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MepiAnyn

H texvoloyia Twv TTPoCOeTIKWY Avw Akpwv £Xel aAAGEel dpdnv Ta TeAeuTaia xpovia. O dlabéoipeg
OUOKEUEG KOl QUTEG TTOU gival uTTo €CEAIEN TTpooeyyiCouv OAO Kal TTEPICOOTEPO TNV AEITOUPYIKOTNTA TOU
akpwTnplaopévou dkpou. [Map’ OAa autd, Adyw éEAMAelwng avadpaong Tng KATAOTAONG TOUG,
ATTOTUYXAVOUV VA EVEPYOTTOINCOUV TNV IBIOOEKTIKI) aloBNTIKOTNTA TOU AKPWTNPIATHEVOU.

H Extetapévn Puoioroyikn 18100ekTikdTnTa (Extended Physiological Proprioception-EPP)
TTPOCPEPEI TNV BUVATOTNTA AouvaiobnTou eEAEyXou BEong Tou dkpou, KaBwg Ta orjpata avédpaong Trou
TTAPEXEI OTOV AKPWTNPIOOHUEVO, EVEPYOTTOIOUV TNV IBIOBEKTIKN TOU AIOONTIKOTNTA. £TA YEIOVEKTAMOTA, N
atreuBeiag unyavikrp ouvdeon PE TO TTIPOCOETIKO AKPO, MEOW VTICWYV, €xel aTTOdEIXOEl aIoBNTIKG W
QTTOOEKTH ATTO TOUG XPAOTEG, EVW QTTAITEITAI KAl €I0IKO XEIPOUPYEIO KIVNOIOTTAAOTIKAG. Ta TTapaTTadvw
odriynoav otadlokd oTnV eyKATAAeIwn TNG HEBGBOU AUTAG.

>10 EpyacTrpio AutopdTtou EAEyxou Tng ZxoARg MnyxavoAdywv Mnxavikwy €xel TTpoTabei yia véa
TotroAhoyia EPP, 1mmou ovoudoTtnke Biomechatronic EPP, n otoia dev amaitei Tn xprion vTiWwv Kal
Xelpoupyeiou KivnolomAaoTikig. O TTuprivag Tng mTpdéTacng auTthg Paacifetal oTnv TeXVoAoyia Tng
TNAEPOUTTOTIKAG Kal TOU TnAexelpiopoU. XTo TTpoTelvopevo oUoThua, £Qapuoletal éva master-slave
oxnua eAéyxou Béong-duvaung To OTToio TTEPIAOUPBAVEI TNV EUPUTEUCH YPAPMIKWY ETTEVEPYNTWV Ol
0TT0i0I CUVOEOVTaI O€ OEIPA KOTA T OIAPKEIQ TOU XEIPOUPYEIOU OKPWTNPIACKOU UE TOUG EVATTONEIVAVTEG
MUEG, aTTOTEAWVTOG Ta KUpla (master) pouTroT TOU OUCTAPATOG TNAEXEIPIOYOU Kal Tn Xpnon evog
TTPOCOETIKOU AKPOU, TTOU €ival TO POUTTIOT UTTNPETNG (Slave). To ENQUTEUPEVO POUTTOT BEXETAI Eva OAUA
duvapng atod Tov YU OToV OTT0IO €ival TTIPOOBEPEVO. AUTH N EVTOAN dUvaung PETOdIdETAI ACOUPUATA OTO
POMTIOT UTTNPETN, TO OTTOIO KIVEITAI OTO XWPO. AUTO PETABIdEI TO oAa avadpaong TnNG B€ong Tou TTiow
OTOV €AEYKTH TOU KUPIOUG POUTTOT, TO OTTOIO PE Tn O€IpA Tou KiveiTal. O eAeyKTAG TOU OUCTAPOTOG
eyyuatal tn duvapikh oUZeuén Twv master kal slave pPOPTIOT, EVEPYOTTOIWVTAG TNV ISI0OEKTIKN
aIoBNTIKOTNTA TOU AKPWTNPIOCUEVOU.

>1nv TTapouca SITTAWMATIKA €pyaacia, TTapouciAfoupe pia TrelpauaTikl ouykpion METAEU Tng
TTpOTEIVOUEVNG TOTTOAOYIOG, TNG KAaOOIKNAG EPP didtagng, piag JuonAekTpIkng ueBddou eAEyxoU Kal EVOG
€NEYKTR POTIG TTou Bev TTapéxel avadpacon. lMeplypd@etal n TTEIPAUOTIKS SIATAgN, KOBWG Kal n
uAoTToinon Twv KAaTGAANAWY EAEYKTWV. [Ma TNV TTEIPOPATIKI OUYKPIOT) TWV TTPOOVAPEPOUEVWY HEBSOWV
eAEyXOU XpNnolPoTToOINCapE pia dokiyaaia eTTiTeugNg oTOXWYV, N oTToia UAOTTOIRBNKE e BACN TO VOO Tou
Fitts, wg éva povTéAo eTTidoong yia TN cUYKPIOT SIOPOPETIKWY OTPATNYIKWY EAEYXOU AVW AKPWV.

Ta arroteAéopara Tou TTAPRXOnoav HEoW TNG £PEUVAG KAI TWV TTEIPAPATWY TToU dIEEAXOBNCaV KaTd
Tnv ekmrévnon Tng Trapoucag AimAwpaTtikig Epyaociag, armodeikviouv Tnv 1coduvapia  Tng
mpoTeivouevng Biomechatronic EPP totmmoloyiag eAéyxou oe oxéon pe tnv khaooiky EPP &idragn.
AKOUn, avadelkvUouv TNV UTTEPOXH TNG £vavTl TwV dIATALEWV TTOU dEV TTAPEXOUV OTO XPNOTN a1IoBNTIKA

avarpopoddtnon.
A€geig KA&181a

Texvntd péAN, [MpooBetikd dvw dkpwv, ‘EAeyxog, EkTtetapévn Puoioloyikr) 18100eKTIKOTNTA,

MuonAekTpikdg €Aeyxog, HAekTpopuoypaenua, Néuog Tou Fitts, Meipapatikr olykpion
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Abstract

Upper-limb prosthetic technology has significantly changed in recent years. The devices available and
those under development are more and more able to approximate the function of the lost limb. However,
most of them fail to activate the proprioception of the amputee, as they do not provide the user with the
adequate feedback information. Current externally powered upper-limb prostheses are difficult to use
because of the lack of sensory feedback, while Neuroprostheses which have recently been developed
for people with upper-limb amputation are complicated, expensive, and still under investigation.

The Extended Physiological Proprioception (EPP) topology has proven the best scheme in terms
of control, as the feedback it provides to the amputee, stimulates his proprioceptive sense, enabling
subconscious control. On the downside, the required connection cables are aesthetically unacceptable
by the users while an additional post-amputation surgery is required for their installation. The
aforementioned attributes gradually led to the abandonment of EPP control, and the propagation and
eventually establishment of myoelectric control, which is a noninvasive method. Subsequently, the
advantage of subconscious control also vanished.

At the Control Systems Laboratory of the School of Mechanical Engineering, a new topology of
EPP, coined as Biomechatronic EPP, was proposed to eliminate the drawback of cineplasty and
Bowden cables, which render the EPP unaesthetic for the user. The core of this concept is based on
principles of the field of Telerobotics and Teleoperation. In the proposed system, a master - slave
position-force control scheme is applied, using an implanted linear actuator as the Master at the time
of the amputation surgery, and the prosthetic hand as the Slave. The implant takes a force command
signal from the muscle/tendon attached to. The force command then is transmitted wirelessly to the
Slave, and a position feedback comes back from the Slave to the linear actuator controller, which then
moves. The controller of the topology guarantees the dynamic conjunction of the master and slave
robots, enabling amputee’s proprioception. The proposed system is expected to provide a modern EPP-
equivalent control scheme for upper-limb prostheses without the disadvantages of previous EPP
configurations, but with the control advantages of proprioceptive feedback.

In this thesis, we present an experimental comparison among the proposed control topology, the
Classic EPP topology, an EMG control method and a torque controller without feedback, coined
“Unconnected”. The experimental setup used for the evaluation of the experiments along with the
implementation of the appropriate controllers, are described. The test used to experimentally compare
the aforementioned control methods was a target acquisition test, built accordingly to Fitts’ Law.

The results conducted during this thesis, prove the equivalency of the proposed Biomechatronic
EPP control topology to the Classic EPP configuration and also reveal its superiority over the two other

control methods, which do not provide the user with the adequate sensory feedback.

Key words
Artificial limbs, Upper-Limb Prosthetics, Prosthesis, Control, Extended Physiological Proprioception,

Myoelectric control, EMG, Fitts’ law, Experimental comparison
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Preface

Nowadays, robotics has reached a high level of maturity driven by the cutting-edge technology
innovation. This has also affected the field of upper-limb prostheses. Recently, technical innovations
have combined to make artificial limbs much more comfortable, efficient, and lifelike than earlier
versions. However, in the majority of these advanced, multi-degree of freedom prosthetic systems, the
quality of the interface between the limb remnants and the artificial prosthesis is in doubt. This lack of
somatosensory connection has led many amputees around the world to abandon their prosthetics and
therefore lose the hope for a normal life. For me, finding of a viable solution for those people is a matter
of necessity. This fact along with the vast field of knowledge that the prosthetics could offer were the
main reasons why | decided to choose this diploma thesis topic.

The current diploma thesis is part of a bigger project running the last years at the Control System
Laboratory of NTUA, which introduces a novel prosthetic system for below the elbow amputations. An
in principle evaluation of the control quality provided by the proposed control topology has been realized
in previous related theses in both simulation and experimental environments. Following these works,
this thesis presents an experimental comparison among our proposal and traditional control strategies
that are used in upper-limp prostheses.

In order to pursue the objectives of the current work, a lot of demands had to be satisfied. This
forced me to investigate several aspects of different scientific fields. Control systems, human computer
interaction, circuit design, biology and statistics were combined during the realization of this thesis.
Apart from the theoretical skills that | obtained, | also became extensively familiar with
MATLAB/Simulink and dSpace DS1103, a powerful tool for control systems implementation and
experimentation. Finally, the interactive nature of the experiments conducted, provided me with the
spirit of collaboration and teamwork.

At this point it would be appropriate to thank my supervisor, Prof. Evangelos Papadopoulos, who
gave me the opportunity to work on this thesis. At his laboratory | had the chance to meet and
collaborate with magnificent people and every single one of his subordinates that helped me through
this thesis. Furthermore, | would like to thank Postdoctoral Fellow Dr. Georgios A. Bertos, who has
proposed the Biomechatronic EPP concept, for his advising during the stages of this thesis and his
motivational and inspiring critique. Finally, | would like to express my thanks to Nikolaos Koukoulas for

the harmonious and constructive collaboration we had during our meetings in the laboratory.
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ExteTapévn MNepiAnyn

Eicaywyn

H avTikatdoTtaon Twv avBpwtrivwy avw GKpwv attd Pnxavikd atroTeAei yia cofapr) €mMOTNUOVIKA
TTPOKANCT. OI uNXAVIKEG ATTAITAOEIG KAl TTEPIOPIOUOI aUTOU TOU OTOXOU €ival onuavTikoi. QoT600, O Mo
Kpiolyog TTapdyovTag yia Tn owaTr AsIToupyia Tou avw Akpou eival o €Aeyxog Tou. O oxediaouog Tou
€NEYKTR 0opilel TNV €TTIKOIVWVIa - oUvdeon PETAEU TOU aKPWTNPIGOPEVOU ATOPOU KAl TOU TTPO0BETIKOU
avw akpou. H TpdkAnon auth cuvnBwg TreplopieTal atTd TNV EAAEIYN ETTOPKOUG ETTIKOIVWVIOG N oTToia
TTPAYUOTOTIOIEITAI HOVO PE OTITIKA avaTpo@odoTNOTN, METAEU TOU OKPWTNPIACOUEVOU KAl TOU TTPOCOETIKOU
avw GKpou.

Mia péBodog eAéyxou TToU KUpIApXNOoE OTO TTEDIO TWV TTPOCOETIKWY KAl XPNOIUOTIOINONKE EUPEWG
givar o Avaloyikdg MuonhekTpikdg ‘EAeyxog. 'Eva ouUoTnua avaAoyikoU HUONAEKTPIKOU EAEyXOU
aTToTEAEITAI ATTO €vav PIKPOEAEYKTH ] €vav UTTOAOYIOTA TTOU KATAYPA®El TO PUONAEKTPIKA orjuara
(“EMG”) ammdé aio0nTripeg OTOUG PUEG KAl OTN OUVEXEID EVEPYOTTOIEl TOV QAVTIOTOIXO EVEPYOTTOINTH
apBpwong avdioya pe 1o cApa “EMG”.

Av Kal T JUONAEKTPIKA orpaTa BswpolvTal eupEwg wg N KaAuTepn dioBéoiun diacivdeon eAEyxou
yla TTPOOBETIKA AKPQ, TTOANOI AKPWTNPIGOUEVO! EYKATOAEITTOUV TIG CUOKEUEG TOUG ATTO ATTOYONTEUON
AOYw TNG EAAEIYNG aKPIBEIOG TWV KIVACEWY TWV TTPOCBETIKWV.

Mia evaAAakTikr) ToTToAOyia eAéyxou eival n KAaooiki Ektetapévn duaiohoyikr 18100ekTIKOTNTO
(Classic Extended Physiological Proprioception — “Classic EPP”). Ztnv TomroAoyia auTtfj T0 TTpoCGOETIKO
AaKkpo cuvdieTal aTeuBeiag e TOUG EVATTOPEIVAVTEG AEITOUPYIKOUG PUEG TOU OKPWTNPIOOUEVOU, HECW
MNXOVIKWY OUVOECEWYV, OUVNBWG VTICWV. Me TOV TPOTTO AUTO, TO TTPOCOETIKG AKPO YIiVETAI ETTEKTACN TOU
EVOTTOUEIVAVTOG HEAOUG.

QoTtbéo0, auth N HEBODOG EAEYXOU E€XEI TO MEIOVEKTNUAO OTI BEV Eival AIOONTIKN yia TOV XPAOTN, €XEl
OuUXVA TTEPIOPICHOUG EAEYXOU (TTOU OXETICOVTaI JE TNV KATEUBUVON TNG Kivnong) Kai ETTITTAEOV aTTauTeiTal
TIAQCTIKI XEIPOUPYIKH.

Katd Tn didpkeia Twv TEAeUTAiWY €TWV, 0TO epyacTipio AutopdTtou EAéyxou Tou E.M.IM., é1TOU N
TTapoUca SITTAWUATIKA Epyaaia EKTTOVABNKE, £XEl TTPAYMOTOTTOINBEN £EpEUVa TTAVW € Wi TTPWTOTTOPIAKT)
HEBOSO eAEyYOU AVW TTPOCBETIKWYV AKPWYV, TTOU ovopdaoTnke “Biomechatronic EPP”, n otroia dev atraitei
™ xpnon vnidwv Kal Xelpoupyeiou KivnoloTTAaoTIkKAG. H véa aut TpodTaon QTTOOKOTEl OTnV
EVEPYOTTOINGN TNG QUOIOAOYIKNG IB10OEKTIKOTNTAG TOU XPAOTN. H KEVTPIKN 10€a BaacileTal aTnv avaTTugn
Kal €EENIEN evog dlagopeTikol KAGdou TnG PouTroTikAg, autdv TNG TnAEpouTToTIKAG- TnAEXEIpIoUOU
(Telerobotics-Teleoperation), kai TTepIAauBAvel Xprion €UQUTEUPATWY, TTOU OKOTTOG TOUG Egival n
EVEPYOTTOINON TWV VEUPIKWV UTTOOOXEWV TWV HUWV KOTA TNV AEITOUPYiO TOU GKPOU PEOW MIOG
OPXITEKTOVIKAG EAEyXOU master-slave.

21NV TTapouca SITTAWMATIKYA €pyooia, TTOPoucIAoupE PIa TTEIPAPATIK OUYKPIon METAEU TNg
TTPOTEIVOUEVNG TOTTOAOYIOG, TNG KAAOOIKNG EPP didTagng, piag HUONAEKTPIKNG HEBGBOU eAEYXOU Kal EVOG
€AeYKTR poTIrG TTou dev TTapéxel avadpaon (“Unconnected”). Mepiypdgetal n teipapatikn didragn,
KoBwg Kol n uhotroinon Twv KATGAANAwv eAeyktwv. Ta TNV TTEIpapatikn  ouykpion Twv

TTPOOAVAPEPOPEVWY HEBODWY €AEyXOU XPNOIPOTTOINCOUE Pia OOKIYagia €TTITEUENG OTOXWY, N OTToIx
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uhotroinenke pe Bdon 1o vépo Tou Fitts, wg éva povrého eTTidoong yia TN oUYKPION BIAQPOPETIKWV

OTPATNYIKWY EAEYXOU AVW AKPWV.

O Noépog Tou Fitts

>1nv epyovopia, o Nouog Tou Fitts gival éva povtéAo NG avBpwTTIvng Kivnang, To OTToio TTPORAETTEI TOV
XPOVO TTOU QTTAITEITAI YIa TNV YPRyopn UETaKivnon atmo pia B€on ekKivnong o€ PIOG TEAIKN TTEPIOXN-
0TOX0, WG ouvAPTNON TNG amdéoTaong amod To OTOXO Kal To péyeBog Tou otdxou. O Nopog Tou Fitts
XPNOolPoTToIEiTal Katd Tn dnuioupyia JoBNUATIKWY UTTOBEIYUATWY yia TNV TTPAEN TnG Katadeigng T600
OToV QUOIKO KOOMO (TT.X. TeivovTag xEpl i OAxTUAO) 600 Kal oTo TTEPIBAAANOV TWV UTTOAOYICTWV (TT.X.
METAKIVWVTAG TO O€IKTN OTNV 006VN PE TO TTOVTIKI).

Mabnuatikd, o Nopog Tou Fitts €xer diaTuTiwOEl pe apkeToug dlagopeTikoug TpdTToUG. Mia
ouvnBiopévn popon gival n diatdTrwaon Zavov (TTpoTeivouevn amo Tov 2koT Mak Kévdl, kabnyntr Tou
MavetmioTnuiou Tou MNoOpPK, KOl ovopaopévn €101 yia TNV OPoIOTNTA TNG PE TO Bewpnua ZAvov-XApTAEN)
yla Kivnon o€ pia didoTtaon:

MT=a+blog,(2D /W) 1)

Otrou: MT - 0 yéOOG XPOVOG TTOU XPEIACETAI YIa TNV OAOKANPWON TNG Kivnong

a, b - eutreIpikég oTOBEPES

D - aréoTaon a1rd 10 onuEio EKKivnong PEXP! TO KEVTPO TOU OTOXOU

W - TTAGTOG TOU OTOXOU PETPNHEVO KATA PNKOG TOU Agova TnG Kivnong
O Nopog Tou Fitts eival éva aouvnBioTa €MITUXEG KAl KOAD MEAETNUEVO PABNUATIKG UTTOdEIYUA.
MeipduaTa Ta otroia avatrapdyouv Ta armoteAéopara Tou Fitts kal amodeikviouv TRV e@apuoyn Tou
VOUOU ToU 0€ KATTWG SIAPOPETIKEG TTEPITITWOEIG OV gival SUOKOAO va ekTeAeaToUv. OI YETPAOEIG ATTO
autd Ta TreipduaTa ouxva oxnuatifouv pia euBeia ypapur ge ouvteAeoTr) ouoxETiong ico pe 0,95 n
MeyaAUTEPO, TTPAYHA TTOU UTTOSEIKVUEI OTI TO UTTODEIYUA €ival TTOAU aKpIBEG.

O AoyapiBuog oTo vopo Tou Fitts kaAeital deiktng duakoAiag (ID) yia To aTdxo, Kal HETPIETAI OF bits.

Mtropoupe va {avaypdyou e To VOUO wg:

ID=log (2-+1) @)

Meipapartik Aidragn
H meipapatiki didragn mou Xpnoiyotroiénke yia Tnv uhotroinon Twv “Classic EPP”, “Biomechatronic
EPP” ka1 “Unconnected” totroAoyiwv eAéyxou trapoucialetal otnv Eikéva 1. O1 totmroAoyieg autég
poipdadovTal Tov idIo pnyaviopo o otroiog aTig “Classic EPP” kai “Unconnected” TotroAoyieg attoTeAei 10
TTPOCOETIKO AKpo, evw oTnv Biomechatronic 1o slave robot. Omwg Teplypd@eTal Kal TTAPAKATW N
€i0000¢ TOU CUCTHMATOG KAI OTIG TPEIG TTEPITITWOEIG EAEYXOU TTPAYUATOTIOIEITAI OTTO dUO OnuEia Ta oTToia
OUCIaCTIKA TTPOCOMOIWVOUV TO {eUYOG AVIAYWVIOTIKWY PUWVY TTOU €ival uTreUBUVO yia Tov €AEyXo Tou
TIPOCOETIKOU AKPOU. ZNUEIWVETAl OTI O EAEyXOG TIPAYUOTIKOU Xpdvou Kal yia TiIg dUo dIaTdéelg
emMTUYXAVETal péow Tou TTpoypdupatog MATLAB/Simulink kdvovTtag xprion Tou DSpace control board.
“Classic EPP”: H “Classic EPP” didra¢n amoteAeital ammd tnv vrida eAéyyxou (Bowden Cable) kai

TO TTPOCOETIKO dKpo. H vTifa TTpoadéveTal TTAvVW oTNV TPOXAAIO TOU TTPOCBETIKOU AKPOU KO OTEPEWVETAI
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ME Evav KoxAia auo@igng. O xprioTng Tng ToTroAoyiag aokei SuvAapelg TPaBWVTag axoIVAKIA TTOU dEVOVTal
OTOUG OKPOOEKTEG TNG VTICAG, Kal oI BUVAUEIS AUTEG, apou dlaBaaTtolv atd aiodnThpeg, odnyouv Tov
KIVNTrPa Tou TTpooBeTIKOU. Me autdv TOV TPOTTO, N METATOTTION TOU AKPOOEKTN TNG VTICAG GTO OnuEio
ETMKOIVWVIAG PE TOV XPNOTN gival atreuBeiag avaAoyn Tng akTivag TNG TpoXaAiag TTavw oTnv oTToia gival
Tpoadeuévn. MNa Tnv Kartaypa@n Twv aokoUPevwyv OUVAPEwWV xpnalyotrolouvtal Force Sensitive
Resistors (FSRs).

“Biomechatronic EPP”: Z1nv “Biomechatronic EPP” &idtagn o xprnoTtng £pxeTalr o€ €maQr Kai
aAAnAoeI®pd pe To master pouTToT. ZUYKEKPIUEVA, OOKE aTTEUBEiag SUVANEIG TPARWVTAG Ta TTEPIKOXAIT
Kivnong Tou ypappikoU etrevepyntr (linear actuator). Evdidueca mapeuBaAAovial ol aioBnTipeg
duvapng (FSRs), woTe 1o oAua duvaung Tou xpnoTtn va diaBdadeTal Kal va TpopodOoTEl TOV EAEYKTH TNG
TotroAoyiag. H emikoivwvia Tou master kai slave poutror yivetal ye Tnv KapTa eAéyxou dSpace, péow
TNG OTToiag TIPAYUATOTIOIEITAI O €AEyXOG TTOU e€yyudTal Tnv duvapikn oUfeuén Tou XpAoTn e TO
TTPOCOETIKO GKpO.

Unconnected: Z1nv “Unconnected” tomoAoyia eAéyxou n povn 160110166 dlaQopda o0& OXECN HE
tnv “Classic EPP” gival 611 o1 aioBntipeg duvaung TTpoadévovTtal o€ oTaBepd onuEia, Je atmoTEAEOUA
va PNV UTtdpxel avaTpo@odoTnan aTov XpHoTn

AioOnTApeg AUvaung : lNa Tnv Karaypaen Twy acKoUPevwY duvAapewy Xpnaoiyotroiouvtal Force
Sensitive Resistors (FSRs). H Tiyr Twv avriotadoewy autwv PeTABAAAETal avAAoya UE TNV TTiECT TTOU
aokeital otn aiodnTApIa em@dveid Toug. O1 aiIcBnTpeg dUvaung BpiokovTal KAEIoPEvol Yéoa o€ pia
Onkn, n otroia, KABWG 0 XPAOTNG TPABAEl Ta OXOIVAKIO OTA OTToia €ival ouvdedeEVOG, TTaPAyEl KABETN
duvapn otnv aioBnTrpia Treploxr) Tou. H Brkn eival oxediaopévn WOTe va TTPOoapuUOZeTal TTAVW TNG €va
NAEKTPIKO KUKAWMA TToU €vIOXUEI TO Ofa TToU TTapdyeTal atmd Toug aiodntrpeg. AuTto yiveTal yia va

MEIWOBOUV oI EMTTWOEIG TOU BopUBoU KATA TNV JETAPOPA TOU GHNATOG OTNV ATTOCTACN TOU EAEYKTH.

