23alK;

T34IK = [cos(q4IKrelradp), -sin(g4IKrelradp), 0,d3;
sin(g4IKrelradp), cos(g4IKrelradp), 0,0;
0,0,1,0;
0,0,0,1];

T45alK =[1,0,0,0;
0,cos(-pi/2),-sin(-pi/2),0;
0,sin(-pi/2),cos(-pi/2),-d4;
0,0,0,1];

T45bIK = [cos(g5IKrad), -sin(g5IKrad), 0,0;
sin(g5IKrad), cos(g5IKrad), 0,0;
0,0,1,0;
0,0,0,1];

T451K=T45alK*T45bIK ;

T56alK = [cos(pi/2), -sin(pi/2), 0,0;
sin(pi/2), cos(pi/2), 0,d5;
0,0,1,0;
0,0,0,1];

T56bIK =[1,0,0,0;
0,cos(pi/2),-sin(pi/2),0;
0,sin(pi/2),cos(pi/2),0;
0,0,0,1];

T56IK = T56alK*T56bIK;

T6EIK =[1,0,0,0;
0,1,0,0;
0,0,1,d6;
0,0,0,1];

TO2IK=TO1IK*T12IK;
TO3IK=TO2IK*T23IK;
TO4IK=TO3IK*T34IK;
TO5IK=T04IK*T45IK;



TOGIK=TO5IK*T56IK;
TOEIK=TOGIK*TGEIK;

%IK transformation matrix
XIK =[T01IK(1,4) TO2IK(1,4) TO3IK(1,4) TO41K(1,4) TO5IK(1,4) TO6IK(1,4) TOEIK(1,4)];
YIK =[T01IK(2,4) TO2IK(2,4) TO3IK(2,4) TO41K(2,4) TO5IK(2,4) TO6IK(2,4) TOEIK(2,4)];
ZIK = [TO11K(3,4) TO2IK(3,4) TO3IK(3,4) TO4IK(3,4) TO5IK(3,4) TO6IK(3,4) TOEIK(3,4)];

%IK with points

% XIKa = [X1 X2 X3 X4 X5 XcIK Xe]
% YIKa=[Y1Y2Y3Y4Y5YclK Ye]
% ZIKa = [Z1 Z2 Z3 Z4 Z5 ZclK Ze]

%EndEffector Tip point

PtIK =[TOEIK(1,4), TOEIK(2,4), TOEIK(3,4)];
end

end

Alignment

function TOE_alligned= fcn(cep, TOE)



coder.extrinsic('assignin')

final_point=[TOE(1,4)+10, TOE(2,4)+10, TOE(3,4)-0.01]"; %choosen
entry_point=TO0E(1:3,4);

llI=(final_point-entry_point)./norm(final_point-entry _point); %Third column
csxa =[1; 0; -1(1)/NI(3)];

normx = sqrt(sum(csxa(:).*2));

| =csxa ./ normx; %first column

Il =cross(lll, 1); %second column

TOE_alligned = [I' O; II' O; 1I' O; entry_point' 1 ]'; %input for the IK

assignin('base’,'TOE', TOE_alligned(1:3,1:3))
assignin('base’,'entry_point', TOE_alligned(1:3,4))

end