Prosthetic Limb

j Classic EPP  Biomechatronic EPP  Control Unit

/

Linear actuators

! TForce sensing
subsystem

3D printed Bowden User
limb Cable

Eikéva 1. EpyaoTtnpiakni meipapatikn didaragn.
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MuonAekTpikn péBodog eAéyxou (“EMG” topology): In the “EMG” control method, the reference input
is provided by myoelectric signals, acquired from the muscles of interest. The Myo armband, developed
by Thalmic Labs, was used to record these signals.

21NV JUONAEKTPIKN HEBODO EAEYXOU, N €i0080G OTO GUOTNUA TTAPEXETAI HECW JUONAEKTPIKWY ONUATWY,

Ta oTroia KaTaypd@ovral atmmd Toug KatdAAnAoug pueg. MNa Tnv KoTaypa@r Twv onuaTtwy auTwv

xpnoipotroigital To Myo Armband (Eikéva 2).

OIS

" 4 ) -

Eikéva 2. Myo Armband, karackeuaopévo amré Tnv Thalmic Labs.

Z1patnyikég EAéyxou

Mnyn eAéyxou yia Tig “Biomechatronic EPP”, “Classic EPP” kai “Unconnected” totmmoAoyieg ivai n
dlapopd peTagy Twv duvdauewy TTou KataypdeovTal amd ta FSRs. To oxnua eAéyxou yia auTég Tig
ToTroAoyieg Trapouaiaderal otnv Eikova 3. To KOPPATI HECOA OTO KOKKIVO KOUTI XPNOIMOTTOIEITAl WG
eAeykTng yia TG “Classic EPP” kai Unconnected pe86doug. To orjua Tou TTapéXETal atrd TOU aiodnTrpeg
Ouvapng kupaivetal petagu 0 kal 5V. To oTddio Tou “dead zone” povteAOTTOIE TO OPIO KATW OTTO TO
OTT0i0 N TIUN TNG €10660U dev TTPOKAAEI TNV Kivnon Tou TTpooBeTIKoU, evw TO OTAdIO TOou “saturation”
XPNOIYOTTOIEITAI YIO TTPOCTACIO O TTEPITITWON TTOU N €i0000G TTPOCTIEPATEI T OpIa TTOU £XOUV TEBEI.
‘Etreita, n améAutn diagopd peTally Twv SUVAPEWY TWV OVTAYWVICTIKWY PUWY KOAVOVIKOTTOIEITAI KAl
TTapEXeTal oav €icodog aTov driver Tou KIivnTAPA, EAEYXOVTOG PE QUTOV TOV TPOTTO TNV TaxUTNTa TOU
TPooBeTIKOU. H @dpa kivnang opifetal ammd 1o pdonuo Tng diagopdg. 21n Tepimtwon Tng “Classic
EPP” tomoloyiag, n 18100ekTIKOTNTA TOU XPnoTn diarnpeital yéow Tou Bowden cable, evw oTnv
“Unconnected” pé6odo d¢ uttdpyel avatpopoddotnon. Ooov agopd Tnv “Biomechatronic EPP” diatagn,
n 6éon Tou slave kivnTpa TTapéxetal oav €i0odog oToug PD eAeykTég Twv U0 master KivnTrpwy, Ol
oT1roiol KivoUvTal o€ avTiBeTeg KaTeuBUvoelg TTPoKeIévou va pipnBoulv Tnv Kivnon Twv GKpwv Tou
Bowden cable otnv “Classic EPP” totmroAoyia. Mépa ammd toug PD eAeyKTEG, XPNOIUOTTOIEITAI ETTIONG N
Aeitoupyia TG avmioTaBuiong TPIBAG ME TPOg Ta ePTIPOG Tpooddtnon (Feedforward friction

compensation), TTpokelpgévou va BeATIOTOTTOINBEN N Kivnon Twv master KivnThpwv.
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Ta em@avelokd JUONAeKTPIKG arjpata cuAAéyovTal atréd Tov QAEvio EkTeivwy Tov KapTré pu (€KTaon
kaptroU) kai Tov QAévio KaummApa Tou Kaptou pu (Kauywn kaptrou), xpnoigotroiwviag 1o Myo
Armband. Ta duvapikd TTou TTapéyovtal até 1o Armband kupaivovtal petagu Tou -128 kai 128 og
povadeg evepyotroinong. H por Tng TTAnpo@opiag Tou nAekTpopuoypagruatog yivetalr ota 200Hz. To
Myo evowpartwvel etriong antialiasing @iAtpo kai Notch @iAtpo ota 50Hz. Ta puonAekTpiKd orfpaTa
petagépovtal oto TTePIBAANov Tou MATLAB yia Trepaitépw eTteéepyacia. O eAeyKTAG TTOU UAOTTOINONKE
@aivetal otnv Eikéva 4. Ta o1ddia emegepyaaiag wv dedopévwy gival e TN O€IpA : uYITTEPATO QIATPO,
avopBwaon Kal XapunAoTrepaTd QiATpo. H ouyvoTnTa OTTOKOTTAG YIa TO UWITTEPATO QIATPO cival oTa 30HZz
Kal yia 10 xaunAotepartd ata 6Hz. ‘Emera utroAoyifovral o péoeg amoluteg TipEG (Mean Absolute
Values - MAVS) Twv PUONAEKTPIKWY onNUaTWY PEow Tng TeXVIKNG “sliding windows”. To €Upog Twv
TTapaBupwyv TTou Xpnaoigotroiouvtal gival 100 ms pe petatémon 50 ms. Ta MAVs Tou avtaywvioTIKOU
{eUyoug MUWV KOVOVIKOTTOIOUVTOI KAVOVTaG XPRon Tng Texvikig Maximum Voluntary Isometric
Contraction (MVIC) kai TiBevTal Ta KatdAAnAa 6pia. H dia@opd 010 TTAGTOG TWV ONUATWY XPNOIUEUE! yia

va 1€0¢i To Duty Cycle Tou driver Tou kivntripa. H oxéon autr TTEpIypAPETA TTOPOAKATW.

e n ]

o6trou M1 gival n géon arréuTtn TP Tou TTPWTOU Puog, G1 ival avrioToixn Toun Tmou €€dxOnke Katé mn

%DC = x100% 3)

di1dikacia Tng MVIC kai T1 gival To éplo TTou TEBNKE KATW OTTO TO OTT0I0 O€ EVEPYOTTOIEITAI Kivan OTOV
avTioToIX0 YU. Opoiwg Kal yia Tov SEUTEPO YU TOU AVTAYWVICTIKOU CeUyoug. ZnPEIVETal OTI Ta OpIa
TEONKOV YEIpoKivnTa HE YVOPWHA TNV €AAXIOTOTTIOINCN OKOUOIOG €VEPYOTTOIONG TNG Kivong Tou

TIPOCOETIKOU.

Subtract

L]

Slave_Motor_Driver |——»  Slave_Motor |-

-H W7

Dead Zone ~Saturation

Fant > ——/

Dead Zone1_Saturation1

Position_Bounds_and_Direction Normalization

Reverse_Motion

E’ l:| o l:|
Subtract1

PD_Controller ~ —»(- i Master_Motor_Driver Master_Motor_Left -
s
Sum
II] II] olx
PD_Controller  [— >+ izati Master_Motor_Driver Master_Motor_Right
fol.
Feedforward_Friction_Compensation [ Subtract2
] Sum1

Eikéva 3. IxAua eAéyxou yia Tnv “Biomechatronic EPP” TomroAoyia.

MYO ARMBAND

Agonist_Signal Notch_Filter Anti-Alising| High_Pass_Filter —> Rectification [ Low_Pass_Filter

Antagonist_Signal Notch_Fi i-AlisingH> High_Pass_Filter (! Rectification [ Low_Pass_Filter >

Subtract

I Motor_Driver [ Prosthesis_Motor|

Hil

Eikéva 4. Txnua eAéyxou TotroAoyiag “EMG”.
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Meipapartikl ®don

Mpokelpgévou va avaTTapacTAOOUE TNV Kivnaon TTOU TTPAYUATOTIOIEI TO XEPI KOTA TNV EKTACT KAl KAPWN
Tou KapTToU, TTpocBécape oTnv KEQAAR Tou slave kivntApa évav 3D Tuttwpévo dgova. Ta épia Kivnong
TEONKAV TOTTOBETWVTAG SUO pnxavikd eutmodia. To TpwTo oTig 90 poipeg OTNV KATEUBUVON TNG €KTOONG
TOU KapTToU Kal To &eUTEPO OTIG 75 Yoipeg TNV Kateubuvon Tng kKauwng. Me autdv Tov TpOTTO, 0 Afovag
Taidel Tov pOAo TOU TTPOOBETIKOU GKpou Kal O slave KIvNTAPOG QUTOV TOU ETTEVEPYTH KIVAOEWG.

216X0G TOU TEIPAPOTOG €ival va KABOPiooupe TNV IKAVOTNTA TWV XPNOTWV va eAéyEouv Tnv
METATOTTION TOU TTPOCBOETIKOU XPNOIYOTIOIWVTOG TIG TEOOEPIG TTPOAVOPEPOUEVES TOTTOAOYIEG EAEYXOU.

ZUMPETEXOVTEG : 27O Treipapa cupueteixav 14 aptiyeAn dropa, 12 dvipeg Kal 2 yuvaikeg, HETALU
20 kai 33 €TWVv.

Aladikacia : O1 CUPMETEXOVTEG TTPAYMOTOTTOINCAV TTOANATTAEG TTPOOTIABEIEG OE MIO OTTAR
SOoKIpagCia XpNOIMOTIOIWVTAG TIG TEGOEPIG EVOAAAKTIKEG TOTTOAOYiEG EAEyXOU. XpNOIPMOTTOINONKE €I0IKOG
vAapOnKag TTou ETTETPETTE POVO TNV KAPWN Kal €kTacn Tou kaptrou. lMNa T1ig TotmoAoyieg “Classic EPP”,
“Biomechatronic EPP” kai "Unconnected”, o1 aioBntApeg FSR ouvdébnkav péow evog CUOTAPOTOG
OXOIVIWYV Kal TpoxaAiag oTov vapOnka, evw yia Tnv TotroAoyia "EMG" ol GUPUETEXOVTEG XpNOIYoTToincav
1600 TOV Vapbnka 6oo kal To Myo Armband. H Eikéva 5. Xpiotng katd Tnv ekTéAeOTn TOu TTEIPAUATOG.
TTapouaiadel évav xprnotn katd Tn didpkeia Tou Treipduartog. Or CUPPETEXOVTEG CQOKNONKAV UE TNV
dIdTagn TpIv TNV £vapén Twv TTEIPAPATWY.

Mia 086vn uTtoAoyIOTH XPNOIPOTTOINGNKE yia Tnv avatrapdoToon Tng Tpéxouoag B€éong Tou
TTPOCOETIKOU, wg TNV Béon Tou képoopd. O CUPPETEXOVTEG OTOXEUAV EVOANGE éva (eUyog KUKAIKWV
oTOXWV. O1 BE0EIG TWV OTOXWV TTEPIOPIOTNKAV OTNV TTEPIPEPEIN EVOG NUIKUKAIOU TTOU QVTIOTOIXOUOE OTNV
TPOXIA TTOU ekTEAOUCE TO TTPOCHETIKG AKpo. O évag oTdX0G avrioToixouoe oTo anueio évapéng (Mkpi
XPWHa) Kal 0 AANog oTo onueio TeppaTiopou (KOkkivo xpwpua) (Eikéva 6). O GUPPETEXOVTEG EXOVTAG
OTITIKA ETTAPA JOVO HE TNV 086V TOU UTTOAOYIOTA ETTPETTE VO JETAKIVAOOUV TOV KEPOOPA ATTO TO ONUEio
évapéng oTov OTOXO Kol va Trapapeivouv evidog autou yia 1s (dwell time). Metd 10 Tépag KaOe
emavaAnyng, ol duo oToX0l evaANdCoOoVTaV O€ XPWHa, KaTeuBUvVoVTag £TAl TOV XPNOTN PECO ATTo Ta
OIaPOPETIKA GTAdIA TOU TTEIPAUATOG.

2xedlaopog : Na tnv opydvworn Tou TTEIPAPATOG XPNOIPOTTOINONKE «EVTOG TWV UTTOKEIMEVWVY
oxedlaopog. Avegaptnteg ueTaBAnTEG ATav n péBodog eAéyxou, n dokipaaia, n amdéoTacn Petagl Twv
OTOXWV Kal To TTAATOG TwV 0TOXWV. O lNivakag 1 avaAuel Toug d1agopeTikoUg ouvdUaOoPOoUG amdoTaoNG-
TAGTOUG OTOXWV Trou Xpnolgotroiénkav. O KaBe xpAoTtng €ékave 15 TpooTrddeleg yia KABe
OUYKEKPIPEVN OUVONKN (CuvBUaOo UGG aTTéoTAoNG-TTAATOUG). To TrEipapa ekivouoe aTTo Ta HEYOAUTEPA
TTAQTN KAl KATEANYE OTA PIKPOTEPA. META TO TTEPAG TWV TTEIPAPATWY VI OAEG TIG HEBOGBOUG EAEyXOU, KAOE
XPNoTNG €ixe oAokAnpwael cuvoAikad 1500 TTpooTTabEIEG.

MeTpikég amrddoong : Na Tnv a&loAdynon Twv HeBOdwV eAEYXOU EYIVE XPioN TPIWV BIAQPOPETIKWIV
METPIKWV a1rodoong ol oTroieg OAeg TTyadouv atré Tov Nopo Tou Fitts. AuTég gival o xpdvog ammd Tnv
évapén Tng kivnong péxpr TV oAokAnpwaon tng (MT), 1o TToo00TO atrotuyiag (% Error), 1o otoio
ava@éPETal OTO TTOOOOTO TWV aTToTUXNUEVWY TTpocTTaBeiwv (EE. 4) kai To Throughput (TP), To otroio
uttoAoyiCetal ye Baon tnv EE. 5.

%Error = —# Trz:;s _ ?Hlts x100 (4)
rials
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H petpikr) Tou Throughput xpnoigoTroigital yia TNV TTOOOTIKOTTOINGT TNG atTod00NG TOU EKACTOTE XProTn

oT0 TTAQiCI0 TNG BOKIYATIaG, TNG CUCKEUNG Kal Tou TTEPIBAANOVTOG TTOU EKTEAEITAI KATTOIO TTEiPaUA.

Armband

Eikéva 5. XpRoTNnGg Katd TNV EKTEAECT) TOU TTEIPAPATOG.

Target

Starting
Point

Reach the highlighted target to begin

Eikéva 6. AvatrapdoTtaon Tng 086vng Katd Tn S1GPKEIA TOU TTEIPANATOG.

Mivakag 1. Zuvduaopoi wAdroug (W), amréoTtaong (D) kai ol avrioToixol Babupoi SuokoAiag (ID).

W(Degrees) D(Degrees)
27.5 67.7 80 90 135
2 3.88 5.12 5.36 5.60 6.10
3 3.34 4.56 4.80 5.03 5.52
5 2.70 3.86 4.09 4.32 4.81
10 1.91 2.95 3.17 3.39 3.86
15 1.50 2.46 2.67 2.87 3.32

ZraTioTiKA AvaAuon : H avdAuon Twv 8edopévwy TToU CUAAEXBNKAV £YIVE PE TN XPHON TOU AOYIOHIKOU
MATLAB. 'Eyivav TeoT yia Tnv €midpacn Tng HeBOdou eAéyxou o€ TPEIG OIAQOPETIKEG EEAPTNUEVES
peTaBANTéG @ Xpovo kivnong (MT), mooooTtd armoTuxiag kai Throughput (TP), xpnoigotroiwvTag Tnv
uéBodo Tng avaluong ANOVA wg 1mpog évav TrapdyovTta (one-way ANOVA). To emmittedo ouvoAIKAG
«epmmoTooUVNG» T€0nKe oT1o 0,05. Emiong, ekteAéoape Post-hoc tests (Bonferroni corrections) yia va

Slakpivoupe TIG S1IAQOPEG HETAEU TwV HEBOdWV eAEyXOU.
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AtroteAéopara

O Mivakag 2 kai n Eikéva 7 ocuvoyidouv Tnv ammédoon (Méon TiuA = diakUuavon) kB peBddou eAéyxou
METAEU TWV JIOPOPETIKWV PETPIKWY ATTOd00NG.

Mivakag 2. Zdvoyn METPIKWYV a1Tddoong.

MT(ms) Error(%) TP(bits/s)
“Biomechatronic EPP” 1628.1+294.6 13.2+7.8 2.461+0.398
“Classic EPP” 1702.3+428.2 19,3+11.2 2.402 +0.547
“Unconnected” 1679.9+342.8 44.3+13.9 2.00+0.388
“EMG” 1886.9 + 350.9 56,0+9.3 1.589+0.419
() (b) (©)
90 * ¥ p<.01

3000

* ¥ p<.01 4 * % p<.01
— 80 <.01 * % p<.01
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Movement time(ms)
Error rate(%)
3
Throughput(bits/s)

0o

Biomechatronic Classic Unconnected EMG onicClassic Ur i hatronicClassic Ur d EMG
EPP EPP EPP EPP EPP
Control Method Control Method Control Method

‘DBiomechatronic EPP Dclassic EPP DUncnnnected .EMG‘

Eikéva 7. A1rodoon peBodwyv eAéyxou pe BAon TNV EKACTOTE PETPIKN atrdédoong : (a) Xpovog
Kivhong, (b) Mooooté amotuyiag, (c) Throughput. Me pové aoTepioko (*) onuelwVETAl N
onuavTikn dla@opd METASU TWV HECW TIHWV YIO OUVOAIKN «gptrioTtoouvn» 0,05 kai pe S1ITAo
aoTtepioko (**) yia 0,01.

ZUPTTEPAO AT

H xprion tng EPP peBddou wg oxAua eAéyxou yia TTPOOBETIKEG CUOKEUEG AV AKPWV £XEI OTTOPPIPOE]
TIG TeEAeuTaieg dekaeTieg. H emipaveiakn nAekTpopuoypa@ia £xel atroTeAéoel TNV BAon yia Ta UTTApYovTa
TIPOCOETIKA oUOTAUATA XAPIG OTNV EUKOAIO EQAPPOYAG TNG Kal TV Jn ETTEPRACIUOTNTA TNG.

2t ATTAwWPATIKA  QuT  €pyacia  TTPAYUATOTTIOINCOUE MIA  CUYKPITIKN  agloAdynon Tou
“Biomechatronic EPP”,uiag kaivotopou Ttotroloyiag eAéyxou, Tou “Classic EPP”, 1ng “Unconnected”
peBOdou Kkal TNG “EMG” peBodou eAéyyou. H diadikaoia ouykpiong £yive oTa TTAQioIa evOg, TTPAYHATIKOU
XPOVOU, TTEIPAUATOG ETTITEUENG OTOXWV TTou BacioTnke atov Nopo Tou Fitts.

H otarioTikr avdAuon Tmou TTpaypartomoinénke avédeife Tnv uttepoxr Tou “Biomechatronic EPP”
évavtl Twv OUo peBddwv Tou dev Trapeixav aiobnTik avaTpo@oddTnon oTov XPAoTN: TNng
«Unconnected» kai Tng “EMG”. EidIkOTEPQ, EEAYAUE TO CUUTTEPOCHA QUTO PECO aTTO Ta ATTOTEAEOUATA
TTou AdBape yia TV PETPIKA Tou Throughput, n otroia gival evOEIKTIKN TNG OUVOAIKNAG atrdédoong Tou

XPAoTN. ATTé TNV AAAN Pepid, dev avadeixBnke KATTOIQ OTATIOTIKG ONUAVTIKH dlagopd 6oov agopd TNV
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TrpoTelvouevn Totroloyia kai Tnv “Classic EPP”, KGTI To 0T1T0i0 avadelkvUEl TNV PHETAEU TOUG Icoduvapia
Kl £EPXETAI VA ETTIRERAIWOEI TTEIPAPATIKA, TTPONYOUUEVEG OCUVOPEIG HEAETEG.

O@eiloupe va ONUEILOOUNPE TTWG TTAPOTI TA ATTOTEAEOUATA TNG £PYACiag AuTAg atrodeikvuovTal
IBITEPWG EVOAPPUVTIKA, eival éva atmd Ta apylkd Brjuara Tng TTPOoTTABelng TTou Yyivetal yia Tn

dnuioupyia evog AeIToupyikoU euQUTEUPATOG TToU Ba dWOEl TTVON OTO TTPOTEIVOUEVO OUCTNUA EAEYXOU.
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1 Introduction

The replacement of the human upper limbs by mechanical ones is a solemn scientific challenge. The
mechanical demands and constraints of this aim are significant; however, the most critical factor for the
proper function of the upper limb is its control. Elaborating, the controller design defines the
communication - connection between the impaired and the upper limb prosthetic. This hindrance is
related to the lack of sufficient communication that is restrained only to communication with visual
feedback, between the mutilated and the alien upper limb prosthetic.

In the case of the upper limbs of the human body the control is achieved by a practically a infinite
number of sensors available. These sensors are called mechanoreceptors and provide information to
the neural system on any variations in the state of the upper limb. The ability to sense using these
mechanoreceptors is called proprioception, and its absence renders the control of the limbs impossible.
Thus, it is pellucid that even though a prosthetic could be highly advanced from an engineering
perspective, it would not be functional unless proprioception is achieved. A control method that
dominated the field of prosthetics and was widely used is Proportional Myoelectric Control [5]. A
proportional myoelectric control system employs a microcontroller or computer that inputs
electromyography (EMG) signals from sensors on the muscle(s) and then activates the corresponding
joint actuator(s) proportionally to the EMG signal, see Figure 1.1.

Electric Hand

EMG Electrodes

Figure 1.1. EMG control topology.

Although myoelectric signals, are widely considered the best available control interface for
powered prostheses, many amputees abandon their devices out of frustration due to the lack of
precision of the prosthesis' movements. Noisy control signals, derived from the stochastic myoelectric
signals, and lack of adequate sensory feedback, are two of the central bottlenecks limiting precision.

Another control method is the Classic Extended Physiological Proprioception (Classic EPP) in
which the tendons of the arm are connected to cables with the prosthetic limb. More precisely, the limb
prosthetic is connected directly to the muscles of the impaired mechanically, using links such as

Bowden cables [21], [43]. Thus, the alien prosthetic becomes an extension of the remaining limb, see
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Figure 1.2. Consequently, the position, the velocity and the forces that are applied to the prosthetic are
transferred from the cables to the muscles, stimulating the neural receptors of the body, activating the
proprioception to a certain degree.The EPP control resembles to hydraulic steering. The driver "feels"
the state of the wheels and simultaneous assistance is provided for more effortless driving.

Nevertheless, the most important factor is that the drive and the wheels are synchronized.

Figure 1.2. EPP prosthesis control for forearm amputee with biceps cineplasty.

However, this control method has the disadvantage that it is not aesthetic for the human user, it has
often had control constraints (related to the direction of the movement) and finally a plastic surgery is
required.

During the last couple of years, at the Control Systems Lab of NTUA, where this thesis was
supervised, research was conducted in this field and a new, innovative control proposal was introduced
[25]. This proposal was about a novel control topology, with activation of proprioception as well. To be
more precise, the core of this concept is based on the field of Telerobotics - Teleoperation. In this field,
a master - slave control scheme is designed, using implants that activate the receptors of the limb. This
scheme guarantees the connection between the remaining intact muscles of the limb with its prosthetic.
It has to be noted that the degrees of freedom of both the master and slave devices must be the same.
This topology is considered a successful one, if the impedance of the environment is the same for the
user, as if he or she were controlling the slave motor without the master. In this case, the control system
is called transparent [49].

The new control method is called by the research team of the laboratory as Biomechatronic
Extended Physiological Proprioception (Biomechatronic EPP), see Figure 1.3. The main advantage of
this method is that feedback is provided to the patient and thus a closed loop system is created
(minimizing the systems position error) unlike the open loop system in the previous method.

Two previous Diploma and one MSc students worked on this project. Mablekos-Alexiou Anestis
and Vaggelatos Zaharias in their diploma theses [25], [45], established the theoretical foundations of
this notion, and designed an experimental setup for the comparison of Classic and Biomechatronic
EPP, respectively. MSc student Koukoulas Nikolaos designed and implemented the wireless setup of
Biomechatronic EPP [23].
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Figure 1.3. Proposed control topology of Biomechatronic EPP.

1.1 Purpose

The purpose of this thesis is the experimental comparison of the Classic EPP, the “Unconnected”, the
Biomechatronic EPP and the EMG prosthesis methods. To achieve this objective, this thesis extends
the use of Fitts' law, a psychological model of human movement, as a performance model for these
four control topologies.

1.2 Literature Review

1.2.1 Desirable Attributes of Prosthesis Control

Childress D.S. had presented the requirements for the control scheme of upper limb prosthesis [7], [46]:
1. Low mental loading or subconscious control.

User friendly or simple to learn to use.

Independence in multifunctional control.

Simultaneous, coordinated control of multiple functions.

Direct access and instantaneous response.

2 e

No sacrifice of human functional ability.

7. Natural appearance.
Itis obvious that a prosthetic system, along with its operational components, is determined by the choice
of the control scheme.

1.2.2 Types of prosthesis

There are generally four different types of prosthesis for patients with upper-limb amputation:
1. Body-powered prosthesis
2. Externally—powered prosthesis
3. Passive prosthesis
4

Neuroprosthetics
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Body-powered prostheses have not changed significantly since developments in 1950s’ which were
spurred by World War Il [16]. They work by using steel cables and harnesses to link the movement of
the body to the prosthesis and to control it. This linkage gives to the amputee sensory feedback of the
prosthesis, facilitating the subconscious control of the prosthetic. However, they look more archaic, and
the shoulder harnesses are uncomfortable and restrictive.

Extended Physiological Proprioception(EPP) is one of the control topologies that were inquired
in this thesis and is included in the family of body-powered prostheses. Simpson D.C suggested this
topology in 1974 [38]. He was the first that said the phrase "Extended Physiological Proprioception”, to
imply the use of the sensors of the human body to move the prosthetic limb.

The main notion is that the prosthetic limb is connected directly to the muscles of the amputee
using links, such as Bowden Cables, see Figure 1.4. This mechanical connection converts the alien
prosthetic limb to an extension of the remaining human body. Thus, the data for the position, the velocity
and the forces applied to the prosthetic limb are transferred directly to the muscles, stimulating the
neural receptors of the body, activating the proprioception of the user. However, this control method
has the disadvantage that it is not aesthetic for the human user, it has often had control constraints

(related to the direction of the movement) and finally a plastic surgery is required.

Figure 1.4. Schematic illustration of the traditional body-powered prosthesis for forearm
amputations.

Externally-powered prosthetic systems do not use body force as actuator.Most systems of this type
are powered by electricity from a battery and use pneumatic or electrical actuators to assist the
movement of the alien prosthetic. Myoelectric control is the most common type of externally-powered
prosthesis. In this control topology, the electrical activity of one or more muscles is used to drive the
joint(s) actuators, [35]. Surface electrodes record the electromyography (EMG) signal, a biomedical
signal that measure electrical currents generated in muscle during its contraction representing
neuromuscular activities. After its processing the EMG signal is used to drive the prosthetic limb. The
modeling of a system like this is shown in Figure 1.5 and will be discussed thoroughly in the following

chapters.
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Myoelectric control does not require any invasive operation and is widely studied and used during
the last decades. Noisy control signals, derived from the stochastic myoelectric signals, and lack of

adequate sensory feedback, are two of the central drawbacks limiting precision.
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Figure 1.5. Schematic diagram of a myoelectric controller for upper-limb prosthetics.

Passive prosthesis is a cosmetic restoration. It is another option for upper extremity patients who do
not require precise hand control or grasp, but still seek a cosmetically pleasing prosthesis.
Neuroprosthetics present one of the newest concentrations of biomedical engineering [10]. These
devices may be powered by the human body—that is, they operate from electrical signals sent via
electrodes from an external source to the peripheral muscle neuron—or they may be powered
externally.

The upper extremities prove a significant challenge in fine-tuned control requirements. The
incredible strength and flexibility of complex hand function are difficult to reproduce. The newest in

prosthetic design hopes to overcome some of these challenges.

1.2.3 Telerobotics - Teleoperation (TT)

TT is the control of a machine or an actuator at a distant area. A system like this consists of the following:

. A master device controlled by the user
. A slave device whose function depends on the master devise
. A controller that is the link between the master and the slave devices, allowing the correlation

of their displacement and applied forces respectively.

It has to be noted that the degrees of freedom of both the master and the slave devices must be the
same. This topology is considered a successful one, if the impedance of the environment is the same
for the user, as if he or she was controlling the slave motor without the master. In this case, the control

system is called transparent [7].

1.2.4 Human Performance Modeling

Human performance modeling (HPM) is a method of quantifying human behavior, cognition, and
processes; a tool used by human factors researchers and practitioners for both the analysis of human

function and for the development of systems designed for optimal user experience and interaction.
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There are several model categories but the one we are interested in is Command and Control.
Human performance models of Command & Control describe the products of operator output behavior,
and are often also models of dexterity within the interactions for certain tasks.

Fitts’ Law

Fitts's Law is an empirical model explaining speed-accuracy tradeoff characteristics of human
muscle movement [2]. Following the work of Shannon, Wiener, and other information theorists in the
1940s, "information" models of psychological processes emerged with great fanfare in the 1950s [30].
The terms "probability”, "redundancy”, "bits", "noise", and "channels" entered the vocabulary of
experimental psychologists as they explored the latest technique for measuring and modeling human
behavior. Two surviving models are the Hick-Hyman law for choice reaction time [34], and Fitts' law for
the information processing capacity of the human motor system [11].

In the decades since Fitts' original publication, his relationship, or "law", has proven one of the
most robust, highly cited, and widely adopted model to emerge from experimental psychology.
Psychomotor studies in diverse settings — from under a microscope to underwater — have shown a high
correlation between Fitts' measure of task difficulty and the time required to complete a movement task.
Kinematics and human factors are two fields that are particularly rich in investigations of human

performance using Fitts' analogy.

1.3 Thesis Structure

At this point the structure of this thesis is presented.

In the first introductory chapter, the purpose of the Diploma Thesis and a brief literature review are
presented.

The second chapter introduces the basic concepts of Fitts’ Law, refers to the several forms that
has taken through years, and focuses on the standards which should be followed while building a Fitts’
Law model.

In the third chapter, the experimental setup used for the evaluation of the Biomechatronic and
Classic EPP are presented. The design of the FSRs circuitry and the connection map of the hardware
components are also displayed.

The fourth chapter describes the Biomechatronic and Classic EPP topologies and presents the
procedures followed to design their control interfaces using MATLAB/Simulink and the DS1103 platform
of DSpace.

The fifth chapter is dedicated to the presentation of the setup used and the controller designed for
the realization of the EMG control method. A brief description of the anatomy of the forearm and the
appropriate placement of the Myo Armband are also presented.

The sixth chapter is separated in two main sections. In the first one, we present the target
acquisition task, the main experiment conducted for the evaluation of the control quality of the four
control topologies that were compared during this thesis. The second main section describes the way
the gathered data were manipulated and presents the results of the target experiment.

In the seventh chapter, three separate experiments conducted are presented. The first one verifies
the transparency of the Biomechatronic EPP configuration system and its equivalency to Classic EPP,

while the second one tests its operation when disturbances in the environment of the prosthesis motor
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are occurred. In the last one, we make a comparison of the EMG signals captured during the operation
of the four aforementioned control methods so as to evaluate the fatigue of the muscle of interest during
the target experiment.

In the eighth and final chapter, the conclusions of this thesis are presented, with potential
recommendations for future research.

Finally, Appendix A presents information for the software tools used in this thesis and excerpts of

the written code while in Appendix B datasheets of the most important hardware parts are quoted.
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2 Fitts’ Law

21 Information Theory Foundation

Fitts’ law is a model of human psychomotor behavior based on Shannon’s Theorem, a fundamental
theorem of communication systems [39]. The realization of movement in Fitts' model is analogous to
the transmission of "information" in electronic systems. Movements are assigned an index of difficulty,
in "bits", and in carrying out a movement task the human motor system is said to transmit so many "bits
of information". If the number of bits is divided by the time to move, then a rate of transmission in "bits
per second" can be ascribed.

Fitts' idea was novel for two reasons: first, it suggested that the difficulty of a motor task could be
measured using the information metric "bits"; and second, it introduced the idea that in human
movement, information is transmitted through a channel — a human channel. With respect to electronic
communication systems, the concept of a channel is straight forward: A signal is transmitted through a
non-ideal medium (such as copper, air, or glass) and is perturbed by noise. The effect of the noise is to
reduce the information capacity of the channel from its theoretical maximum. Shannon's Theorem
expresses the effective information capacity C (in bits/s) of a communications channel of bandwidth B

(in s-1 or Hz) as:

C=Blog,((S+N) IN) (2.1)

Or in the form:

C=Blog,(S / N+1) (2.2)

where S is the signal power and N is the noise power [36].

The notions of "channel" and "channel capacity” are not as straightforward in the domain of human
performance. The problem lies in the measurement of human channel capacity. Although electronic
communication systems transmit information with specific and optimized codes, this is not true of human
"channels". Human coding is ill-defined, personal, and often irrational or unpredictable. Optimization is
dynamic, intuitive. Cognitive strategies emerge in everyday tasks through "chunking" which is
analogous to "coding" in information theory — the mapping of a diverse pattern (or complex behavior)
into a simple pattern (or behavior). Neuromuscular coding emerges through the interaction of nerve,
muscle, and limb groups during the acquisition and repetition of skilled behavior. Difficulties in
identifying and measuring cognitive and neuromuscular factors confound the measurement of the
human channel capacity, causing tremendous variation to surface in different experiments seeking to

investigate similar processes.

2.2 Original Model Formulation

Fitts sought to establish the information capacity of the human motor system. This capacity, which he
called the index of performance or IP, is analogous to channel capacity C in Shannon's theorem. IP is
calculated by dividing a motor task's index of difficulty, ID, by the movement time, MT, to complete a

motor task. Thus,

IP=ID | MT (2.3)
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Eq. (2.3) is analogous to Eq. (2.2), with /P corresponding to C(bits/s) and MT corresponding to 1/B (s).

Fitts claimed that electronic signals are analogous to movement distances or amplitudes (A) and
that noise is analogous to the tolerance or width (W) of the region within which a move terminates.
Loosely based on Shannon's logarithmic expression, the following was offered as the index of difficulty

for a motor task:

ID= log, (24 /W) (2.4)

Since A and W are both distances, their ratio within the logarithm is without units. The notion of "bits"
as the unit of task difficulty stems from the somewhat arbitrary choice of base "two" for the logarithm.

A useful variation of Eq. (2.3) places movement time on the left as the predicted variable:
MT=1ID /IP (2.5)
This relationship is tested by devising a series of movement tasks with ID (that is, A and W) as the
controlled variable and MT as the dependent variable. In an experimental setting, subjects are required

to move to and acquire targets of width W at a distance A as quickly and accurately as possible, see
Figure 2.1.

7 i}
CUrsar
target

Figure 2.1. Movement task of a distance A and a target width W.

The index of performance (/P) can be calculated directly using Eq. (2.3) by dividing a task's index
of difficulty by the observed movement time (averaged over a block of trials), or it can be determined

by regressing MT on ID. In the latter case, the regression line equation is

MT=a+bID (2.6)

where a and b are regression coefficients. The reciprocal of the slope coefficient, 7 /b, corresponds to
IPin Eq. (2.5), obtained through direct calculation. These two values for IP will be slightly different due
to the different methods of calculation.

The intercept coefficient, a, is sometimes viewed as an error term. A non-zero intercept is
troublesome since it suggests that a movement task with "zero difficulty" has a non-zero predicted

completion time. The usual form of Fitts' law is Eq. (2.6) expanded as follows:

MT =a+blog,(24 /W) 2.7)
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The factor "2" in the logarithm was added by Fitts as an arbitrary adjustment to ensure that ID was
greater than zero for the range of experimental conditions employed in his experiments [11]. The "2"
increases the index of difficulty by 1 bit for each task but has no effect on the MT-ID correlation or on
the slope of the regression line equation. The constant "1" in Shannon's original equation was omitted
by Fitts without justification. More to be said about the intercept and slope coefficients and the form of
the logarithm term in the next sections of this chapter.

2.3 The Original Experiments and Emerging Problems

Fitts' original investigation (1954) involved four experiments: two reciprocal tapping tasks (1-oz stylus
and 1-Ib stylus), a disc transfer task, and a pin transfer task. In the tapping experiments the subjects
moved a stylus back and forth between two metal bars as quickly as possible and tapped the bars at
their centers (see Figure 2.2) [11]. This experimental arrangement is commonly called the "Fitts'

paradigm".

Target , ~
Width 2>

Figure 2.2. The reciprocal tapping paradigm(Fitts,1954).

I. Scott McKenzie in his PhD thesis reproduced the data from the 1-0z tapping experiment. This data is
summarized in Table 2.1 [30].

Table 2.1. Data from Fitts' (1954) Tapping Task Experiment with 1-oz Stylus.

Error Rate IP

(%) (bits/s)

2 2.00 1 180 0.00 5.56

2 1.00 2 212 0.44 9.43

4 2.00 2 203 0.08 9.85
2 0.50 3 281 1.99 10.68
4 1.00 3 260 1.09 11.54
8 2.00 3 279 0.87 10.75
2 0.25 4 392 3.35 10.20
4 0.50 4 372 2.72 10.75
8 1.00 4 357 2.38 11.20
16 2.00 4 388 0.65 10.31
4 0.25 5 484 3.41 10.33
8 0.50 5 469 2.05 10.66
16 1.00 5 481 1.30 10.40
8 0.25 6 580 2.78 10.34
16 0.50 6 595 2.73 10.08

16 0.25 7 731 3.65 9.58
Mean 392 1.84 10.10

SD 157 1.22 1.33
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The mean value of /P=10.10 bits/s (SD=1.33) is the information processing rate of the human motor
system for this task. A high correlation between MT and ID emerges with r=0.9831(p=0.01). Regressing

MT on ID yields the following prediction equation for movement time (ms):
MT=12.8 + 94.71ID (2.8)

Despite the high correlation between Index of Difficulty and the observed mean Movement Time,
problems with the model have been noted by many researchers through the years.

In 1959 Crossman [8] and Welford in 1960 [47] pointed out a systematic departure of observations
from predictions. A scatter plot reveals an upward curvature of movement time away from the regression
line for IDs of 1 and 2 bits (see Figure 2.3). The failure of the model when ID is small is also evident in
Table 2.1. The index of performance rating of 5.56 bits/s when ID = 1 bit is over 3 standard deviations

from the mean value of 10.10 bits/s.

A
700 |
600 -
A W=0.25 in.
A ¥ =0.5 in.
o W
s00 F s 1 {n.
® N=2in.
A
~ 400 }
w
&
=
5
i 300
=
)
=
=
£ 200
0
MT = 12.8 + 94.7 ID
IP = 10.6 bits/s
100
' 1 1 L 3 1 1

~

1 2 3 4 5 6
INDEX OF DIFFICULTY (10, in bits)

Figure 2.3. Scatter plot of movement time vs. index of difficulty using data from Fitts' (1954)
1-o0z tapping experiment.

Another problem emerges from the relative contributions of A and W. In a detailed analysis of Fitts' four
experiments, M. R. Sheridan showed that reductions in target width disproportionately increase in

movement time yielded similar increases in target amplitude [37].
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2.4 Variations of Fitts’ Law and Adjustment for Accuracy

To improve the data-to-model fit, alternatives of Fitts’ relationship have been used in several

studies, see Table 2.2. The following table summarizes these variations.

Table 2.2. Variations of Fitts’ Law.

Relationship Suggested by:
MT=a+blog,(A /W + 0.5) Welford(1960) [47] [31.[12],[19],[22]
_ Direct analogy with Shannon’s
MT =a+blog,(A/W +1) information theory (18], [261.1271,[33]
MT=a+b log, A+b,log,WV Welford(1968) [48] [13], [37], [48]

As mentioned in the previous section, analyses of Fitts’ experiments revealed an inequitable
contribution of movement amplitude and target width.A technique to adjust output measures in order to
reflect what a subject actually did (output condition), rather than what a subject was expected to do
(input condition) had been introduced by Crossman [9].This technique proposes the use of effective
values Ae and We instead of A and W respectively, in the calculation of ID (see Eq. (2.4)), to include
spatial variability of accuracy in its calculation.

More about this technique and in general the rules for building a Fitts’ Law Model are presented in

the following section.

2.5 The Standard for Building a Fitts’ Law Model

Through years, Fitts’ law has been used by many researchers in various science fields like ergonomics,
psychology, kinematics and HCI (Human-Computer Interaction) for either movement time predictions
or for the comparison of conditions in experiment.

In order to improve the robustness of a Fitts’ law model, as well as, its comparability and
consistency, R.William Soukoref and |. Scott MacKenzie [39] have presented a series of
recommendations the designer is advised to include in his project. As their proposal supports the
methods described in ISO 9241-9 standard [40] on the evaluation of pointing devices, the terms
Movement Amplitude (A) and Index of Performance (IP), which have already been mentioned, are
replaced by the terms Target Distance (D) and Throughput (TP), respectively. This terminology will be
used as well for the rest of this thesis.

The recommendations are the following:

1. When designing an experiment, researchers should use the Shannon formulation of the index

of difficulty (ID)

D
ID=log (—+1 2.9
gZ(W ) (2.9)

2. The variety of movement distances (D) and target widths (W) should be chosen so that subjects
face a large and representative range of ID values. A range of ID values from 2 to 8 bits should
suffice for most situations.

Each condition must be presented to each subject many times (15 - 25), so that the central

tendency of each subject’s performance for each condition can be ascertained.
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The experimenter should also collect movement time (MT) data. Movement time refers to
the time subjects spend moving the pointing device, and specifically should not include homing
time, dwell time and reaction time.

A measure of the scatter of subjects’ movement end-points must be gathered, either by
determining the error rate or by recording the physical end-points of each movement task.
Ideally both error rates and end-points should be measured and reported.

The suggestion that experimenters record movement end-points and error rates implies
that no filtering of the data (barring the removal of outliers) is performed. Specifically, “peak
error-free performance” is an uninformative measure, as speed measurements in the absence
of accuracy are meaningless. However, obvious outliers may be removed from the data.

The end-point scatter data should be used to perform the adjustment for accuracy for each
subject, for each condition. There are two ways to accomplish this. If end-point scatter data has
been observed, then the standard deviation (s) of the end-point positions should be calculated,

and the effective target width is then defined as:

W, =4.133c (2.10)

Alternately, the error rate may be used to approximate the adjustment for accuracy, if the

standard deviation of the end-point data is unavailable,

X ﬂ if Err>0.0049%,
W, = z(1—Err/2) (2.11)
W x0.5089 otherwise.

where Err is the error rate corresponding to this specific condition, and z(x) represents the
inverse of the standard normal cumulative distribution.

If the movement end-point data are available, the movement distance parameter D can
also be adjusted for accuracy. The effective distance, De, is calculated as the mean movement
distance from the start-of-movement position to the end points. The adjusted width parameter

(and adjusted distance—if available) are used to define the effective index of difficulty

ID, = log2(§+l) orID, = logz(% +1) (2.12)
The interpretation of the adjustment for accuracy follows. The ID values calculated via Eq. (2.9)
above represent the movement tasks that the experimenter wants subjects to attempt to
perform. However, the subjects will not actually perform at these index of difficulty values for
two reasons: (i) The spread of movement end-points will not perfectly align with the target
widths specified and hence the error rates will not be consistent across the various ID values.
(ii) Subjects tend to ‘cheat’ on easier ID conditions by not moving fast enough, and by not
covering the whole distance). The disparity between subjects’ performance and the ID values
presented by the experimenter is greatest at the extremes—the highest and lowest ID values
used. The adjustment for accuracy corrects the ID values so that they match the movements

that subjects actually performed.
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The adjustment for accuracy must be performed for each condition faced by each subject,
because it makes use of within-subject variability. Thus, the movement end-points or error rates
used to perform the adjustment for accuracy cannot be pooled together; correct application of
the adjustment for accuracy requires separate measurements for each subject, for each
condition.

By the end of this step in the analysis, if there were y subjects and x conditions, the
experimenter should have pairs of movement time and effective index of difficulty data, (IDeij,
MTij) where 1<i<yand1<j<x
Least-squares linear regression is used to find the intercept (a) and slope (b) parameters of the

Fitts’ law equation

MT =a+bxID, (2.13)

Linear regression serves as a test to measure the goodness of fit and the reasonableness of
the results.
If the intent of the experimenter is to make movement time predictions using the model, then

movement time should be predicted using the following equation

MT, =a+bxID (2.14)

Predicted
If the purpose of this analysis is the comparison of two or more experiment conditions, then
throughput (TP) is calculated first for each subject (as the mean throughput achieved by the
subject over all x movement conditions), and these subject throughputs are averaged to
produce the grand throughput,

Y x [De.
ol lz g (2.15)
yia\ x5 MT;

where y is the number of subjects, and x represents the number of movement conditions. The
units of throughput are bits per second (or bps). Calculated this way, TP is a complete measure
encompassing both the speed and accuracy of the movement performance. Speed and
accuracy are averaged over the range of IDe values used in the study, and as such, this
approach combines the effects of the intercept and slope parameters of the regression model
into one dependent measure that can easily be compared between conditions (and, indeed,
between studies).

Although TP provides a useful over-all measure of performance, movement times
(means for each ID condition), error rates (per condition), and end-point variation (the standard
deviation of end-point positions, per condition) complete the picture, and should be included in

published reports.
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3 Experimental Setup

This chapter presents the experimental setup used for the simulation of Classic EPP, Biomechatronic

EPP and "Unconnected”, along with the controllers implemented for these topologies.

3.1 The Mechanical Setup

The design and the construction of the setup had been already realized in a previous thesis [45], so the

following sections attempt to present and explain its basic parts.
3.1.1 Classic EPP setup
In Classic EPP, a motor assists the motion of a joint which is moving by means of its connection to

muscles. The basic concept of Classic EPP setup is illustrated in Figure 3.1.

Position Xag

i ®

Agonist Muscle

Drive Motor &
Gear Reduction

Position Xant

Antagonist Muscle -
Force (F ) - : Bearings

Distal Segment
of Prosthetic

Force Joint

Transducers

Control Cables Pulley

of radius r Angular Position

Figure 3.1. Schematic illustration of Classic EPP setup.

The setup used for the Classic EPP configuration is presented in Figure 3.2. The system of the
motor consists of a brushed DC motor, a gearhead coupling, a shaft and a pulley. The 3D printed part
shown in Figure 3.3 is connected to the shaft and simulates the prosthetic joint. Its rotation is driven by
the motor of the configuration. In Classic EPP topology a pair of agonist-antagonist muscles is
connected to mechanical linkages. As in most situations, the mechanical linkage used in the setup is a
Bowden cable. The cable is intertwined with the pulley. This way, the proprioception of the user is
preserved.

What remains to be clarified is the way the force is a in order to achieve the rotation of the motor.
The force mechanism consists of two force sensors connected to the terminations of the Bowden cable,
between them and the user. The applied force is read and transmitted to the controller of the scheme.

More to be said about this after the presentation of the Biomechatronic EPP setup.
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Motor Bowden Cable

Force Sensor

Coupling Pulley Shaft of Joint

Figure 3.2.  Setup for the Classic EPP configuration.

Figure 3.3. 3D printed shaft.

3.1.2 Unconnected setup

There is not much to say about the setup of the Unconnected topology. The only difference in
comparison with Classic EPP is that the force sensors are connected to a fixed place and not to the
Bowden cable. This way, the user has no feedback for the status of the prosthetic joint.

3.1.3 Biomechatronic EPP setup

As it has been previously mentioned, the aim of Biomechatronic EPP is to eliminate the disadvantages
of Classic EPP, by bypassing the usage of mechanical linkages. A schematic design of the

Bomechatronic EPP setup is demonstrated in Figure 3.4.
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Figure 3.4. Schematic design of the proposed Biomechatronic EPP setup.

slave robot

The experimental setup used for the simulation of Biomechatronic EPP is displayed in Figure 3.5.
In this control topology, the slave motor is the one that rotates the joint of the prosthetic limb and the
master motors are the ones that ace connecter to the remaining muscles of the arm. The input of the
master motors is the displacement of the slave motor. Both master motors are connected via coupling
with power screws (34mm length) acting like linear actuators which convert the rotary displacement to
translation. Thus, the master part of the setup, consisting of the master motors and their power screws
gives the user the desired proprioception.

The force mechanism is the same used for the Classic EPP setup. However, the force sensors are

placed between the powers screws and the user.

Master Motors

Slave Motor

Coupling

Power Screw

Force Sensor

Figure 3.5. Setup for the Biomechatronic EPP configuration.

3.1.4 Final Setup
All'in all, the final setup is displayed in Figure 3.6. To the right of the setup the DSpace DS1103 controller

board is displayed, which is connected to the rest of the setup. The DS1103 is an all-rounder for rapid
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control prototyping. It can be mounted in a PC or a DSpace Expansion Box to test the control functions
in a laboratory. Its processing power and fast /0O are vital for applications that involve numerous
actuators and sensors. Used with Real-Time Interface (RTI), the controller board is fully programmable
from the Simulink® block diagram environment. A detailed analysis on how to use the most often
required material of DS1103 controller board and its graphical environment (ControlDesk 5.6) is

presented in Appendix A of [45].

Figure 3.6. Final setup.

3.2 Force Transducer
An essential part of the experimental setup is the implementation of a force mechanism to provide the
reference input to the system. For all the setups presented before, this is the force of the muscles.

For this specific application, the means of converting the applied force to the muscles to a
measured signal selected is the Force Sensitive Resistor (FSR) displayed in Figure 3.7(a). The FSR's
resistance depends on the applied pressure on its surface (see Figure 3.7(b)) hence it is ideal for the
purpose of the setup. The main drawback of FSRs is that they do not have linear response, especially
for low forces. This non-linearity was confronted with the construction of the signal conditioning circuit,
shown in Figure 3.9. The Linear Technology LT1495 operation amplifier (see Figure 3.8), used in the

circuit, is one of the lowest power op amps with precision specifications.

@

RESISTANCE (k02)

FORCE (g)

(a) (b)

Figure 3.7. (a) The Force Sensitive Resistor used in the setup. (b) Resistance vs Force
diagram.
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Figure 3.8. Operational Amplifier LT1495.
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Figure 3.9. Signal Conditioning Circuit (SCC). Modified from [4].

The configuration in Figure 3.9 is like a pre-amplifier-amplifier technology. The non-inverting stage of

the op-amp OP/1A has a transfer function of:

R,,+R
Vo -V w2l 2,2 (3.1)

out out, fsr R
2,1

From the inverting stage of the op-amp OP/2A it is conducted that:

R R
=——Lx(-V )=—LxV 3.2
R ( cc) R cc ( )

fsr fsr

V.

out, fsr

By combining Eq. (3.7) and Eq. (3.2), the transfer function of the signal conditioning circuit can be

written as:
R x(R,,+R
= 1 ( 2,1 2,2) x VCC (33)
R, xR,
The output of the circuit must vary from 0 to 5V. The gain of the first stage is:
R
G = —R—‘ (3.4)

fsr

The aim of this stage is to make the response more proportional and has to be saturated at 0.5V, so

G1 must be 0.1 when the maximum force is applied. Muscle cineplasty amputees and exteriorized
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tendons amputees can produce a maximum force which varies from 0.6kg for weak amputees to 2.5

kg for strong amputees [4]. Taking the mean value (1.55 kg), we find that the corresponding resistance

of the FSR sensor used in the setup is approximately 6kQ. Thus, the value of the feedback resistance

R1 should be 0.6kQ. Depending on the maximum force an amputee can produce, the value of this

resistance can be selected respectively and thus the construction of the circuit can be personalized.
The gain of the second stage is:

:R2,1+R2,2 :14_&

G,
R2,1 RZ,I

(3.5)
G2 must be 10 so as to boost up the output of the first stage to the span 0-5V. This condition is achieved
with the usage of a 10k potentiometer. Rz 1is set to 0.93kQ and Rz 2to 8.84 kQ.

3.3 Hardware Connectivity

In order to proceed, it is required to connect the previously presented setup with the appropriate
hardware, the power supply (see Figure 3.10) and the DS1103 (see Figure 3.11). The setup can be
split in three divisions. The first one concerns the prosthesis motor or slave motor for Biomechatronic

EPP, the second one the system of the master motors and the third one the FSR sensors.

VOLTAGE FINE CURRENT VOLTAGE CURRENT VOLTAGE FINE CURRENT

- ) ) T ) I "Tmre T @

ELECTRONIC ouTPUT
FUSE

TRIPLE
POWER SUPPLY
HM7042-5

Figure 3.10. Hameg7042-5. Two of these power suppliers (totally five channels) used for the
power supply of the whole setup.

Figure 3.11. DS1103 expansion box and the 50 pin D-SUB male connectors cables.
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3.3.1 Slave motor subsystem

The slave motor system of the setup consists of the Maxon RE 30 30 mm motor, the Analog Servo
Drive AZBDC10A4 (see Figure 3.12), the HEDS 5540 500 Counts per turn encoder (see Figure 3.13),
the appropriate ports of DS1103 controller board and of course the power supply.

~—P1

PN

Figure 3.12. AZBDV10A4 analog servo drive.

30 <183
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e | =1
Wl Al
/ T | )

Fin 110

Encoder Description Pin no. from

3409.506

Pin 5 Channel B 1

Pin 4 Ve 2

Pin 3 Channal A 3

Pin 2 Channal | 4

Pin 1 GND 5

Cable with plug:

meaxon Art, Nr. 3400 506
The plug (Harting 918.906.6803) can
be foved in the required position.

Cable with plug: {compatible
with encoder HEDSE010)

maxon Art. Nr. 3408504

The plug [3M 89110-0101) can be
fved in the required position.

Figure 3.13. HEDS 5540 500 Counts per turn encoder pins mapping.

43/143



Table 3.1 and Table 3.2 present the connectivity map of the driver and the encoder, respectively.

Table 3.1. Analog Servo Drive AZBDC10A4 connectivity map.

Analog Servo Drive AZBDC10A4 Mapping

ala Hardware Pin DS1103 Pins/Power Supply
1 P1 —Pin 1 P1B25(DACH1)
2 P1—-Pin2 P2B28(SPWM1)
3 P1-Pin 6 P1B23(ADCH17)
4 P1-Pin 8 Signal Ground
5 P1—Pin 11 Signal Ground
6 P2 — Pin 1 Motor Phase 1 (Red)
7 P2 -Pin 3 Motor Phase 2 (Black)
8 P2 -Pin 8 Power Supply(GND)
9 P2 — Pin 10 Power Supply(+15V)

The Signal Ground is common with Power Ground. Moreover, there is a 100uF decoupling capacitor
between Pins 10 and 8. It has to be noted that apart from the three pins of DS1103 showing in Table
3.1, their respective Ground Pins (P1B26, P1B24 and P2B37) are also connected to the ground of the

rest setup.

Table 3.2. ENCODER HEDS5540 500 Counts per turn connectivity map.
Encoder HEDS 5540

ala Hardware Pin DS1103 Pins/Power Supply
1 Pin 1- GND P3B12(GND)/Ground
2 Pin 2-Index -
3 Pin 3-Channel A P3B11(PHIO(3))
4 Pin 4- Vcc Power Supply(+5V)
5 Pin 5 — Channel B P3B44(PHI90(3))
For completeness and better understanding the schematic design is illustrated in Figure 3.14.
PS1103
SLAVE
MOTOR
FH DRIVER

-

= P10
100uF P9

Slave Motor

2
3
5]

T
& ‘ |
GND L]
GND P
HEDS 5540|" = ° "7

Figure 3.14. Schematic Design for the Slave Motor Division.

44/143



3.3.2 Master motors subsystem

The master motors system division of the setup consists of the two DCX12L EB KL master motors, the
DRV8833 Dual Motor Driver Carrier (see Figure 3.15), the encoders Sensor - ENX10 EASY 512IMP of
the motors demonstrated in Figure 3.16, the appropriate ports of DS1103 and the power supply.
DRV883 replaced the L293d Quadruple Half-H Driver due to the lack of the last to provide the
desirable current to the motors of the setup. More specifically, Texas Instruments’ DRV8833 can deliver
1.2A per channel continuously (2A peak) to a pair of DC motors, instead of L293D which can provide

only 600mA per channel.

BIN2 5j K7 BOUT2
AIN2 LJ (8 J

Figure 3.15. DRV8833 motor driver.

10-pin 1.27 mm multipoint connector
e.g. Samtec FTSH series

Pin 1: Do not connect!
Pin 2: Vcc

Pin 3: GND

Pin 4: Do not connect!
Pin 5: Channel A
Pin 6: Channel A

Pin 7: Channel B
Pin 8: Channel B

Pin 9: Channel T

Pin 10: Channel |

Figure 3.16. The ENX10 EASY 512IMP encoder pins mapping.
Table 3.3, Table 3.4, Table 3.5 present the connectivity map of the motor driver and the encoders.

Table 3.3. DRV8833 Dual Motor Driver Carrier connectivity map.
DRV8833 Dual Motor Driver Carrier

ala Hardware Pin DS1103/Power Supply
1 Pin 1 — GND Ground
2 Pin 3 - BIN1 P2B29(SPWM7)
3 Pin 4 - BIN2 P2B13(SPWM9)
4 Pin 5 - AIN2 P2A29(SPWMS8)
5 Pin 6 - AIN1 P2A27(ST2PWM)
6 Pin 11 - AOUT1 Master Motor Right(Red)
7 Pin 12- AOUT2 Master Motor Right(Black)
8 Pin 13 - BOUT2 Master Motor Left(Black)
9 Pin 14 - BOUT1 Master Motor Left(Red)
10 Pin 15 - Vin Power Supply(+6.5V)

The respective Ground Pins (P2A34, P2A35, P2B34 and P2B35) of the DS1103 ports shown on
Table 3.3 are connected to the ground of the rest setup.

Table 3.4. Sensor - ENX10 EASY 512IMP connectivity map for Master Motor Right.

45/143




Sensor - ENX10 EASY 512IMP (Master Motor Right)

ala Hardware Pin DS1103 Pins / Power Supply

1 Pin 2 - Vcc Power Supply (+5V)

2 Pin 3 - GND P3A27(GND)/P3B27(GND)/Ground
3 Pin 5 - Channel 4 P3A41( PHIO(1))

4 Pin 6 - Channel A P3B41(PHI0(1))

5 Pin 7 - Channel B P3A25 ( PHI90(1) )

6 Pin 8 - Channel B P3B25(PHI90(1))

Table 3.5. Sensor - ENX10 EASY 512IMP connectivity map for Master Motor Left.
Sensor - ENX10 EASY 512IMP (Master Motor Left)

ala Hardware Pin DS1103 Pins / Power Supply

1 Pin 2 - Vcc Power Supply (+5V)

2 Pin 3 - GND P3A42(GND)/P3B42(GND)/Ground
3 Pin 5 — Channel 4 P3A26( PHIO(2) )

4 Pin 6 - Channel A P3B26(PHI0(2))

5 Pin 7 - Channel B P3A10( PHI90(2) )

6 Pin 8 - Channel B P3B10(PHI90(2))

In Figure 3.17 the schematic design for the master motors division is illustrated.

DS1103

DRV8833

GND2 { Gnp2  GND1
MM ymm VIN
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“%M“ SLP 1 sip arsen | AISEN
15479 E 5

)
™)

[HH +5 BT AT pisen [DINSEN Master  Master
N GND Motor Motor
D448g10 HH Right Left

Encoder Right _Hncoder Left ‘

Figure 3.17. Schematic Design for the Master Motors Subsystem.

3.3.3 FSR Sensors Subsystem

The connection of the FSR Sensors is the least arduous one. It just requires two “analog to digital”

channels. Table 3.6 and the Figure 3.18 present the connectivity map and the schematic design for the
FSR division, respectively.
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Figure 3.18. Schematic Design for the FSRs’ Subsystem.

Table 3.6. FSR Sensors connectivity map.

ala Hardware Pin DS1103 Pins
1 Sensor Right Output P1A02(ADCHO04)
2 Sensor Left Output P1A04(ADCH10)

As previously, P1A03 and P1A05 which are the Ground Pins for the DS1103 ports used are connected
to the ground of the setup. Moreover, the FSR sensors require two voltage sources: a+5V anda-5V.

Concluding, in this chapter the experimental setup, as it was constructed for the experiments to
come, was presented. Due to the amount of the required connections, we divided the description of the
hardware connectivity in order that the readers and the future users of the setup may be able to

understand each subsystem individually.
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4 Control topologies

The objective of this chapter is to present the control schemes implemented for Classic and
Biomechatronic EPP. This notion was already implemented in Simulink and can be found in Chapter 6
of [45]. However, a new version of this program had to be realized in order to include the alterations
made in the setup during this thesis. The structure of the program analysis is separated in divisions. At

each one, a specific part of the control scheme design is presented.

4.1 Classic EPP control topology

A schematic structure of the Classic EPP topology is displayed in Figure 4.1. As it has been mentioned
previously, the Classic EPP control is achieved via direct connection of the control muscles to the
prosthetic limb, using Bowden cable. In this topology the forces applied by the muscles to the terminals
of the Bowden cable are captured by the corresponding sensors and after their processing the controller
drives the slave motor.

The relationship between the displacement of the Bowden cable terminals at the points of

connection to the muscles and the angular displacement of the slave motor is given by:

x;g = res
' ) (4.1)
xll}’lt = _r N

Where x; and x,, in mm are the displacements of the agonistic and antagonistic muscles,
respectively, ris the radius of the slave motor pulley (12mm) and 6s is the angular displacement of the

slave motor in rads.

Bidirectional
Classk EPP
Controller

Figure 4.1. Schematic structure of the Classic EPP topology.

Figure 4.2 presents the various stages of the controller designed for the evaluation of the Classic EPP

topology, which is basically an open loop torque controller. Each one of the stages are described below.
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Figure 4.2. Schematic diagram of the Classic EPP controller.
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4.1.1 Input Force Processing

In Section 3.2 the signal conditioning circuit for the FSR sensors was presented. However, the obtained
signals need further processing before we can set them as input to the prosthesis motor driver.
Figure 4.3 illustrates the part of the Simulink program which is responsible for the processing of

the acquired force signals.

DEmoBoe  suresRiLow
Oyramic

Progus o 5
Compare  Logtal Cat Type Convemnts M5 TYP8 Commaion! 6. o
Tozens  Operaws ozFsRILOW Oyamkt  saTESR2 LOW Oyramc

Figure 4.3. Processing of the acquired force signals.

The main purpose of this processing is the imitation of the upper limb prosthesis according to the
diagram presented in Figure 4.4. A detailed analysis is presented in [45], Section 6.3. The output of this

stage is the difference between the force signals in Volts.

AVERAGE EXTENSION

DRIVE BAND FULL
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i = FORCE
\: e 255
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1
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FULL
FLEXION
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61
Figure 4.4. Upper and Lower Bounds of the FSR sensor Output. From [4].
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4.1.2 Position Bounds Control and Direction

The prosthesis motor is where the mechanical joint is to be placed. Thus, it should not be able to rotate
continuously, because in such a situation a mechanical impact would be imminent. Apart from the
mechanical stops which will be placed in the setup during the experiments to come. Position bounds
must be also set in software. These bounds have to prevent the controller from giving command to the
prosthesis motor if the movement limits have been reached.

If F is the input force and B¢, 6; are the boundary values of the movement in the extension and
flexion bands respectively, then the following equation describes how the controller must command the
motor for different combinations of F and the slave motor angular position, 6s.

0 <06, clockwise rotation
F>0and 16,<60, <0,, clockwise rotation
0 > 0/., halted
(4.2)
0.<0, halted
F<0and 16,<6, <6,, anticlockwise rotation
0,>0, anticlockwise rotation

Figure 4.5 presents the corresponding Simulink code. It also displays how the direction change is
implemented. Depending on the output of the first stage, the D/A converter pin connected to the Analog
Servo Drive AZBDC10A4 direction pin is either HIGH or LOW, providing the ability to change direction.

Logeal Logtal Type Corversbm2
Operawr Operad2  operawn

Convert l
LI

Data Type Comveriont

Poout Type Conversbnit Ads

Data Type Conversion

DS11030AC_C1 DAC

Figure 4.5. Position limits and direction change

4.1.3 Motor Drive

The output of the driver is current, but its input is PWM pulses. The magnitude of the current depends
on the duty cycle of the PWM pulse. Thus, the input of the drive must be normalized to [0 1]. The

maximum absolute value of the difference of the two outputs is +5, while the minimum is 0. Ergo, to

50/143



normalize it to the desired range the gain 1/5 can be used (1/Vmax in Figure 4.6). However, if the range
of the duty cycle is the [0 1], then even at pretty insignificant forces, the duty cycle will reach the value
1 easily. The “FSR reduce Gain” reduces the range of the duty cycle to a range specified by the user.

A range of [0,0.03] was used during the realization of the experiments.

- v W’/ Dty cyce s
I Abs iAMmax ~ TSRreuce PWMPR®RIDApIowy cyced
Dy cyce ¢

Gromd | 0 } PN 2o

P OwoN DS11035L_DSP_PW MG

Figure 4.6. Normalization of the input for the motor driver.

With the FSR sensors connected to the Bowden Cables or to a fixed pace this part of the Simulink file

can be used to conduct experiments either for the Classic EPP or the Unconnected configuration.

4.2 Biomechatronic EPP control topology

Figure 4.7 displays the schematic structure of the proposed Biomechatronic EPP topology. As in Classic
EPP configuration the forces applied by the antagonistic pair of muscles are the input of the system.
However, in this scheme, the muscle terminals are connected to the master motors of the
Biomechatronic EPP topology. The force signals are transmitted to the slave system controller, which
sets the torque of the prosthesis motor. Then, each position controller sets the displacement of the

corresponding master robot according to the displacement of the slave motor.

position error

position

ag

position error position

ant

Prosthesis

Bidirectional
Biomechatronic EPP
Controller

Figure 4.7. Schematic structure of the Biomechatronic EPP topology.
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The Biomechatronic EPP control scheme is illustrated in Figure 4.8. The open loop control of the slave

motor is the same as in the Classic EPP configuration. The most important parts are described below.

[]
O Position_Bounds_and_Direction Slave_Motor_Driver | —»|  Slave_Motor

(] o ]
PD_Controller *@—v Normalization Master_Motor_Driver——{ Master_Moltor_Left /x
. I
4>©—> PD_Controller —)@—b Normalization Master_Motor_Driver| »Mast _Moltor_Right—‘ /x

Reverse_Motion

Feedforward_Friction_C

Figure 4.8. Biomechatronic EPP control scheme.

4.21 Reference Input

The position response of the slave motor is the reference input for the master motors closed loop
controller. The aim of each master robot is to set the length of the corresponding muscle appropriately,

according to the response achieved in the Classic EPP configuration. Therefore, according to Eq.(3.6),

des
ag

xdes :xc — re
{ ag ag s } (43)

de:
X =x,, =—ro

ant ant

) and antagonistic ( x™

ant

the desired position of the agonistic ( x ) linear actuators can be expressed

as:

The respective desired angular displacement (6°“ ) of the master motors is described by the following

ag,ant

equation:
2 pi
O == 10,

e L)

ant s

Where h is the lead of the of the screw used for the construction of the master robots.

4.2.2 PD Controller

It has been already determined from previous works that a PD controller is the appropriate way to
implement the closed loop scheme [25] [45]. The system identification of the master motors which is
required for the design of the controller, was realized in cooperation with the former MSc student
Koukoulas Nikolaos and is presented thoroughly in Section 6.1 of his MSc thesis [23].

The model equation for the system of the master motors and their lead screws is given by Eq.
(4.5).
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2—ﬂfx'+2—ﬁb5c =K, i—csgnx (4.5)
h h
Where: x — position of the lead screw

h — lead of the screw

i —armature current

Kt — Torque constant

J — Moment of Inertia of the system

b — Dumbing of the system

¢ — Coulomb Friction

In Table 4.1 the values of those parameters are presented for both master motors.

Table 4.1. The values of the parameters of the system.

Parameter Master Motor Right Master Motor Left
h 1.22 mm 1.22 mm
Kt 644 N -mm/ A 6.44 N -mm/ A
J 6.061-10° N -mm - s° 6.067-10° N -mm - s’
b 242.44-10°N -mm - s 242.68-10°N-mm-s
c 0.228N - mm 0.147N - mm

With these values obtained the open loop transfer function of the plant-G(s) between linear position
(mm)-X(s) and input current (A)-I(s) for both right and left master motor is obtained by Eq.(4.6):
_X(s) 3900 _ 156000

G(s) =—
I(s) 5(0.025s+1) s~ +40s

(4.6)

With the transfer function of the plant obtained, the implementation of the PD controller for position

control is the next step. The closed-loop block diagram of the controller is illustrated in Figure 4.9.

Xd(s) E(s) I(s) X(s)

Kp+Kds | g P
s2+b.s

Figure 4.9. PD Control of DC motor plant.

The transfer function of such a system can be written as:

X(s) B aKdS+aKp 7)

X, (s) s2+(b+aKd)s+aKp '
The characteristic equation is:

CE: s’ +(b+akK,)s+akK, (4.8)

With two controller parameters, and a 2nd order closed-loop system, the poles can be freely assigned.
Using the (&', @, ) parametrization, we set the characteristic equation to be:

s’ +2los+ (4.9)
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Where: wn — natural frequency
¢ — dampingratio (0<4 <1 )
Comparing Eq. (4.8) and Eq. (4.9) is derived that:

K = (4.10)

4.11)

From Eq. (4.6): a =156000 and b=40 .

The controller must have fast and “instantaneous” response. Taking into account that the slave
encoder has a resolution of 0.68 degrees which increases to 0.0133 degrees due to the “343/17576”
reduction rate of the coupling and using Eq. (3.6), it is obtained that the minimum input and therefore
the minimum error can be 0.0027mm. It is also known that the maximum current that the master motor
driver can provide is 1.2A. Assuming that the controller would provide in its output the maximum current
for an error value of 0.06mm and evaluating only proportional control (Kd = 0), the value of the gain Kp

obtained is given by Eq. (4.717):
0.06*K,=12< K, =20 (4.12)

Then, by Eq. (4.9) natural frequency is computed:
w,=1766.4 rad / s (4.13)

For minimal overshoot above the desired value the peak time (t,) must be equal to settling time(ts).

Peak time and settling time are given by the Eq. (4.73) and Eq. (4. 714), respectively.

T
} =———— (4.14)
AN TS
p =2 (4.15)
o,
Assuming t, = ts, then the damping ratio { is computed:
§=0,6 (4.16)

With the natural frequency and the damping ratio obtained the gain Kd can be computed via Eq. (4.70):
K,=0.0133 (4.17)
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Figure 4.10.

4.2.3 Feedforward Friction Compensation

Apart from the PD controller, another structure used in order to enhance the tracking performance of
the master motors, by means of model based feedforward friction compensation. This structure is

illustrated in Figure 4.11 with a block diagram [1].

Feedforward

-

Drive with

PD Controller friction

PP b

Reference
model

A

Sensor

Figure 4.11. Block diagram of model based feedforward friction compensation.

The compensation signal is added in the output of the PD controller and is based on the reference
signal. Rewriting the Eq. (4.5) we obtain:

Ki:%fx'+27ﬂbx+csgnfc (4.18)

t

From Eq. (4.17), it is observed that the friction of the motor can be analyzed in three different terms.

2 .
e Inertial Friction - %Jx
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27 .
e Viscous Friction - —ﬂbx

e Coulomb Friction - csgnx

The implemented feedforward loop consists of these terms and is illustrated in Figure 4.12.

Aau
7l ae
Derivative1 Jtr ! ' :

AI\ | 2pihKtr on/offr
K

Sign2

Reference Velocity

Figure 4.12. Feedforward loop.

4.2.4 Motor Drive

The DRV883 which is used as motor driver in the setup can be modeled as a simple gain, Kpc->a, which
converts the Duty Cycle to Ampere. The way these gains are computed for the two master motors is
presented in Section 6.2 of [23]. The gains for the right and the left motor are 1.1208 A/DC and
1.0755A/DC, respectively.

The inverse values of the aforementioned gains are used for the conversion of the controller output,
which is current, to the driver input which is PWM as Figure 4.8 illustrates.

The last step is to provide the motor driver with the appropriate input signals. Table 4.2 presents
the logic of DRV8833.

Table 4.2. Logic table of DRV883 Inputs

1 1-DC Forward, Slow Decay
1-DC 1 Reverse, Slow Decay
DC 0 Forward, Fast Decay
0 DC Reverse, Fast Decay

The “Slow Decay” mode was used. Looking back to Figure 3.15 there are two input signals for each
motor. According to Table 4.2 one of them must be always “1” and the other, the obtained PWM signal
subtracted from “1”. The direction in which each motor rotated depends on the signal of the error. For
the right motor which moves in the same direction as the slave motor, when the error is positive the
“Forward Mode” is activated, while the opposite applies for the left motor.

To summarize, this chapter described the process followed for the design of the required
controllers and their implementation using MATLAB/Simulink. Due to the size of the written Simulink
program, we were not able to present it as a complete entity. However, it is available in the CD-ROM
provided with this thesis.
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5 EMG Setup and Controller

The aim of this chapter is to present the setup used for the realization of the EMG control topology
along with the way the EMG signals acquired and processed in order to drive the prosthesis. However,
before the acquisition of the EMG signals the placement of the muscle sensors had to be identified. As
the experiments to come concern the wrist movement, the part of the upper limb which had to be

examined was the forearm.

5.1 Anatomy of the Forearm

Forearm is split into two compartments, the posterior and the anterior. Generally, the muscles in these
two parts are split into three categories: superficial, intermediate and deep. Nevertheless, the surface
electromyography concerns the superficial muscles (see Figure 5.1 and Figure 5.2) so the following

sections describe those and only.

5.1.1 Anterior compartment of the forearm

The superficial muscles in the anterior compartment are the flexor carpi ulnaris, palmaris longus, flexor
carpi radialis and pronator teres. They all originate from a common tendon, which arises from the medial
epicondyle of the humerus.

Flexor Carpi Ulnaris

¢ Attachments:Originates from the medial epicondyle with the other superficial flexors. It also has
a long origin from the ulna. It passes into the wrist, and attaches to the pisiform carpal bone.

e Actions: Flexion and adduction at the wrist.

¢ Innervation: Ulnar nerve.

Palmaris Lonqus

This muscle is absent in about 15% of the population.

¢ Attachments: Originates from the medial epicondyle, attaches to the flexor retinaculum of the
wrist.

e Actions: Flexion at the wrist.

e Innervation: Median nerve.

Flexor Carpi Radialis

¢ Attachments: Originates from the medial epicondyle, attaches to the base of metacarpals Il and
.

e Actions: Flexion and abduction at the wrist.

e Innervation: Median nerve.

Pronator Teres

The lateral border of the pronator teres forms the medial border of the cubital fossa, an anatomical

triangle located over the elbow.

e Attachments: It has two origins, one from the medial epicondyle, and the other from the
coronoid process of the ulna. It attaches laterally to the mid-shaft of the radius.

e Actions: Pronation of the forearm.

e |nnervation: Median nerve.
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Figure 5.1. The superficial muscles of the anterior forearm

5.1.2 Posterior compartment of the forearm

The superficial layer of the posterior forearm contains seven muscles. Four of these muscles — extensor
carpi radialis brevis, extensor digitorum, extensor carpi ulnaris and extensor digiti minimi share a
common tendinous origin at the lateral epicondyle.
Brachioradialis
o Attachments: Originates from the proximal aspect of the lateral supracondylar ridge of humerus, and
attaches to the distal end of the radius, just before the radial styloid process.
o Actions: Flexes at the elbow.
e Innervation: Radial nerve.
Extensor Carpi Radialis Longus and Brevis
The extensor carpi radialis muscles are situated on the lateral aspect of the posterior forearm. Due
to their position, they are able to produce abduction as well as extension at the wrist.
o Attachments: The ECRL originates from the supracondylar ridge, while the ECRB originates from
the lateral epicondyle. Their tendons attach to metacarpal bones Il and III.
o Actions: Extends and abducts the wrist.
o Innervation: Radial nerve.

Extensor Digitorum

The extensor digitorum is the main extensor of the fingers. To test the function of the muscle, the
forearm is pronated, and the fingers extended against resistance.
o Attachments: Originates from the lateral epicondyle. The tendon continues into in the distal part of
the forearm, where it splits into four, and inserts into the extensor hood of each finger.
o Actions: Extends medial four fingers at the MCP and IP joints.

¢ Innervation: Radial nerve (deep branch).
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Extensor Digiti Minimi

The extensor digiti minimi is thought to originate from the extensor digitorum muscle. In some
people, these two muscles are fused together. Anatomically, the extensor digiti minimi lies medially to
the extensor digitorum.

o Attachments: Originates from the lateral epicondyle of the humerus. It attaches, with the extensor
digitorum tendon, into the extensor hood of the little finger.

o Actions: Extends the little finger, and contributes to extension at the wrist.

¢ Innervation: Radial nerve (deep branch).

Extensor Carpi Ulnaris

The extensor carpi ulnaris is located on the medial aspect of the posterior forearm. Due to its
position, it is able to produce adduction as well as extension at the wrist.
o Attachments: Originates from the lateral epicondyle of the humerus, and attaches to the base of
metacarpal V.
o Actions: Extension and adduction of wrist.
¢ Innervation: Radial nerve (deep branch).
Anconeus
The anconeus is situated medially and superiorly in the extensor compartment of the forearm. It is
blended with the fibers of the triceps brachii, and the two muscles can be indistinguishable.
¢ Attachments: Originates from the lateral epicondyle, and attaches to the posterior and lateral part of
the olecranon.
o Actions: Extends and stabilizes the elbow joint. Abducts the ulna during pronation of the forearm.
e Innervation: Radial nerve.

E Brachioradialis

|:| Extensor carpi radialis
longus and brevis

[] extensor digitorum

I:I Extensor digit minimi

. Extensor carpi ulnaris

U Anconeus

Figure 5.2. The muscles in the superficial layer of the posterior forearm.
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5.2 EMG Sensors

The bioelectrical activity inside the muscle of a human body is detected with the help of EMG electrodes.
There are two main types of EMG electrodes: surface (sSEMG) and inserted electrodes. Application of
inserted electrodes requires strict medical supervision and certification. Surface EMG electrodes
require no such formalities. Surface EMG electrodes have found their use in motor behavior studies,
neuromuscular recordings and sports medical evaluations [29]. Apart from all this, surface EMG is being
increasingly used to detect muscle activity in order to control device extensions to achieve prosthesis

for physically disabled and amputated population.

5.2.1 Myo Armband

For the needs of this thesis the Myo Armband (see Figure 5.3), developed by Thalmic Labs, was
employed. It is a commercial EMG-based sensor band for estimating hand gestures. It provides high
quality EMG measurements with an 8-bit resolution, and a sample rate of 200 Hz. It consists of 8 pods
that are placed evenly around the wearers forearm, each containing a surface EMG sensor. The pods
are connected to one another with an expandable band, assuring a comfortable and secure grip around
the arm. It also has a built in gyroscope and accelerometer, which can be sampled at 50 Hz.

The finish and ease of use of the Myo Band, along with the fact that is made for use for the forearm

makes it a compelling choice for this thesis.

Figure 5.3. The Thalmic Labs Myo Armband.

5.2.2 Placement

Myo Armand has to be placed in such way so that we can capture the activity of the muscles which
control the wrist flexion and extension. From Sections 5.1.1 and 5.1.2 it is derived that the muscles of
interest are Flexor Carpi Radialis and Extensor Carpi Radialis for wrist flexion and extension
respectively. This consideration can also be verified from other works in this field [14] [17]. In order to
acquire the best possible signal, the Myo Armband must be placed so that its EMG sensors are attached
on the belly of the muscle, as there, the target muscle fiber density is the highest [42]. Figure 5.4.b
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demonstrates the exact way the Myo Armband is placed. The sensor pod number 4 is attached on the
Extensor Carpi Radialis, while sensor pod number 7 is on the top of Flexor Carpi Radialis. The

numbering of the sensor pods is shown in Figure 5.4.a.

(a) (b)

Figure 5.4. (a) Numbering of sensor pods. (b) The Myo Armband mounted on the forearm.

5.3 EMG Signal Acquisition and Configuration

With the Myo Armband properly placed, the EMG signals acquisition and configuration are the next
steps. The data is transmitted by Myo Armband over a Bluetooth Low Energy (BLE) protocol to the
computer in which its USB connector is adapted. To establish this connection, the application Myo

Connect must be installed.

5.3.1 Acquisition

The raw EMG data provided by MYO should be available on the platform which controls the prosthesis
motor. As it has been previously mentioned in Chapter 3, this platform consists of the DS1103 controller
board and MATLAB. Myo Connect and other programs provided in Myo Market (e.g Myo Data Capture)
were not sufficient to create this communication. After extensive research, Myo SDK MATLAB MEX

Wrapper, created by Mark Tomaszewski was finally used (https://github.com/mark-toma/MyoMex). On

the surface, this package contains a simplified m-code class, MyoMex, that enables MATLAB users to
stream data from one or two Myo devices at 50Hz (IMU and meta data) and 200Hz (EMG) [44].

The digitization process of the analog EMG signals is carried out with the Analog to Digital
Converters (ADC) of MYO. The range of potentials provided by the Myo armband is between -128 and
128 in units of activation and is not translated to volts (V) or millivolts (mV). MyoMex normalizes the
EMG data to the span [-1,1].

5.3.2 Configuration

With the EMG data being streamed in MATLAB in real-time, it has to be processed so that it can be
used as input for the motor driver. Figure 5.5 illustrates the various processing stages.
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Figure 5.5. EMG configuration stages.

Normalization Threshold

The notch filter removes 50 Hz noise which is present anywhere in the vicinity of electrical installations.
This, along with an anti-aliasing filter is implemented by Thalmic Labs on the Myo Armband. The high-
pass filter removes any DC offset. The rectification along with the low-pass filter functions as an
implementation of a linear envelope. Both the high pass and the low pass filters used are fourth order
Butterworth filters with cut-off frequencies of 30Hz and 6Hz respectively. The filters have been designed
according to [24]. Then, the EMG data are normalized using the method of Maximum Voluntary
Isometric Contraction (MVIC) and thresholds are applied [31]. The resulting signal represents the
activation level of the corresponding muscle. The mean absolute values (MAVs) of the EMG signals
are calculated from 100ms sliding windows, with a frame increment of 50ms. Following, the processing

stages are discussed thoroughly.

High-Pass Filter

The raw EMG signals provided by MYO are firstly high-pass filtered using a fourth-order Butterworth
filter with a cut-off frequency at 30Hz (Figure 5.6) to remove movement artifact. The filter was designed
in MATLAB.
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Figure 5.6. High-Pass filter magnitude and phase responses.

Rectification and Low-Pass Filter

After high pass filtering, the signals are rectified and low-pass filtered using a fourth-order Butterworth
filter with a cut-off frequency at 6Hz (Figure 5.7). The full wave rectification before low-pass filtering is
obligatory for the EMG signal as it is naturally zero-mean, with fast oscillations. Smoothing it without

firstly rectifying it would result to an almost “zero” signal.
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The combination of rectification and low pass filtering is also called finding the “linear envelope” of
the signal, since the filtering operation meets the mathematical definition of linearity, and because it is
low pass, it captures the “envelope” of the signal.

Magnitude Response (dB) and Phase Response

80 0.234
60 0.942
40 165
%’ 20 2.358 é
@ ]
E 0 3065 &
- [+
= @
5 20 773 @
= o
40 -4.481
60 5.189
80 5.897

0 0.2 0.4 0.6 0.8
Normalized Frequency ( x w rad/sample)

Figure 5.7. Low-Pass filter magnitude and phase responses.

Figure 5.8 illustrates how the high-pass filtering and the “linear envelope” stages influence on the form

of an excerpt of EMG signal taken from Extensor Carpi Radialis during extension exercise.

Raw EMG

(@)

High-Pass Filtered
(b)

0 1 2 3 4 5
Time(s) Time(s)
Rectified Low-Pass Filtered
(c) (d)
1 0.4
0.5 | 0.2
0 0
0 2 3 4 5 A 2 3 4 5
Time(s) Time(s)
Figure 5.8. EMG signal excerpt from Extensor Carpi Radialis during configuration. (a) Raw

EMG signal, (b) High-Pass Filtered, (c) Rectified and (d) Low-Pass Filtered.
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Normalization

For the normalization of the acquired EMG signals, the method of Maximum Voluntary Isometric
Contraction (MVIC) was selected. The process of normalization using MVICs is that a reference test
(usually a manual muscle test) is identified which produces a maximum contraction in the muscle of
interest [15]. Three repetitions of the test were performed, separated by two minutes to reduce any
fatigue effects, so as to preserve the repeatability between test measures. MVIC EMG data were
processed the same way as described above. For all trials, the processed EMG data from each muscle
were divided by the single greatest value of the processed EMG data from all that muscle’s
corresponding MVIC trials. Figure 5.9 presents the EMG signal excerpt after the stage of normalization.
The normalized signal is an assessment of the level of the activity of the muscle compared to the

maximal neural activation of the muscle.
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Figure 5.9. Normalization of EMG signal.

Threshold

The control of the prosthesis motor is provided through the threshold technique. The idea behind that
technique is that there is an activation level below which the muscle does not trigger movement on the
corresponding limb. The thresholds are applied in the normalized MAVs of the antagonistic pair of

muscles. The difference in signal amplitude is used to set the %DC of the motor driver. More explicitly:

e [

where M1 is the MAV of the first muscle in the antagonistic pair, G1 is the respective value obtained
during MVIC and T1, is the threshold applied. Similarly, M2, G2, and T2 represent the MAV, MVIC value
and threshold for the second muscle. Thresholds are manually set to minimize unintended activity.

x100% (5.1)

Figure 5.10 demonstrates processed excerpts from Extensor Carpi Radialis and Flexor Carpi Radilalis
along with a common applied threshold.

Thereupon, the position bounds of the prosthesis motor are set exactly the same way as in the
situation of Classic EPP (Section 4.1.2).
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Figure 5.10. Threshold of the input signals.

As a conclusion, the presented EMG control scheme will be used in the experiments to come
where its performance will be evaluated. It is worth mentioning the usefulness of the Myo Armband as

its compact form facilitated the implementation of the EMG control topology.
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6 Target experiment

In this experiment, a rectangular shaft was added in the gearhead of the slave motor, see Figure 6.1.a.
As the motor rotates, the shaft moves similarly to the movement a hand makes during wrist flexion and
extension, see Figure 6.1.b. We also added two mechanical stops, one 90 degrees in clockwise
direction and one 75 degrees in counterclockwise direction, modeling the wrist flexion and extension
bounds, respectively. This way, the shaft served the role of the prosthetic hand and the slave motor of
its movement actuator.

The aim of the experiment was to compare the ability of the subjects to control the rotational
displacement of the slave motor, therefore the position of the prosthesis, using four different control
methods, the Classic EPP, the Biomechatronic EPP, the “Unconnected” method and the EMG control.

SUM puep

(a) (b)

Figure 6.1. (a) Shaft added to imitate wrist movement. (b) Extension and flexion of the wrist.

6.1 Protocol

In Fitts' original experiment, subjects moved a stylus back and forth between two targets and tapped
on them as quickly and accurately as possible, see Figure 6.2. In the Human Computer Interaction
research area, many works have mimicked Fitts’ paradigm with the difference that the subjects had
manipulated an input device to move a cursor between two targets displayed on a monitor display (see
Figure 6.3), in order to exclude results for the efficiency of the input device. In our experiment, the
position of the shaft was displayed on a computer monitor as the position of the cursor. Subjects
manipulated the shaft, to move the cursor between targets displayed on the monitor. The graphical
interface was constructed in the environment of MATLAB, using the Psychophysics Toolbox Version 3

(PTB-3), a free set of Matlab functions for vision and neuroscience research [20].
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Figure 6.2.  Fitts’ Paradigm.

Figure 6.3. Fitts’ Law application in Human Computer Interaction.

6.1.1 Subjects

Twelve male and two female subjects took part in the experiment as volunteers, see Figure 6.4.

Figure 6.4. Subjects during the experiments.

6.1.2 Procedure

Subjects performed multiple trials on a simple task using the four aforementioned control topologies.
The operation of the experimental setups and the requirements of the task were explained and
demonstrated to each subject before the beginning of the experiments. One warm-up block of trials was

given prior to data collection.
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The task which had been constructed was proportional to Fitts’ serial task. The subjects did
reciprocal pointing on a pair of circular targets (see Figure 6.5). The targets appeared on the periphery
of a semicircle, which corresponded to the shaft orbit. Their position was determined as the angle in
which their center lied upon the semicircle. One target was the starting point (GREY COLOR) and the
other was the target point (RED COLOR). The subjects tried to reach the target and remain inside it for
1 second (dwell time), otherwise if they were reaching it and then overshooting it, the attempt was
considered a failure. After each iteration, the targets switched colors, guiding subjects through the block
of trials. Subjects were instructed to balance speed and accuracy. They were told that if too many errors
were made, they were moving too fast, and if they never (or rarely) made an error, they weren't moving

fast enough.

NN,

Reach the highlighted target to begin Reach the highlighted target to begin

Figure 6.5, Monitor display during experiments.

6.1.3 Design

A fully within-subjects repeated measures design was used. Controlled variables were the control
method (four levels), the task (one level), the target distance (five levels) and the target width (five
levels). Dependent variables were the movement time (MT), the error rate (calculated from the reaching
angle), and the throughput (7P = MT/ID ). The movement time was measured from the beginning of
a move to the reaching of a target (Dwell time and Reaction Time excluded from the measurement of
Movement time). The beginning of a move occurred with the first cursor position change after the end
of the previous move.

The experiment was sequenced by trials, blocks and sessions. Each trial was a single target-select
task. each block was a series of 15 trials for the same target-select task; each session was a series of
25 blocks covering, in descending target width, the 25 combinations of target distance and target width.
Sessions were conducted on four separate days for each subject, using a different control method. The
order of administering control topologies was counterbalanced by 2 groups of 3 subjects and two groups
of 4 subjects. After one session for all control methods, a subject had completed a total of 15 x 5 x 5 x
4 = 1500 trials.

The width (W) of the targets and the center-to-center distances (D) between the circles were set
at W= 2,3,5,10 and 15 degrees and D =27.5,67.5,80,95 and 135 degrees (see Table 6.1), resulting in
IDs from 1.5025 to 6.0298 bits.
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Table 6.1 Possible widths and distances

Possible widths (degrees) Possible distances (degrees)
2

27.5
3 67.5
5 80
10 95
15 135

6.2 Results

This section presents and discusses the results of the previous experiment. The plan for analysis is as
follows. First, adjustments to the data are introduced to perform the adjustment of accuracy and to
eliminate outliers. Then, summary measures and tests for main effects are presented on movement

time, error rate and throughput across levels of experimental factors.

6.2.1 Adjustment of Data

A measure of the scatter of subjects’ movement end-points have been gathered, both by determining
the error rate and by recording the physical end-points of each movement task. Movement time (MT)
data was also collected. Movement time refers to the time subjects spent from the beginning of their
movement until the time the cursor reached the target position.

This data was used to remove outliers. The outliers were of two different types, spatial and timing.
Spatial outliers were considered trials in which the subject lost accidentally the control of the setup, or
was hurried and started the next movement before dwell time was completed, even if he or she had
reached the previous target successfully (registering an error for the following trial). An example of the

latter is presented in Figure 6.6.

5 —
| Accepted
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‘Missfire'
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Figure 6.6 The distribution of end-points for a pair of targets with W=15 and D=27.5. With
green color the end-points for forward movement and with red color for backward. The end-
points that lie on the right side of the left circle and on the left side of the right circle are
considered as outliers.

For the first situation any trial in which the movement distance was 3 standard deviations away
from the average was removed. For the second one we removed any ftrial in which the total
displacement was less than the target distance and an error had been registered. Timing outliers were
considered those trials where the subject paused mid-trial violating the rules that the movements had
to be rapid. A simple rule was followed in order to remove these trials from further analysis. Any trial

with final movement time more than 5 s was considered a ‘misfire’ and was deleted.
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Of the 21000 trials 1036(4.9%) were considered outliers and removed from further analysis. Total
trials removed for Biomechatronic, Classic, Unconnected and EMG respectively were 188, 248, 216
and 384.

The end-point scatter data was used to perform the adjustment of accuracy for each subject, for each
target width-distance condition. Adjustment of accuracy needs effective target width(We) and effective

distance(De) to be calculated. We was calculated by using the following equation

W, =4.133¢c (6.1)

Where o refers to the standard deviation of end-point positions.
This method is commonly known as the standard deviation method (SD) and is considered to be
superior to the discrete error method (DE) which has been mentioned in Chapter 1.

De was calculated as the mean movement distance from the start-of-movement position to the end
points.

These adjusted parameters were used to define the effective index of difficulty /De:

DE
ID, = Ing(W +1) (6.2)

e

Table 6.2 shows the data before and after adjustment for one specific subject.

Table 6.2. Target widths and distances before and after adjustment.

Width (Degrees) Distance (Degrees) (bli?s) We (Degrees) De (Degrees) (tl)?tZ)
2 275 3.883 2.866 28.23 1.78
2 67.5 5.119 2.872 67.84 1.84
2 80 5.358 2.975 79.78 1.65
2 95 5.6 3.953 96.28 1.88
2 135 6.098 3.332 135.8 1.73
3 275 3.346 3.492 27.59 1.93
3 67.5 4.555 2.645 67.11 2.22
3 80 4.79 3.924 79.93 1.61
3 95 5.03 4.081 94.78 2.05
3 135 5.524 4.09 134.6 1.76
5 275 2.7 4.57 26.69 23
5 67.5 3.858 3.699 66.83 2.27
5 80 4.087 4.997 78.59 1.85
5 95 4.322 6.052 94.78 2
5 135 4.807 5.303 133.8 1.73
10 275 1.907 9.996 25.88 2.64
10 67.5 2.954 8.049 67.95 2.94
10 80 3.17 11.35 76.02 2.24
10 95 3.392 9.258 94.84 2.63
10 135 3.858 7.936 133.4 2.41
15 275 1.503 15.52 24.56 2.9
15 67.5 2.459 12.13 64.1 3.21
15 80 2.663 14.04 76.72 2.5
15 95 2.874 9.014 92.56 2.73
15 135 3.322 11.01 135.7 2.21

70/143



6.2.2 Summary Tables

The organization of the data follows its adjustment. Since the experimental design specifically mimicked

Fitts' original tapping experiments, tables similar to Table 2.1 form the basis for subsequent analyses.

Table 6.3 to Table 6.6 demonstrate the means for movement time, error rate and throughput across
levels of W and D, for all the four different control methods used in the experiment. These tables also
include both the specified values of target width and distance and their effective ones. The same applies
also for index of difficulty, as it is computed before (ID) and after (IDe) the adjustment of data. The

number of outliers detected for each W-D condition can be obtained by subtracting the entry on the last

column from 210.

Table 6.3. Summary Data for Biomechatronic EPP.
Width Distance  We TP Trials
(Deg)  (Deg.) (bits/s) "y
2 27.5 2.869 27.89  3.883 3.443 1628.3 243 2.164 207
2 67.5 3.331 6790 5.119 4.500 2034.3 27.6 2.262 205
2 80 2.938 80.22 5.358 4.846 2302.7 21.9 2.243 201
2 95 3.082 9547 5.600 5.029 23124 28.1 2.256 194
2 135 3.002 13540 6.098 5.555 2638.5 271 2.182 189
3 27.5 3.684 27.75 3.346 3.132 1346.8 171 2.535 208
3 67.5 3.433 67.41 4555 4400 1825.8 11.4 2.619 205
3 80 3.697 80.07 4790 4.515 2071.0 13.8 2.321 201
3 95 3.934 9533 5.030 4.682 21345 22.9 2.270 196
3 135 3.706  135.20 5.524 5270 2354.9 18.6 2.353 197
5 27.5 5.861 27.46 2700 2.545 1049.3 12.4 2.551 209
5 67.5 5.603 67.60 3.858 3.752 1470.0 10.5 2.754 206
5 80 5.427 79.85 4.087 3.997 16584 10.0 2.559 204
5 95 5.550 9485 4322 4.190 1806.0 10.5 2.422 204
5 135 5.764  134.80 4.807 4.628 21125 11.0 2.366 198
10 27.5 10910 2570 1907 1.769 809.4 7.6 2.458 206
10 67.5 9.711 66.36 2954 3.013 1117.2 7.1 2.829 207
10 80 9.495 7860 3.170 3.291 1364.2 7.6 2.518 200
10 95 10.020  93.81 3.392 3.396 1369.5 5.7 2.617 205
10 135 9.774 133.10 3.858 3.909 17134 6.7 2.344 203
15 27.5 15480 2434 1503 1.385 468.3 43 3.056 206
15 67.5 13.800 6512 2459 2566 934.9 5.2 2.926 207
15 80 16.740 77.32 2663 2522 1521.7 7.1 1.952 200
15 95 14470 9177 2874 2918 11844 7.1 2.551 204
15 135 14.080 131.90 3.322 3.437 14740 3.3 2.413 200
Mean 1628.1 13.2 2.461
SD 538.8 7.9 0.252

71/143




Table 6.4.

Summary data for Classic EPP.

Error

TP

Width  Distance We I(EIe Rate (bitsls) Trials
(Deg.) (Deg.) (Deg.) (bits) (%) #
2 27.5 3.09 28.09 3.883 3.361 1609.5 26.7 2.216 204
2 67.5 3.57 68.21 5119 4375 2036.1 38.6 2.240 200
2 80 3.60 80.75 5358 4589 2358.7 39.0 1.995 199
2 95 3.32 95.86 5.600 4.955 23519 @ 37.1 2.155 192
2 135 3.47 135.79 6.098 5358 2738.8 357 2.008 187
3 27.5 4.15 28.31 3.346 2997 14654  26.7 2.257 200
3 67.5 4.64 68.51 4.555 4.028 1978.3 314 2.204 198
3 80 4.39 80.60 4.790 4.306 21384 28.6 2.143 195
3 95 4.58 95.75 5.030 4.476 21557  30.0 2.185 198
3 135 4.06 135.71 5524 5148 2386.3 243 2.246 189
5 27.5 5.35 2747 2700 2657 1093.1 11.4 2.826 203
5 67.5 6.14 67.93 3.858 3.653 1569.1 17.1 2.493 204
5 80 6.35 80.85 4.087 3.858 18522 229 2.263 200
5 95 6.13 9520 4.322 4.082 1903.1 17.6 2.287 202
5 135 6.03 135.20 4.807 4.610 2186.3 20.5 2.223 191
10 27.5 9.93 26.53 1.907 1.896 794.5 7.6 2.879 205
10 67.5 10.01 67.31 2954 3.001 1220.2 8.6 2.894 206
10 80 10.34 78.97 3170 3.151 14273 6.2 2.437 207
10 95 9.19 94.85 3.392 3549 1480.6 9.5 2.599 202
10 135 9.56 134.67 3.858 3.967 1752.1 6.7 2.423 205
15 27.5 13.36 2717 1503 1.713 631.3 8.1 3.327 208
15 67.5 13.48 65.85 2459 2611 1051.0 4.8 2.819 205
15 80 1518  80.18 2.663 2.702 1242.8 10.0 2.267 198
15 95 12.78  93.19 2874 3130 1389.2 4.8 2.544 205
15 135 14.48 133.74 3.322 3442 1746.3 9.0 2.109 199
Mean 1702.3 19.3 2.402
SD 532.1 11.8 0.327
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Table 6.5.

Summary data for Unconnected method.

Error

TP

Width  Distance We I(_ie Rate ) Trials
(Deg.) (Deg.) (Deg.) (bits) (%) #
2 27.5 4.81 2921 3.883 2836 1700.8 64.8 1.738 207
2 67.5 4.48 68.91 5119 4.068 2093.2 58.6 2.002 196
2 80 4.46 81.32 5358 4.304 2133.1 61.4 2.167 197
2 95 5.04 96.70 5600 4.365 23285 64.8 1.936 194
2 135 5.20 136.76 6.098 4.795 23405 68.6 2.150 186
3 27.5 6.29 29.64 3.346 2543 14929 60.0 1.840 206
3 67.5 6.20 69.50 4.555 3.628 1944.8  58.1 1.949 203
3 80 6.49 82.14 4790 3.790 19749 63.8 2.084 195
3 95 6.10 96.67 5030 4.109 20458 514 2.069 190
3 135 6.05 136.77 5524 4576 2383.0 54.8 2.002 194
5 27.5 8.71 29.67 2700 2.168 1274.1 42.9 1.821 206
5 67.5 8.50 69.68 3.858 3.222 16309 443 2.098 203
5 80 8.75 81.96 4.087 3432 1767.2 46.7 2.065 198
5 95 9.09 97.37 4322 3578 18199 476 2.058 203
5 135 8.81 137.08 4.807 4.075 2171.1 44.3 1.990 202
10 27.5 15.65 29.81 1.907 1550 936.9 35.7 1.862 202
10 67.5 15.61 69.15 2954 2453 1330.8 31.0 1.989 206
10 80 15.89 82.18 3.170 2640 14512 343 1.990 206
10 95 14.74 96.34 3.392 2932 1552.8 26.2 2.044 205
10 135 1432 136.07 3.858 3.422 17596 27.6 2.097 206
15 27.5 21.38 30.08 1.503 1.275 698.0 248 2.023 209
15 67.5 20.76 68.65 2459 2131 1019.8 20.5 2.184 207
15 80 23.28 83.25 2663 2207 13732 343 1.728 201
15 95 21.45 95.86 2.874 2464 1252.1 243 2.071 204
15 135 20.29 13526 3.322 2965 1521.6 17.6 2.148 208
Mean 1679.9 443 2.004
SD 453.7 15.9 0.125
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Table 6.6. Summary data for EMG.

TP

Width Distance We . Trials
(Deg)  (Deg)  (Deg.) (bits/s) "y
2 27.5 835 3027 3883 2295 18334 80.0 1310 185
2 67.5 848  69.82 5119 3357 21281 748 1619 166
2 80 758 8232 5358 3.656 22064 724 1764 174
2 95 840 9739 5600 3737 23353 762 1667 162
2 135 734 13718 6.098 4364 24803 719  1.809 170
3 275 1009 3111 3346 2100 1799.6 743 1307 197
3 67.5 880 7060 4555 3213 21664 686 1569 198
3 80 943 8320 4790 3352 21336 748 1679 183
3 95 879 9802 5030 3655 22030 671 1750 193
3 135 843 13776 5524 4174 22553 652 1910 188
5 275 1187 3128 2700 1902 16109 567  1.288 203
5 675 1192 7122 3858 2841 18462 60.0  1.621 200
5 80 1156 8335 4.087 3.060 18437 600 1772 201
5 95 1292 9935 4322 3162 21037 643 1569 203
5 135 1127 13841 4.807 3756 22036 581 1786 199
10 275 1760 3107 1907 1473 1207.4 405 1395 208
10 675 1821 7184 2954 2318 1659.3 443 1535 207
10 80 1782 8359 3470 2525 17326 424 1585 205
10 95 1775 97.85 3392 2725 18980 395  1.536 197
10 135 1722 13008 3.858 3213 21090 414 1598 202
15 275 2444 3177 1503 1211 9941 352 1355 208
15 675 2342 7112 2459 2027 14104 300 1563 208
15 80 2427 8417 2663 2169 15827 386 1470 197
15 95 2431 9842 2874 2345 16911 333 1539 207
15 135 2307 13810 3322 2825 17283 300 1739 205
Mean 1886.9 560  1.589
sD 3506 167  0.169
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6.2.3 Statistical analysis

Tests for main effects of the control method factor on three dependent variables; movement time(MT),
error rate and throughput (TP) were conducted using one-way analysis of variance (one-way ANOVA)
to determine whether there were any statistically significant differences between the means of the four
independent control methods (groups). However, ANOVA is an omnibus test statistic that cannot tell
which specific groups are statistically different from each other [41]. To determine which specific groups
differed from each other, the Bonferroni procedure, a post hoc comparison test, was used. It must be
mentioned that the statistical analysis was applied as long as the data was rearranged to represent the

performance across all subjects, for all the four different control methods used.

Statistical Tools

1. One — Way ANOVA
Mathematically, ANOVA can be written as:

ij i

X; =M e (6.3)

where x; are the individual points (i and j denote the group and individual observation), € is the
unexplained variation and the parameters of the model (u) are the population means for each group.
Thus, each data point (x;) is its group mean plus error.

The one-way ANOVA is used to calculate a test statistic (F-value) with which the probability (p-
value) of obtaining the data assuming the null hypothesis (6.4) can be obtained. A significant p-value

(usually taken as p<0.05) suggests that at least one group mean is significantly different from the others.
Ho:py=p,=p,=....= 1 (6.4)

Where p = group mean and k = number of groups. If, however, the one-way ANOVA returns a
statistically significant result, then the alternative hypothesis (H+) is accepted, which is that there are at
least two group means that are statistically significantly different from each other.

For the calculation of the F-value the ANOVA table, as presented in Table 6.7, is used.

Table 6.7.  ANOVA table.

Error(Within group) SSerror k
Between groups SSgrouwp k-1 1-P(F,a-1,N-a)
TOta| SStotal N'1

e The first column contains the source of variation. It divides the sources of variation into two major
categories: within group (error) and between group. The objective is to determine if there are any
differences between groups. This is done by comparing the between groups sum of square
(variance) to the error sum of square (variance). If the variance between groups can be explained
by the within group variance, there are no differences between the groups. If the variance between
groups cannot be explained by the within group variance, then there are differences between the
groups.

e The second column in the table contains the sum of squares.
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¢ The third column is the degrees of freedom. The number of levels is given by k. N is the total number
of experimental runs.

e The fourth column is the mean square. The mean square is obtained by dividing the sum of squares
for the source by the degrees of freedom for the source. Thus, MSE = SSeror/(N-a).

o The fifth column is the F value. This is determined by dividing the mean square for the groups by
the mean square error. It is this value that determines if there are any significant differences between
the group means.

e The final column is the p value which is associated with the F value. This is the probability of
obtaining the calculated F value if there were in fact no difference between the group levels. If p is
less than 0.05, there is a significant difference. P(F,a —l,N—a) is the value of the lower-
cumulative distribution function of the F distribution for x = F'.

2. Bonferroni Post-Hoc Test

Bonferroni procedure answers the question: “Which group means are significantly different from each
other?”

This method provides a pairwise comparison of means. If k is the number of groups, there are k(k-
1)/2 possible pairs. The idea is to divide the selected confidence level (usually a=0.05) among all the
pairwise comparisons.

According to the Bonferroni post-hoc test a pairwise difference is significant if:

_ by

7T =——""
T
Nnoon

where ty o2« is the value from the t distribution for v degrees of freedom at the a/2k confidence level, ;

> tv,a/zk (65)

is the mean and n the sample size. The i and j represent two different groups. Sp is the pooled standard

deviation which is computed as:

¢ = 2 =s” (6.6)
3 (-1

’ 1 1
>, a2kSy n_+n_ (6.7)
i J

The right-hand side of this equation is the critical value. Any difference in pair of means that is larger

Eq. (56.5) ca be rewritten as:

v~

than this will be significant.

The p-value for each pairwise comparison can be obtained using the following equation:

P, =[1-P(T,,,v) |x2xk (6.8)

where P(T; ;,v) is the value of the lower-cumulative distribution function of the student's t distribution

for x=T;
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Tests for main effects

1. Movement Time

Table 6.8 demonstrates the data collected for movement time and Figure 6.7 illustrates it in a bar plot.
The grand mean for movement time was 1724.3 ms. Across the control method factor, means for
Biomechatronic, Classic, Unconnected and EMG were 1628.1, 1702.3, 1679.9, and 1886.9 ms. The

ANOVA results are presented in Table 6.9.

Table 6.8. Data for Movement Time.
Movement Time(ms)
Control Method
Subjects Bio Classic Unconnected EMG
S1 1845.9 1752.2 2039.6 2699.5
S2 1768.7 1789.9 1921.2 1948.8
S3 1482.5 1385.1 1416.0 1871.5
S4 1450.5 1333.5 1573.2 1824.5
S5 1384.7 1384.7 1590.0 1737.3
S6 1343.1 1343.1 1682.9 1719.8
S7 1585.7 1546.6 1307.2 1879.0
S8 18271 2930.1 1627.8 2275.4
S9 1361.3 1509.6 2143.6 2098.5
S10 1152.3 1469.0 1330.7 1856.1
S11 1603.4 1795.6 1373.6 1307.2
S12 2030.9 2030.9 1414.9 2143.6
S13 1733.4 1503.4 1638.8 1638.8 Grand
S14 2223.9 2059.1 2458.6 1416.0 Mean
Mean 1628.1 1702.3 1679.9 1886.9 1724.3
SD 294.6 428.2 342.8 350.9
Movement Time vs Control Method
:i:iﬂiomechatrnnic EPP'
3000 - | classic EPP
I:iUnconnected
EMG
o 250“ - \D. AT AT
E 1702.3399 1886.8632
T 1679.8669
£ 2000 16280971
=
ol
=
2 1500 |
@
3
500 [ —
0 - i i i
Biomechatronic Classic Unconnected EMG
EPP EPP
Control Method
Figure 6.7. Movement time by control method
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Table 6.9. ANOVA table for Movement Time.

Sum of Sares DF Mean Square F-Value P-Value
Subject 6639582.046 52 127684.270
Control Method 5668109.955 3
Total 7173518.754 55

The p-value corresponding to the F-statistic of one-way ANOVA is higher than 0.05(
F, 5, =1.399, p >.05 ), suggesting that there was not significant effect of control method on movement
time, see Table 6.10.

Table 6.10. Bonferroni’s Method for Movement Time.

Bonferroni's Method
Family Conf. Int.=95%, Individual Conf.Int. = 97.58%

Comparisons Mean Difference Critical Difference L CON UCON P-Value
Bio-Classic -74.2 370.5 -444.7 296.2
Bio-Unconnected -51.8 370.5 -422.2 318.7
Bio-EMG -258.8 370.5 -629.2 111.7
Classic-Unconnected 22.5 370.5 -348.0 392.9
Classic-EMG -184.5 370.5 -555.0 185.9
Unconnected-EMG -207.0 370.5 -577.5 163.5

The result of one-way ANOVA is also confirmed using Bonferroni’'s Method as the pairwise comparison
does not reveal any significant difference between the means of movement time (red color for
insignificant and green for significant differences).

The confidence intervals can also be plotted as shown in Figure 6.8. This shows that all the

intervals include 0. All the means are not significantly different from one another.

Bonferroni's Confidence Intervals
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Figure 6.8. Bonferroni’s Confidence Intervals for Movement Time.
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2, Error Rate
An error was defined as overshooting the target. The grand mean of error rate was 33.2%. Error rates
were 13.2%, 19,3% 44.3% and 56,0% for Biomechatronic, Classic, Unconnected and EMG,
respectively (Figure 6.9 and Table 6.11. Results for Error Rate.). The ANOVA results are presented in
Table 6.12.

Table 6.11. Results for Error Rate.
Error Rate(%)

Control Method

Subjects Bio Classic Unconnected
S$1 11.2 9.3 24.0 44.8
S2 5.3 17.1 51.2 58.7
S3 18.4 23.7 38.9 61.1
S4 17.9 30.7 45.6 52.5
S5 8.0 8.0 48.5 56.8
S6 15.5 15.5 47.5 57.3
S7 211 14.9 39.2 60.8
S8 8.0 1.7 46.7 56.0
S9 12.3 10.1 70.4 60.5
S$10 29.6 46.9 52.8 59.7
S11 1.3 18.9 25.3 39.2
S$12 8.8 8.8 33.3 70.4
S$13 211 211 66.9 66.9 Grand
S14 5.9 33.6 30.1 38.9 Mean
Mean 13.2 19.3 44.3 56.0 33.2
SD 7.8 1.2 13.9 9.3

Error rate vs Control Method
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Figure 6.9. Error rate by control method.
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Table 6.12. ANOVA table for Error Rate.

Sum of Squares Mean Square F-Value P-Value

Subject 6045.719 116.264
Control Method 17318.688
Total 23364.408 55

The p-value corresponding to the F-statistic of one-way ANOVA is lower than 0.05(
F, 5, =49.6534, p <.05 ). Thus, there was a significant main effect of control method on error rate.
Table 6.13. Bonferroni’s Method for Error Rate.

Bonferroni's Method
Family Conf. Int.=95%, Individual Conf.Int. = 97.58%

Comparisons . Mean F:ritical
Difference Difference
Bio-Classic -6.2 11.2 -17.3 5.0
Bio-Unconnected -31.2 11.2 -42.3 -20.0 [ 0.0000
Bio-EMG -42.8 11.2 -54.0 -31.6 | 0.0000
Classic- -25.0 112 -36.2 -13.8 | 0.0000
Unconnected

Classic-EMG -36.7 11.2 -47.8 -25.5 [0.0000
Unconnected-EMG -11.7 11.2 -22.8 -0.5 0.0365

Using Bonferroni’s post-hoc test, the pairs of control methods that were significantly different from each
other are identified. As Table 6.13 indicates and Figure 6.10 illustartes, there was a statistically
significant difference on the means of error rate for all the pairwise compared control methods, apart
from the Bio-Classic pair in which the p-value is greater than 0.05. More specifically, the error rate was
greater for Unconnected and EMG compared to Bio and Classic, while Unconnected presented lower
error rate compared to EMG.

Bonferroni's Confidence Intervals
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Figure 6.10. Bonferroni’s Confidence Intervals for Error Rate.
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3. Throughput
The grand mean for throughput was 2.114 bits/s, with means for Biomechatronic, Classic and

Unconnected respectively of 2.461, 2.402, 2.004 and 1,589 bits/s (Table 6.14 and Figure 6.11). The
ANOVA results are presented in Table 6.15.

Table 6.14. Results for Throughput.

Throughput(bits/s)
Control Method
Subjects Bio Classic Unconnected EMG
S1 2.200 2.274 1.731 1.074
S2 2.236 2.005 1.720 1.400
S3 2.646 2.894 2.343 1.502
S4 2.577 2.794 2.018 1.503
S5 2.800 2.800 2.046 1.592
S6 2.817 2.817 1.909 1.621
s7 2.442 2.951 2.573 1.502
S8 2.237 1.273 1.921 1.151
S9 3.021 3.059 1.362 1.290
S10 3.140 2472 2.441 1.485
S11 2.371 1.965 2427 2.573
S12 1.875 1.875 2.358 1.362
S13 2.299 2.693 1.855 1.855 Grand
S14 1.792 1.747 1.356 2.343 Mean
Mean 2.461 2.402 2.004 1.589 2.114
SD 0.398 0.547 0.388 0.419

Throughput vs Control Method
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Figure 6.11. Throughput by control method.
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Table 6.15. ANOVA table for Throughput.

Sum of Squares Mean Square  F-Value P-Value

Subject 10.190
Control Method 6.864
Total 17.053 55

The p-value corresponding to the F-statistic of one-way ANOVA is lower than 0.05(

F,,, =11.6751, p <.05 ). Thus, there was a significant main effect of control method on throughput.

Table 6.16. Bonferroni’s Method for Throughput.

Bonferroni's Method
Family Conf. Int.=95%, Individual Conf.Int. = 97.58%

Comparisons Mean Critical L CON UCON P-Value
Difference Difference
Bio-Classic 0.059 0.459 -0.400 0.518
Bio-Unconnected 0.457 0.459 -0.002 0.916 0.0049
Bio-EMG 0.871 0.459 0.413 1.330 0.0000
Classic-Unconnected 0.397 0.459 -0.062 0.856
Classic-EMG 0.812 0.459 0.353 1.271
Unconnected-EMG 0.415 0.459 -0.044 0.874

Using Bonferroni’s post-hoc test, the pairs of control methods that were significantly different from each
other are identified. As Table 6.16 indicates, there was a statistically significant difference on the means
of throughput for the pairs Bio-Unconnected, Bio-EMG and Classic-EMG (p<0.05). Users had better
performance using Bio over Unconnected and EMG. The same applied also for the performance using
Classic compared to EMG. These are also demonstrated graphically in Figure 6.12.

Bonferroni's Confidence Intervals
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Figure 6.12. Bonferroni’s Confidence Intervals for Throughput.
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6.2.4 Fit of the model

Least-squares linear regression was used to find the intercept (a) and slope (b) parameters of the Fitts’
law equation (or coefficients of linear regression model) for all the four different control methods used
in the experiment as the standard presented in section 2.5 indicates. These parameters are presented
below in the coefficient tables along with their standard errors and the t statistic with its p value. The
value of the t statistic serves as an indicator of significance for the corresponding coefficient and can
be computed as follows:

p — coefficient
Std .Error

t — statistic =

(6.9)
p —value =Pr(> |t|)

The higher the t statistic the lower the p value. When p value is less than significance level (< 0.05), the
null hypothesis that the co-efficient 8 is zero can be safely rejected.

Figure 6.13 to Figure 6.16 demonstrate the linear regression relationship between movement time
and effective index of difficulty along with a scatter plot of the actual data obtained during experiments
(see Table 6.3 to Table 6.6).

Having built the linear models ANOVA tests were conducted in order to test their statistical
significance. The results are presented in the ANOVA tables below. The F statistic of ANOVA along
with linear regression diagnostics as the coefficient of determination (R square), adjusted and not and

the Standard Error of the estimate were computed using the following formulas:

F —statistic = M—SR (6.10)
MSE
R* =1 _SSE (6.11)
SST

R Z=1-—r (6.12)

Where MSE- Mean squared error and MST- Mean squared total.
Std .Error = NNMSR (6.13)

R square determines the proportion of variation in the dependent (response) variable that has been
explained by the built model. Both standard error and F-statistic are measures of goodness of fit.

The error in the above equations is determined as the difference between an observed value and
the fitted one.

The results for the goodness of fit are presented analytically below for all the four different control
methods.
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Biomechatronic EPP

A simple linear regression was calculated to fit movement time based on effective index of difficulty. A
significant regression equation was found (7, ,, = 354.3895, p <.000 ), with an R? of .939, see Table

6.17 to 6.19. Fitts’ law equation for Biomechatronic EPP was:

MT =—-168.043+484.445[De (6.14)

Linear Regression Relation Between IDe & MT
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[
&
=
=1

1500

10001

Movement Time(ms)

500

1 15 2 25 3 35 4 45 5 55 6
|De(bits)

Figure 6.13. Linear regression model for Biomechatronic EPP

Table 6.17. Summary of the Model for Biomechatronic EPP.
Model R R Square Adjusted R Standard Error of the

Square estimate
Regression 0.969 0.939 0.936 135.882

Table 6.18. ANOVA table for Biomechatronic EPP.

Sum of Mean
Squares Square

Regression 6543386.431 1 6543386.431 354.3895 1.80E-15
Error 424668.069 23 18463.829
Total 6968054.501 24 290335.604

Table 6.19. Coefficients of model for Biomechatronic EPP.

Model Estimate Standard Error tStat p -Value
Intercept -168.043 99.206 -1.694 0.103790129
Slope 484.445 25.734 18.825 1.80E-15
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Classic EPP

A simple linear regression was calculated to fit movement time based on effective index of difficulty. A

significant regression equation was found ( F

1,23

6.20 to 6.22. Fitts’ law equation for Classic EPP was:

=720.9423, p <.000 ), with an R2 of .984, see Table

MT =-299.489 + 546.256 De (6.15)
Linear Regression Relation Between IDe & MT
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Figure 6.14. Linear regression model for Classic EPP

Table 6.20. Summary of the Model for Classic EPP.

Adjusted R Standard Error of the

R Square Square estimate

Regression 0.984 0.969 0.968 95.752

Table 6.21. ANOVA table for Classicc EPP.

Model Sum of df Mean
Squares Squares

Regression 6585114.979 1 6585114.979 720.9423 7.24E-19
Error 210082.884 23 9134.038

Total 6795197.863 24 283133.244

p-value

Table 6.22. Coefficients of model for Classic EPP.

Model Estimate Standard Error p -Value
Intercept -299.489 76.966 -3.891 0.000736828
Slope 546.256 20.344 26.850 7.24E-19
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Unconnected

A simple linear regression was calculated to fit movement time based on effective index of difficulty. A
significant regression equation was found (7, ,, = 646.7148, p <.000 ), with an R? of .939, see Table

6.23 to 6.25 . Fitts’ law equation for Unconnected was:

MT =193.489 +467.261 (6.16)

Linear Regression Relation Between IDe & MT
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Figure 6.15. Linear regression model for Unconnected method.
Table 6.23. Summary of the Model for Unconnected.
Model R R Square Adjusted R Standard 'Error of the
Square estimate
Regression 0.983 0.966 0.964 85.888
Table 6.24. ANOVA table for Unconnected.

Sum of Mean

Squares Squares
Regression 4770627.630 1 4770627.630 646.7148 2.43E-18
Error 169664.330 23 7376.710
Total 4940291.960 24 205845.498
Table 6.25. Coefficients of model for Unconnected.
Model Estimate Standard Error p -Value
Intercept 193.489 60.920 3.176 4.21E-03
Slope 467.261 18.374 25.431 2.43E-18
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EMG

A simple linear regression was calculated to fit movement time based on effective index of difficulty. A
significant regression equation was found( r

1,23

6.26 to 6.28. Fitts’ law equation for Unconnected was:

MT =689.020+419.0781De (6.17)

=222.4156, p <.000 ), with an R2 of .939, see Table

Linear Regression Relation Between IDe & MT
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Figure 6.16. Linear regression model for EMG method.

Table 6.26. Summary of the Model for EMG.

Adjusted R Standard Error of the

R Square

Square estimate
Regression 0.952 112.451

Table 6.27. ANOVA table for EMG.

Sum of Mean

Squares Squares
Regression  2812490.036 1 2812490.036 222.4156 2.58E-13
Error 290839.580 23 12645.199
Total 3103329.616 24 129305.401

Table 6.28. Coefficients of model for EMG.

Model Estimate Standard Error p -Value
Intercept 689.020 83.408 8.261 2.46E-08
Slope 419.078 28.100 14.914 2.58E-13
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7 Experimental Data Evaluation

7.1 Transparency-Equivalency Test

The objective of this section is the assessment of the quality of the control provided by Biomechatronic
EPP. Transparency is the most common measure to evaluate the performance of a master-slave
system [28].

The Biomechatronic EPP intends to replicate the relation between the power variables (velocity
and force) of the muscles and the prosthesis that is mechanically achieved with the use of cables in
Classic EPP. The degree in which this goal is achieved also determines the degree of the system
transparency.

The following figures demonstrate the responses of the system variables as they were measured
during the experiment conducted to evaluate the system transparency. It is noted that the experiment
was realized in free space, therefore there was no external force applied to the prosthetic joint of the
setup.

Figure 7.1.a presents the output of the agonist and antagonist FSR sensors. The difference of
these signals (Figure 7.1.b) served as input for the controller of the slave motor. The output (current
command) of the Classic EPP controller for the same time range was monitored and is demonstrated

in Figure 7.2 .a. The corresponding torque (Figure 7.2.b) of the slave motor can be then calculated via:

T. = 1,GK1, (7.1)

where Kis is the torque constant of the slave motor, G is the gearbox ratio and /s is the current of the

slave motor.
S : . .
[
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o
o
7]
Q
4 -
» Agonist
(ﬂ;’ > Antagonist | | | | .
L o 1 2 3 4 5 6 7

Time(s)

(a)

Force Input(V)
o

Time(s)

(b)

Figure 7.1. (a) Responses of the FSR sensors connected to the agonist (red line) and the
antagonist muscle (blue line) (b) Difference (Faig-Fant) between the FSR responses of the
antagonistic muscle pair.
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Figure 7.2.  (a) Current and (b) torque of the slave motor.

The current commands given to the agonistic and the antagonistic master motors and the
corresponding torque responses are plotted in Figure 7.3 and Figure 7.4, respectively, for the same

time range. The toque of the master motors is computed via:

T, =Kt,I, (7.2)

where Kty is the torque constant of the master motors and I, is the current provided even on the

agonistic or antagonistic master motor.
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Figure 7.3. (a) Current and (b) torque of the agonistic master motor.
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Figure 7.4. (a) Current and (b) torque of the antagonistic master motor.

In light of what was mentioned in Section 4.2, the current provided to the master motors fulfils the
requirement of reaching close to the maximum value of 1.2 A.

In Figure 7.5 the total torque developed by the system of the master motors in Biomechatronic
EPP (red line) configuration is compared to the torque response of the slave motor (blue line). The
difference between the two (yellow dotted line) is also plotted in the same Figure so as to construct an

overview of their relationship.
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Figure 7.5. Torque response of the slave motor (blue line), master motors (red line) and the
difference between them (yellow dotted line).

It is important to notice that the slave motor develops much higher torque than the master motors. This

is reasonable as the slave motor is connected to the prosthetic limb and consequently interacts with
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the external environment where high torque is of great importance. Also, it is apparent from the
difference of the two waveforms that the torque developed by the slave motor is proportional to the one
developed by the system of the master motors. A time-delay estimation was made by computing the
cross-correlation of the slave motor torque and the total torque of the master motors. Using the “xcorr”
function in Matlab, the maximum lag was computed to be 2 ms.

Figure 7.6 shows the position and the velocity of the slave motor, for the same time range. Having

obtained the angular displacement of the prosthesis, the displacement of the Bowden cable terminals

varied in time as Figure 7.7 presents according to 4.17.
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Figure 7.6. (a) Angular position and (b) velocity of the slave motor.
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Figure 7.7. Displacement of the Bowden cable terminals in Classic EPP topology: Terminal
connected to the (a) Agonistic (b) Antagonistic muscle.
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Figure 7.8 and Figure 7.9 illustrate the displacement and velocity responses of the linear actuators
connected to the agonistic and the antagonistic muscles during the Biomechatronic EPP configuration,

respectively.
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(a) Displacement and (b) velocity responses of the agonistic linear actuator in

Figure 7.8.
Biomechatronic EPP topology
10 T T T T T T
B
E ol _
c
2 ©
X
_10 1 1 1 1 1 1
0 1 2 3 4 5 6 7
Time(s)
(a)
100 T . . . . :
0
£
E o
€
©
>
_100 1 1 1 1 1 1
0 1 2 3 4 5 6 7
Time(s)

(b)

Figure 7.9. (a) Displacement and (b) velocity responses of the antagonistic linear actuator in

Biomechatronic EPP topology
Having obtained the responses of the above system variables for both Classic and Biomechatronic EPP

configurations, it was possible to compare them (Figure 7.10 and Figure 7.11).
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Figure 7.10. (a) Comparison of the agonistic terminal displacement responses during
Biomechatronic (blue line) and Classic EPP (red dotted line) and (b) their respective error
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Figure 7.11. (a) Comparison of the antagonistic terminal displacement responses during
Biomechatronic (blue line) and Classic EPP (red dotted line) and (b) their respective error
Considering as ideal the responses obtained during the operation of Classic EPP, the percentage RMS
value of the error can be calculated as follows:

xclassic _ xbiO)

ms
length —

classic X 100% (73)
rms(x“)

Where x¢@ssic and xPie the displacement even of the agonistic or the antagonistic terminals during Classic
and Biomechatronic EPP, respectively. The error turned to be too small for both the agonistic (0.35%)

and the antagonistic (0.49%) muscle. Apart from the RMS error, a time-delay estimation was made by
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computing the cross-correlation of the slave motor displacement and the respective displacements of
the master motors. Using the “xcorr” function in Matlab, the maximum lag was computed and it turned
out to be practically zero (less than sampling period of 1ms) for both the agonist and the antagonist
master motor.

After that, the delay of the system depends only on the delay between applying the force and the
displacement of the prosthesis motor. As shown in Figure 7.12, for our experimental setup, this is

approximately 78ms.
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Figure 7.12. Measurement of the delay between the applying force and the displacement of the
prosthesis motor.

According to the results presented above for the responses of the power variables of the system
and observing their differences between the Classic and Biomechatronic EPP configurations, the
transparency of the system is considered sufficient.

Finally, an estimation of each master robot power losses was made by subtracting the mechanical

(Prmechanicar) from the electrical power (Peyectricar) Of the motor:

P

loss

=P

electrical

= Pccnanicat & Progs = Ier -To (7.4)

loss

where [ is the armature current, R; is the terminal resistance of the dc motor, T is the torque and w is
the angular velocity. The results presented in Figure 7.13 demonstrate the power losses of the master
robots which are released inside the human tissue in the form of thermal power. In a former related
work [32] the power losses for each master robot were estimated to be 0.76W. However, the power
rating of the motors used was 0.5W while the motors of our experimental setup have a powering rate
of 2.5W. This justifies the higher losses recorded in this work. The presented results are nothing more
than a first experimental estimation of the thermal losses. A more detailed thermal analysis along with
the realization of experiments in a human tissue-like environment will reveal the effects of the setup in

the human body and may also reveal weaknesses.
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Figure 7.13. Power losses of the agonist (blue line) and antagonist (red line) master motors.
Yellow line represents the total power losses.

7.2 Force Application Test

This test was realized in order to examine how changes on the load applied to the joint of the slave
motor affect the user who operates the Biomechatronic EPP configuration. The experiment conducted
is divided in two parts. In both of them, the user had no visual contact with the setup.

In the first one, a weight of 1,17 kg held by a rope was attached to the shaft of the slave motor,
see Figure 7.14. During this phase, we compared the output of the FSR sensors, thus the force applied
by the user, with the weight attached and not attached, see Figure 7.15. The RMS values of the FSRs
output calculated for both situations. They computed to be 1.47V and 2.56V with the weight not attached
and attached respectively. The difference between the two situations is about 42.5 % indicating that the
user had been capable to feel the extra load applied to the joint of the slave motor and therefore
increased the force.

Figure 7.14. The weight attached to the shaft of the slave motor.
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Figure 7.15. FSRs output with the weight (a) not attached and (b) attached to the shaft of the
slave motor.

For the second part of the experiment we made use of the two mechanical stops of the experimental
setup. We set the stops in such positions so as a collision could occur between the shaft of the slave
motor and them. The aim of this experiment was to determine if the user was able to feel the impulse
imparted to the shaft during the collision and it was realized for both Classic and Biomechatronic EPP.
Five of the subjects who took part in the target experiment were selected to participate in this
experimental phase. The subjects did not know the position of the stops. They were instructed to apply
reciprocal steep forces to the FSR sensors and were asked to indicate whenever they felt resistance.
Each experiment was terminated after a total of 20 collisions for each control method. Thus, we had
200 trials, totally, for each subject. As it was foreseen, during Classic EPP the resistance that the
subjects felt was obvious. Table 7.1 summarizes the answers given by the subjects through the
experiment, while using the Biomechatronic EPP setup.

The results are proved particularly encouraging, as the number of positive answers is obviously
greater than that of the negative ones. More specifically, the subjects managed to feel the impact
imparted during the collision the 82% of the times, while for the 18% of the trials they did not give an
affirmative answer.

In order to establish an overall picture of the subjects’ performance, we also measured their
reaction time. The reaction time was defined as the time interval between the collision and the moment
the subjects started moving the prosthesis to the opposite direction. The unsuccessful trials were
excluded from this analysis. Figure 7.16 and Figure 7.17 present the mean reaction time for each
subject along with the standard deviation of the measurements, for Biomechatronic and Classic EPP
respectively. The mean reaction time of the subjects during Classic EPP was 0.27 £0.10s, while during
Biomechatronic EPP was 0.46+0.13s .
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The high rate of positive answers along with the comparable reaction times indicate that
Biomechatronic EPP achieved to transmit to the users the disturbances occurred to the environment of

the prosthesis motor in a satisfactory level.

Table 7.1. Answers given by the five subjects through the experiment. Each cell corresponds
to a collision. With green color are the positive answers and with red color are the negative
ones.
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Figure 7.16. Reaction time among subjects for Biomechatronic EPP.
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Figure 7.17. Reaction time among subjects for Classic EPP.

7.3 EMG signals comparison

In Chapter 5, we demonstrated the basic steps for the configuration of an EMG signal. As it has been
mentioned, after its processing, the EMG data, represents the activation level (AL) of the corresponding
muscle. This information can be proved very useful in the assessment of the muscle fatigue during an
exercise. When speaking for a specific exercise then, the greater the level of activation of a muscle, the
greater the fatigue [6]. We made use of this simple rule in order to evaluate the fatigue caused to
Extensor Carpi Radialis and Flexor Carpi Radialis of a subject during the target experiments. The aim
of this evaluation is to compare the level of fatigue caused to the muscles of interest while using the
four different control methods presented previously.

The EMG data from the muscles of interest were collected from a subject during the target
experiment and for all the four different control topologies. The data were processed according to
Section 5.3.2 and then were divided in five sections, each one of them corresponding to a single target
width task (see Section 6.1.3). This division was chosen as a different target width demands different
precision and therefore the EMG response may differ from width to width. Figure 7.18 and Figure 7.19
demonstrate the electrical activity of Extensor Carpi Radialis and Flexor Carpi Radialis respectively
during the experiments. The sections of the EMG data have been separated. The mean duration time
of each section was 210+ 25s. Observing the following figures, the highest peaks for both the extensor
and the flexor muscle are recorded during the EMG sessions, while the activation level of the muscles
is less during Classic and Biomechatronic EPP. The mean values of the activation level, shown in Table
7.2 Table 7.3, confirm these observations. However, the fatigue analysis could be more accurate and

completed if the EMG data had been recorded for more subjects. This may be part of future work.
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Figure 7.18. Five sections of the Activation Level (AL) of Extensor Carpi Radialis recorded
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Figure 7.19. Five sections of the Activation Level (AL) of Flexor Carpi Rasdialis recorded during
the realization of the target experiments.

Table 7.2. Mean activation levels of the flexor muscle.
FLEXOR CARPI RADIALIS
Control Method Sections
1 2 3 4
Biomechatronic 3.25% 2.18% 4.28% 3.96%

Classic 3.01% 4.54% 2.88% 4.00% 3.06% 3.50%
Unconnected 3.13% 3.65% 3.41% 2.91% 3.38% 3.30%
EMG 6.18% 6.97% 7.22% 6.97% 6.81% 6.83%
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Table 7.3. Mean activation levels of the extensor muscle.
EXTENSOR CARPI RADIALIS

Control Method Sections
1 2 3 4 5
Biomechatronic 3.33% 3.76% 4.50% 3.55% 3.53%
Classic 4.59% 3.29% 4.82% 4.64% 4.79% 4.43%
Unconnected 8.75% 6.35% 5.04% 5.13% 6.10% 6.27%
EMG 7.49% 8.08% 8.74% 7.66% 9.04% 8.20%
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8 Conclusion and Future Work

8.1 Conclusion

In this thesis we investigated the performance of the Biomechatronic EPP, a novel upper-limb control
topology, to three other traditional control topologies. We used a computer-based target acquisition test,
built according to Fitts’ law.

The data collected from the fourteen able-bodied subjects which took part in the experiment
suggests that the proposed method is able to compete with commonly used upper-limb control methods
and even surpass them.

No statistical differences were observed in any performance metric between Biomechatronic and
Classic EPP, but subjects generally moved slower and made much more mistakes during the sessions
of the other two control topologies. These results indicate that the feedback information provided to the
users while controlling the prosthesis with Biomechatronic EPP and Classic EPP helped them to
perform better than when using the “Unconnected” and EMG configurations. Also it is worth mentioning
the usefulness and the fitness of Fitts’ Law analysis in the conducting of this study.

From the experiments realized, we also proved the transparency of the Biomechatronic EPP
controller, as well as its equivalency to the Classic EPP. In addition, the operation of the proposed
prosthesis system with the occurrence of disturbances in the environment of the prosthesis motor is
judged at least satisfactory. The results of the fatigue analysis can be considered as an in principle
proof that Biomechatronic EPP would not handicap the proper functioning of the antagonistic pair of
muscles.

The proposed topology manages everything described above without the drawbacks of cineplasty
and Bowden cables, which render the EPP unaesthetic for the user, while at the same moment achieves
the adequate sensory feedback and activates the proprioception of the user, elements that the
extensively studied myoelectric control is unable to offer.

Concluding, the proposed EPP topology restores the idea of the user proprioception in the field of
upper-limb prosthetics. We truly believe that Biomechatronic EPP is a promising and novel topology

and has the potential to ameliorate the life of perspective users.

8.2 Future Work

First of all, the realization of the experiments inside a human muscle-like environment for thermal losses
analysis along with the migration to the wireless setup would give an aggregate picture for the potential
of the proposed control topology and might also reveal weaknesses. Moreover, improvements on the
experimental setup are always feasible. A change that can be implemented in the near future is the
design of FSRs circuitry on a PCB board. This would eliminate unintended disconnections of the FSR
sensors from the rest of the setup and would also reduce the electrical noise. In addition, part of a future
work could be the implementation of a more complicated EMG control strategy.In this thesis is a simple
proportional myoelectric control was implemented. However, pattern recognition algorithms have
recently overtaken this method. A comparison of our proposal with an, more up—to-date, EMG topology

would have a more significant impact in the scientific society. Furthermore, a more detailed and
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accurate fatigue analysis can be achieved if the EMG data is recorded for more subjects. This will allow
us to statistically prove the results presented in Section 7.3.

To sum up, the results presented in this study are encouraging and lead us to invest more in this
control topology, which in future can become the core of many DOFs prosthetic systems. A physically

implemented bio-compatible Biomechatronic EPP prototype is the next ultimate objective.
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10 Appendix A

In this appendix, the MATLAB code written for the realization of the target experiment is presented. The
detailed programs written for the processing of the data along with the Simulink codes can be found in
the CD-ROM attached with this thesis. In order for the reader to fully comprehend the cited code we
will make a brief reference to three software tools used alongside MATLAB; Psychtoolbox for the
construction of the experimental user interface, Myo Mex SDK MATAB Wrapper for the streaming of
the EMG Data from Myo Armband and XIL API for the interface between the software(MATLAB) and
the test hardware (dSPACE DS1103 controller board).

10.1 Psychophysics Toolbox Version 3 (PTB-3)
Psychophysics Toolbox Version 3 (PTB-3) is a free set of Matlab and GNU Octave functions for

vision and neuroscience research. It makes it easy to synthesize and show accurately controlled visual
and auditory stimuli and interact with the observer.

Psychtoolbox interfaces between MATLAB and the computer hardware. The routines at the core
of Psychtoolbox provide access to the display frame buffer and color lookup table, allow synchronization
with the vertical retrace, support sub-millisecond timing, expose raw OpenGL commands, support video
playback and capture as well as low-latency audio or hardware triggers, and facilitate the collection of
observer responses through regular and specialized input devices. Ancillary routines support common
needs like color space transformations and the QUEST threshold seeking algorithm.

Every Psychtoolbox function has its own documentation available through the MATLAB “help”
command, and, in the case of MEX files, through the function itself. The most important and generally
useful functions, especially Screen, are in PsychBasic. A list of these functions is easily accessible in
MATALB just by typing “help Psychbasic” in the command line. The results of this command are
demonstrated below. Furthermore, many demonstration scripts are provided with the toolbox. These
scripts are available in the directory 'PsychDemos’ located in the installation directory of the
Psychtoolbox. These demo scripts are a good basis for the establishment of customized experiments.
They show the implementation of the key functionality of the Psychtoolbox.

Detailed information, installation instructions and the system requirements can be found in the

official web page of Psychtoolbox: http://psychtoolbox.org/, while the developers who want to contribute

to this project can visit the main Git repository for development of Psychtoolbox-3 in GitHub:
https://github.com/Psychtoolbox-3/Psychtoolbox-3 .

>> help PsychBasic

Beeper - Play a nice beep tone of selectable
duration, frequency and volume.

CharAvail - Is a keypress available for GetChar?

DisableKeysForKbCheck - Tell KbCheck and KbWait to ignore
specific keys.
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DoNothing
overhead.

DrawFormattedText

DrawFormattedText?2

with more formatting options.

FlushEvents

FontInfo
installed fonts.

Gestalt

GetBusTicks

GetBusTicksTick
clock.

GetChar
it.

GetPID
GetMouse

GetMouseWheel
mouse.

GetSecs

GetSecsTick
clock.

GetTicks

GetTicksTick
clock.

HideCursor
IOPort
KbCheck

KbEventAvail
in ringbuffer.

KbEventFlush
ringbuffer.

KbEventGet
ringbuffer.

KbKeysAction

Does nothing. Used to time Matlab's

Drawing of formatted text into windows.

Drawing of formatted text into windows,

Flush any unprocessed events.

Return a struct array describing

Query system configuration on OS 9 and OS

Number of system bus ticks since startup.

Duration of one tick of the GetBusTicks

Wait for keyboard character and return

Get the process ID of the MATLAB process.
Get mouse position.

Get mouse wheel position delta on a wheel

Time since startup with high precision.

Duration of one tick of the GetSecs

Number of 60.15 Hz ticks since startup.

Duration of one tick of the GetTicks

Hide cursor.
A I/0 driver for access to serial ports.
Get instantaneous keyboard state.

Return number of pending keyboard events

Remove all pending keyboard events in

Get oldest pending keyboard event in

Return an incremented or decremented

value, depending on keys pressed.
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KbName
versa.

KbPressWait
pressed before.

KbQueueCreate
KbQueueRelease
KbQueueFlush

KbQueueStart
queue.

KbQueueStop

KbQueueCheck
presses/releases.

KbReleaseWait
released.

KbStrokeWait
KbTriggerWait

KbWait
and return its time.

ListenChar

LoadPsychHID
MS-Windows.

Convert keycode to key name and vice

Wait for key press, make sure no keys

Create keyboard queue.
Destroy keyboard queue.
Empty keyboard queue.

Start recording of key presses into

Stop recording of key presses into queue.

Check keyboard queue for key

Wait until all keys on keyboard are

Wait for single, isolated key stroke.
Wait for trigger keys on keyboard.

Wait until at least one key is pressed

Start GetChar queue.

Helper function for loading PsychHID on

MachAbsoluteTimeClockFrequency - Mach Kernel time measurement.

PredictVisualOnsetForTime - Predict stimulus onset for given

Screen('Flip') 'when'
psychassert

psychlasterror
lasterror() .

psychrethrow
rethrow () .

PsychCvVv
vision and related stuff.

PsychDrawSprites2D

PsychKinect
XBOX-360 Kinect.

PsychtoolboxDate
1998"

PsychtoolboxVersion

timespec.

Drop in replacement for Matlabs assert().

Drop in replacement for Matlabs

Drop in replacement for Matlabs

Miscellaneous C routines for computer

Fast drawing of many 2D sprite textures.

Psychtoolbox driver for the Microsoft

Current version date, e.g.

'l August

Current version number, e.g. 2.32
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PsychWatchDog - Watchdog mechanism and error handler for
Psychtoolbox.

PsychTweak - Tweak Psychtoolbox low-level operating
parameters.
RemapMouse - Map mouse position to stimulus position.

RestrictKeysForKbCheck - Restrict operation of KbCheck et al. to
a subset of keys on the keyboard.

Screen - Control the video display. ** Type
"Screen" for a list. **

SetMouse - Set mouse position.

ShowCursor - Show the cursor, and set cursor type.
Snd - Play sounds.

VideoRefreshFromMeasurement - Alternative calibration procedure

to find exact video refresh interval.
WaitSecs - Wait specified time.

WaitTicks - Wait specified number of 60.15 Hz ticks.

10.2 Myo Mex SDK MATAB Wrapper

Myo Mex SDK MATLAB Wrapper is a package that contains a simplified m-code class, MyoMex, that
enables MATLAB users to stream data from Myo at up to 50Hz (Inertial Measurement Unit) and 200Hz

(EMG and meta data), with only one command.

mm = MyoMex (); % Upon construction, MyoMex starts accumulating
streaming data in its myoData property

= mm.myoData; % get MyoData object

Data is now being pushed into log properties of m named,
quat log, gyro log, accel log, emg log, etc.

Data acquisition is non-blocking, too!

[o)

mm.delete(); % clean up

o o° oo 3

The IMU data includes estimated quaternion (orientation), three-axis gyroscope (angular velocity),
and three-axis accelerometer (linear acceleration). The sEMG data includes 8 raw data channels plus
the output of Myo's built-in gesture detection

The package is available for download even from its repository on GitHub: https://github.com/mark-

toma/MyoMex, where installation instructions and a tutorial are also available, or from the MathWorks
File Exchange: https://www.mathworks.com/matlabcentral/fileexchange/55817-myo-sdk-matlab-mex-

wrapper.
The first step toward interacting with the device involves the end user connecting to the physical

Myo device using the Myo Connect desktop application and the included BLE dongle. Once connected,
the API provided by Myo SDK enables third party code to interact with the device by calling into Myo

Connect through a runtime library. Myo connect and Myo SDK must be downloaded from the site of
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Thalmic Labs (https://developer.thalmic.com/downloads ) and installed. Following, a part from the

“readme.txt” file attached to the downloaded package is quoted with instructions for its installation.
Procede with installation of Myo Connect by launching the installed
and

following its prompts.

Extract the SDK in your desired location in the filesystem, and take
note

of the resulting file structure. For instance, you may choose to
extract

the SDK contents to C:\ so that the resulting file structure looks
like,

C:\myo-sdk-win-0.9.0\

bin\

include\

1ib\

Following this example, we'll refer to "C:\myo-sdk-win-0.9.0" as the

SDK_PATH.

Next, add "SDK PATH\bin" to your PATH environment variable. This
allows

your compiler to find the required DLL (i.e. myo32.dll or myo64.dll)
when

linking against the Myo SDK. In this example, we just add

";C:\myo-sdk-win-0.9.0\bin" to the end of the current PATH variable.

# MATLAB PACKAGE INSTALLATION
Navigate to the location where you have extracted the contents of this

package. Add the required directories to MATLAB's search path by
typing,

>> install myo mex

Alternatively, you may choose to have this command save the path so
that
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>> install myo mex

Alternatively, you may choose to have this command save the path so
that

you don't have to repeat this step in every new MATLAB session,
>> install myo mex save

# BUILDING MEX

Before you can build the mex file, you need to have a valid C++
compiler

installed on your system and configure mex to use this compiler.
Assuming

that the former is already taken care of, type the following command
and

follow the prompts to configure your C++ compiler.

>> mex —-setup

To build the mex interface, you need to specify the location of the
Myo

SDK. Recall your location for SDK PATH from above and type the
command,

>> build myo mex SDK PATH

Which in this example look like,

>> build myo mex C:\myo-sdk-win-0.9.0\

Now hopefully this completes without error. Upon success, you'll see

command window output similar to the following,

>> build myo mex c:\myo-sdk-win-0.9.0
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Changing directory to build directory:

'C:\path\to\matlab\package\Myo SDK MEX Wrapper\MyoMex\myo mex'

Evaluating mex command:

'mex -Ic:\myo-sdk-win-0.9.0\include -Lc:\myo-sdk-win-0.9.0\1lib -
Imyo64 myo mex.cpp'

Changing directory to original directory:

'C:\path\where\you\started'

MEX-file 'myo mex' built successfully!

Possible errors are due to:

* Incorrect specification of SDK PATH
* Corrupted Myo SDK file structure
* Failure to run 'install myo mex'

* Corrupted Myo SDK MEX Wrapper file structure

If you did not add "SDK PATH\bin" to the PATH environment variable, it
is

possible to build successfully but experience failures when using
MyoMex.

FHAF A AR A A A A A A A
RS

10.3 ASAM XIL API-dSPACE

dSPACE has its own user interface, ControlDesk, to monitor and control the experiments
conducted using the dSPACE controller boards. However, the target experiment presented in Chapter
6 required to be monitored directly from the environment of MATLAB. Using the dSPACE ASAM XIL
API .NET server in the M scripting language is the method dSPACE recommends in order to establish
an interface between the dSPACE processor boards and MATLAB scripts, see Figure 10.1.

ASAM XIL APl is a standard for the communication between test automation tools and test
benches. It decouples the test software from real and virtual test systems. This makes it easy to reuse
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test cases for different test systems. The standard also supports test benches at all stages of the

development and testing process:
Model-in-the-loop (MIL)
Software-in-the-loop (MIL)
Processor-in-the-loop (PIL)
Hardware-in-the-loop (PIL)

dSPACE products can be used in all process phases and can work as a XIL API client as well as a XIL

API server.
ControlDesk AutomationDesk
M script C# program Python script = = Third-party
e.g., MATLAB® (test sequence) (test sequence) XIL API client
{ I l
© ASAM

Member XIL API

dSPACE XIL APl MAPort Third-party XIL API server

dSPACE

Simlator Hardware 1 Hardware 2 Hardware 3

MicroLabBox [ MicroAutoBox

Figure 10.1. Schematic diagram showing the connection between the dSPACE products and
software tools.
The dSPACE .NET Implementation of the ASAM XIL API 2.0.1 standard (dSPACE XIL API .NET server
for short) currently covers large parts of the Model Access Port (MAPort) for access to real-time
applications on dSPACE HIL and RCP platforms; larger parts of the common namespace of the XIL
API, in which shared classes, data structures, and data types are defined for the XIL API Ports
(especially the classes for acquisition data and real-time stimulation).
dSPACE XIL API gives the user the possibility to execute the following actions within the MATLAB
environment, while a real time experiment runs:
o Reading and Writing Parameters
e Capturing
e Triggered measuring
e Processing the measurement results
Previously, the initialization of the XIL API .NET server and the creation of an MAPort configuration
file have to be realized for the establishment of a successful connection between the dSPACE board
and MATLAB. A complete tutorial can be downloaded from the following link of dSPACE:
https://www.dspace.com/support/patches/TASC/MLIB/discontinuation/MLIB_XIL API MigrationGuide
/MLIB_XIL_API_MigrationGuide.pdf .
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The MAPort configuration file and the MATLAB script created for the conduction of the Classic
EPP target experiment are demonstrated below as an example.
Configuration File

With the following configuration file, the real-time application that is specified in the variable
description file (SDF file) running on the modular system based on DS1103 can be accessed.

<?xml version="1.0" encoding="utf-8"?>
<PortConfigurations>

<MAPortConfig>

%Here the path of the Simulink model is set$%

<SystemDescriptionFile>C:\dSpace test2\ClassicEpp\testclassic.sdf</Sys
temDescriptionFile>

<PlatformName>ds1103</PlatformName>

</MAPortConfig>

</PortConfigurations>

XIL API .NET Initialization
$Build the Simulink model
ModelName ='TestClassic';
open_ system (ModelName) ;
rtwbuild (ModelName) ;

% import XIL API .NET assemblies
NET.addAssembly ('ASAM.XIL.Interfaces') ;
NET.addAssembly ('ASAM.XIL.Implementation.TestbenchFactory') ;

import ASAM.XIL.Implementation.TestbenchFactory.Testbench.*;
import ASAM.XIL.Interfaces.Testbench.*;

import ASAM.XIL.Interfaces.Testbench.Common.Error.*;

import ASAM.XIL.Interfaces.Testbench.Common.ValueContainer.*;
import ASAM.XIL.Interfaces.Testbench.MAPort.*;

% The following lines must be adapted to the dSPACE platform used

o°

Set IsMPApplication to true if you are using a multiprocessor
platform

isMPApplication = true;

% Use an MAPort configuration file that is suitable for your platform
and

$ simulation application See the folder Common\PortConfigurations for
some

% predefined configuration files

maPortConfigFile =

'C:\dSpace_ test2\ClassicEpp\DemoMAPortConfiguration.xml';

% Set the name of the task here (specified in the application's TRC
file)

% Note: the default task name is "HostService" for PHS bus systems,
% "Periodic Task 1" for VEOS

task = 'HostService';
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% Create a TestbenchFactory object; the TestbenchFactory is needed

% create the vendor-specific Testbench

% Create a dSPACE Testbench object; the Testbench object is the
central

% object to access factory objects for the creation of all kinds
of

% Testbench-specific objects

myTestbench =
myTestbenchFactory.CreateVendorSpecificTestbench ('dSPACE GmbH', 'XIL
API', '2016-A'");

)

% We need an MAPortFactory to create an MAPort and also a
ValueFactory

Q

% to create ValueContainer objects

myMAPortFactory = myTestbench.MAPortFactory;
myValueFactory = myTestbench.ValueFactory;

% For multiprocessor platforms different tasknames and variable

% have to be used. Some variables are part of the subappliaction
% "masterAppl", some belong to the subapplication "slaveAppl"

fprintf ('Creating MAPort...\n');

o)

% Create an MAPort object using the MAPortFactory

demoMAPort = myMAPortFactory.CreateMAPort ('DemoMAPort'") ;
fprintf ('...done\n'");

% Load the MAPort configuration

maPortConfig = demoMAPort.LoadConfiguration (maPortConfigFile) ;

[)

% Apply the MAPort configuration
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104

Here,

Target Experiment Script

the piece of code written in MATLAB for the realization the target experiments is quoted.

According to the control topology tested this MATLAB script ace connection with the respective real

time Simulink model.

) [o)

s S S e e Initialize PsychToolbox-—-—---—---—-—--——---— %

RandStream.setGlobalStream (RandStream('mt19937ar', 'seed',sum(100*clock

))) i

% Seed rng stream
Q.

AssertOpenGL; % Ensure a compatible version of PTB is installed
GetSecs(); % Cache m-file for later, time-critical use

e S S IS Initialiaze MyoMex--——--———-———————-————- %
install myo mex; % adds directories to MATLAB search path
sdk_path = 'C:\myo-sdk-win-0.9.0'; % root path to Myo SDK

o

build myo mex(sdk path); % builds myo mex

mm = MyoMex (1l); SMyoMex instant

ml = mm.myoData(l); %Get handle for MyoData

pause (0.5); %wait briefly for the first data frame to come in
ml.stopStreaming(); %$stop the data streminf

ml.clearLogs(); %clear the logs

e oo e e e e e e e e e e e e o e e o
o ¢}
e oo e e e e e e e e e e e o e e o
o ¢}
Fo—— - Constants--—----—--—---—-——--"—-—"——-——————— %

%Color Constants

BG COLOR = [255 255 255];
HIGH COLOR = [255 0 0];
LOW COLOR = [192 192 192];
TX COLOR = [0 0 0];

%$Pixel Constants

xCenter 683; %$x-center of the arc
yCenter 384; %y-center of the arc

theta = 0 : 0.01 : pi; %angles of the arc
r = 300; %radius of the arc

X = r * cos(theta) + xCenter; %x-positions
y = r * sin(theta) + yCenter; %y-positions

targets = [35 62.5 90 130 170]'; %possible positions of the
targets
widths = [15 10 5 3 2]'; %possible widths of the targets
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o
°

[)

————————————— Patlh ConStruCtlolmrrorrrerreeeeoemomoo=S;
ways = repmat([3 5; 5 1; 1 4; 4 2; 2 31,1,8)";

ways = reshape (ways,1l,size(ways, 1) *size (ways,2))"';
ways ((reps+1)*[1 2 3 41)=[1;

path = targets (ways);

targetSizes = repelem(widths, length (path)-1); SWidth Sequence
path = [path ;repmat (path(2:end),length(widths)-1,1)]1; % Target

Sequecnce

distances = ones(length(path)-1,1); %Distance Sequence
for 1 = 1l:length(distances)

distances (i) = abs(path(i+l)-path(i));
end

a sta = path(l:end-1); %Locations(angles) of the starting points
a_tar path(2:end); %Locations(angles) of the target points

$Locations (pixels) of the starting points

locations sta = [ r * cosd(a_sta) + xCenter, r * sind(a sta) +
yCenter];

%$Locations (pixels) of the target points

locations tar = [ r * cosd(a_tar) + xCenter, r * sind(a_tar) +
yCenter];

$Matrix with all the prementioned variables

conditions = [targetSizes distances locations sta a sta
locations tar a tar];

o __ T _____ R -

o o

e oo e e e e e e e e e e e o e e o

o ¢}

e e Varilelbles Detimiliilen-—ommoossomosooooooo= %

targetWidth =conditions(:,1);
s r = r*targetWidth* (pi/180)/2; %length of the arc from the

beginning of a target to its center

radius = sqgrt(2) *r*sqgrt((l-cosd(targetWidth/2))); %radius of the

target in pixels/cosine law

the

j=1;

remedialTrial = false;

out=0;

S _p=zeros(length(conditions),2); %Starting points

MT =zeros (length (conditions),1); S$Movemnt time
DT=zeros (length (conditions),1l); %Dwell time

success= zeros (length(conditions),1l); %Success matrix

xy=[]; %Current position
Angles = 'Model Root/position s deg/Inl'; %$Load the path name of
slave motor position on the Simlulink model
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[

o

try

o)

———————— Beginning of the experiment-------—-—-—------%

%0pen experimental screen on last screen reported by Screens
screen = max(Screen('Screens'));

PsychImaging ('PrepareConfiguration');

PsychImaging ('AddTask', 'General', 'UseVirtualFramebuffer');
[windowPtr, rect] = PsychImaging('OpenWindow', screen, BG COLCR) ;

ml.startStreaming(); %$Start streaming data from Myo

while (j <= length(conditions))
Screen ('Flip',windowPtr); %SRefresh the screen

$Show if last trial was succesful or unsuccessful
if 3 > 1
if success(j-1) == 1

DrawFormattedText (windowPtr, 'Success', 'center',100, [0 255

else

DrawFormattedText (windowPtr, 'Fail', 'center',100, [255 0 O

end
end

%$First trial, show instructions

DrawFormattedText (windowPtr, 'Reach the highlighted target to

begin', 'center', rect (4) - 32,TX COLOR);

%$Draw the arc
Screen ('FrameArc',windowPtr, [0 255 0], [xCenter-r yCenter-r

xCenter+r yCenter+r],90,180,2);

%Render each node, target node is highlighted
targetNode = conditions(j,6:7);
nextNode = conditions(j,3:4);

$Draw the starting node

if(j <= length(conditions))
Screen('FillOval',windowPtr, LOW COLOR,
[nextNode (1) - radius(j), nextNode(2) - radius/(
nextNode (1) + radius(j), nextNode(2) + radius(j

end

3)
) 1)

%Draw the target node
Screen('FillOval',windowPtr, HIGH COLOR,

[targetNode (1) - radius(j), targetNode(2) - radius(j),
targetNode (1) + radius(j), targetNode(2) + radius(j)]):;

ShowCursor (0); %Show up the cursor
[~, StimulusOnsetTime] = Screen('Flip',windowPtr,0,1);

$Set the mouse on the starting node/Only at the beginning of

experiment

if (3==1)
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SetMouse (nextNode (1) , nextNode (2) ) ;

amor st = 90; %Angle of the first starting node/Reference
angle
amor = amor st;
end
[startX,start¥] = GetMouse (screen); %Co-ordinates of the mouse
position
xy=[xy ; startX start¥Y];
S p(j,:) = [startX,startY]; % Starting point of the next
movement

$flags for beginning of movement, inside/outside target and
trial finish
start = 0;
out =1;
finish = 0;
Fm————————- While next movement has non started-----------------%
while ~start

%Read the position of the Slave motor
readVal = demoMAPort.Read (Angles);
am = readVal.Value;

%$Check bounds

if (am <=90 && am >= -=75)
amor = amor st + am;

end

%$Set the cursor at the point given by the position of the
%$slave motor

pos = [r*cosd(amor)+xCenter r*sind (amor)+yCenter];
SetMouse (pos (1) ,pos (2)) ;
[x,y,~] = GetMouse (screen);%Get the coursor position

xy =[xy;x yl;

%Check i1f the movement has started

if (x~=startX || y~=startY)
start=1;
StartingTime= GetSecs ()
end
end
PYoo—eoos e While next movement has not finished-------------—-—- %

while ~finish
%Read the position of the Slave motor
readVal = demoMAPort.Read(Angles);

am = readVal.Value;

%Check bounds
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if (am <=90 && am >= -75)
amor = amor st + am;
end

%Set the cursor at the point given by the position of the

%slave motor
pos = [r*cosd(amor)+xCenter r*sind (amor)+yCenter];

SetMouse (pos (1) ,pos (2)) ;
[endX,endY,~] = GetMouse (screen);%$Get the coursor position

xy = [xy ; endX endY¥Y];

%Check if the cursor has reched the target
if (dist ([pos(l),pos(2)],targetNode') <= s r(j))

finish = 1; %We have reached the target.We'll finish

winners or loosers,but we'll finish
EndingTime= GetSecs(); %Get the moment that the cursor

reached the target

out =0; SNot out anymore
time = EndingTime;

%Check what happens while cursor is inside the

target/Time Limit=1s
while (time-EndingTime<=1)

time = GetSecs();

%Read the position of the Slave motor
readVal = demoMAPort.Read(Angles) ;

am = readVal.Value;

amor = amor_st + am;

%$Set the cursor at the point given by the position of

the
%$slave motor
pos = [r*cosd(amor)+xCenter r*sind(amor)+yCenter];
SetMouse (pos (1) ,pos (2));
[endX,endY,~] = GetMouse (screen) ;$Get the coursor
position

xy =[xy; endX endY];

%$Check if the cursor overshoot the target and go to
%the next target
if (dist([pos(l),pos(2)],targetNode') > s r(j))
out = 1;
timeout = GetSecs();
break;
end

end

end
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end

$Movement Time

MT (j) = EndingTime - StartingTime;
GoingTime = GetSecs();

success (j)= ~out;

$Duel Time

DT (j) = GoingTime-EndingTime;

j =3+ 1;

[

end % End of sequence

%Ens of experiment/Refresh the screen/Wait keybord input for
$exit
Screen('Flip',windowPtr) ;
DrawFormattedText (windowPtr, 'Press any key to
continue', 'center', 'center', TX COLOR) ;

Screen('Flip',windowPtr,1,0);
KowWait ([]1,3);

$end $ End of condition

catch E

On error

Screen ('CloseAll"'") ;

disp (E.message) ;

disp('You are in debug mode. Type ''return'' to exit'):;
disp('*** DATA HAS NOT BEEN SAVED: TYPE ''return'' TO SAVE ***');
keyboard;

end

$Close the screen
Screen ('CloseAll"'") ;
G mmmmm - END of EXPERIMENT--——-———————————— %

$Angle of starting points
S a = atand((S_p(:,Z)—yCenter)./(S_p(:,l)—xCenter));
S a(S_a<0)= S _a(s_a<0)+180;

%$Position of ending points
R p =[S p(2:end, :); xy(end,1) xy (end, 2)1;

$Angle of ending points
R _a= atand((R_p(:,2)-yCenter)./ (R _p(:,1)-xCenter));
R a(R _a<0)= R _a(R a<0)+180;

%$Path of the cursor during experiment in angles
a = atand((xy(:,2)-yCenter) ./ (xy(:,1)-xCenter)) ;
a(a<0)= a(a<0)+180;

$Real distances
De = abs(S a-R a);

$Error between the center of the target node and the actual reaching
angle

Werr = a tar-R a;

$Dispose MAPort
demoMAPort.Dispose () ;
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11 Appendix B

In this appendix, we present the datasheets of the most important electromechanical parts of the

laboratory setup.
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H=LIX

LINEAR TECHNOLOGIES

Metric Lead Screw 4 mm x 1.22 mm Stainless Steel

Call 855-HELIXLT or visit us online at www.helixlinear.com to configure and
order your Metric Lead Screw 4 mm x 1.22 mm Stainless Steel today!

2D/3D 3AD
>¢. Outside Root
ONLINE Diameter Diameter

Product Info
Part Number 016048S

Thread Direction RH/LH

Screw Material Stainless Steel
Details

Lead [mm] 1.22

Starts 2

Pitch [mm] 0.6

Diameter [mm)] 4

End Code for Types 1,2,3,5 [* Journals may show tracings of the thread] 2>

End Code for Type 4 [* Journals may show tracings of the thread] 1

Diameter Code 016

Lead Code 048
Dimensions

A [mm] 2.34

B [mm] 3.84
Performance Specifications

Efficiency [%] 37-53

Lead Accuracy +/- [in/in] 0.0003
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ADVANCED

4 MOTION CONTROLS Analog Servo Drive AZBDC10A4
Description Power Range
Peak Current 10A
The AZBDC10A4 PWM servo drive is designed to drive
brushless and brushed DC motors at a high switching Continuous Current SA
frequency. To increase system reliability and to reduce
cabling costs, the drive is designed for direct Supply Voltage 10 - 36 VDC

integration into your PCB. The AZBDC10A4 is fully
protected against over-voltage, under-voltage, over-
current, over-heating, and short-circuits. A single
digital output indicates operating status. The drive
interfaces with digital controllers that have digital PWM
output. The PWM IN duty cycle determines the output
current and DIR input determines the direction of
rotation. This servo drive requires only a single
unregulated isolated DC power supply, and is fully

RoHS (Reduction of Hazardous Substances) compliant.

See Part Numbering Information on last page of
datasheet for additional ordering options.

Features

A Four Quadrant Regenerative Operation 4 Digital Fault Output Monitor

A Direct Board-to-Board Integration 4 Current Monitor Output

4 Lightweight A Single Supply Operation

A High Switching Frequency 4 Compact Size

A Wide Temperature Range 4 High Power Density

A Differential Input Command 4 12VDC Operation
HARDWARE PROTECTION MODES OF OPERATION

= Over-Voltage *  Current

*  Under-Voltage COMMUTATION

= Over-Current *  Trapezoidal

= Over-Temperature MOTORS SUPPORTED

= Short-circuit (phase-phase) *  Three Phase (Brushless)

= Short-circuit (phase-ground) * Single Phase (Brushed, Voice Coil, Inductive Load)
INPUTS/OUTPUTS COMMAND SOURCE

= Digital Fault Output *  PWM

*  Digital Inhibit Input COMPLIANCES & AGENCY APPROVALS

*  Analog Current Monitor *  ROHS

*  Analog Command Input *  UL/cUL Pending
FEEDBACK SUPPORTED +  CE Pending

= Hall Sensors
Release Date: Status: ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012
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AD VANCED
MOTION CONTROLS

AMOTIO Analog Servo Drive AZBDC10A4
BLOCK DIAGRAM
FUNCTIONAL ELOCK DIAGRAM AZBOCIOAY [Pro12 PL-s P1-
| ResERUED o | SV fFAULT
10K 10K
+SU oV 01
MMBTE222
60/120 i
INHIBIT SEL 1 HiGH WOLTRGE | paiyg g
Jea =
PEAKS JEl FOUER GRD
PI-2 PRM-114 CEJ:Z 1 = DUER GND | Fe5.5
Pi-i| DIR-IN syl _ ‘ [
- LT ]
— WMOTOR © | Pe-5.6
PL'Q_—_L CONTROL MOSFET MOTOR B | PE-3.M4
+ LOGIC ks

MOTOR A | Pe-1.2

sU SU%_ H1
H2
ol f 2]

CURRENT FEEDRACK

INTERNAL POWER-SUPPLY
FOR HALL SENSORS

RESERUED| pz-12
KEY | pa-7

JE1- INHIBIT LEVEL SELECTIOH

JEE- PHASING !

LOM INHIEIT WHEN INSTALLED

+UHall
ALL L GROUNDS ARE INTERMALLY CONNECTED N CURRENT
[1: HALL SENSORS  [MON]TOR

[P1-0 [P1-11 P1-7.8.9 [P1-6

LOW ENAELE WHEN NOT INSTALLED

120 DEGREE WHEM INSTALLED, €0 DEGREE WHEM MOT INSTALLED

Information on Approvals and Compliances

RoHS (Reduction of Hazardous Substances) is intended to prevent hazardous substances such as lead from being
manufactured in electrical and electronic equipment.

Release Date:
4/10/2015

Status:

Active

ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012
ph# 805-389-1935 - fx# 805-389-1165- www.a-m-c.com
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AD VANCED

JAMOTION CONTROLS Analog Servo Drive AZBDC10A4
SPECIFICATIONS
Power Specifications
Description Units Value
DC Supply Voltage Range VDC 10- 36
DC Bus Under Voltage Limit VDC 8
DC Bus Over Voltage Limit VDC 40
Maximum Peak Output Current' A 10
Maximum Continuous Output Current A 5
Maximum Continuous Output Power w 171
Maximum Power Dissipation at Continuous Current W 9
Minimum Load Inductance (Line-To-Line)? uH 100
Internal Bus Capacitance® uF 235
Low Voltage Supply Outputs - +5VDC (30 mA)
Switching Frequency kHz 40
Control Specifications
Description Units Value

Command Sources

PWM Input Frequency Range
Feedback Supported
Commutation Methods
Modes of Operation

Motors Supported

Hardware Protection

Description
Agency Approvals
Size (HxW xD)
Weight
Operating Temperature Range‘
Storage Temperature Range
Relative Humidity
Form Factor
P1 Connector
P2 Connector

PWM
10-25
Halls
Trapezoidal
Current

Three Phase (Brushless), Single Phase (Brushed, Voice Coil, Inductive Load)
Invalid Commutation Feedback, Over Current, Over Temperature, Over Voltage,

Under Voltage, Short Circuit (Phase-Phase & Phase-Ground)

Mechanical Specifications

Units
mm (in)
g (02)
“C ()
“C (F)

RoHS, UL/cUL Pending, CE Pending
38.1 x 38.1 x 7.34 (1.50 x 1.50 x 0.29)

85(0.3)
0-85(32-185)
-40 - 85 (-40 - 185)

0 - 90% Non-Condensing

PCB Mounted

12-pin, 1.27 mm spaced header
12-pin, 1.27 mm spaced header

Value

Notes
1. Maximum duration of peak current is ~2 seconds. Peak RMS value must not exceed continuous current rating of the drive.
2. Lower inductance is acceptable for bus voltages well below maximum. Use external inductance to meet requirements.
3. Requires a minimum of 47 uF external bus capacitance between the DC Supply and Power Ground.
4. Additional cooling and/or heatsink may be required to achieve rated performance.
Release Date: Status: ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012 Page 3 of 7
4/10/2015 Active ph# 805-389-1935 - fx# 805-389-1165- www.a-m-c.com 9



/‘AD VANCED

MOTION CONTROLS Analog Servo Drive AZBDC10A4
PIN FUNCTIONS
P1 - Signal Connector
Pin Name Description / Notes 1/0
1 DIRECTION Direction Input (+5V) |
2 PWM/IN 10 - 25 kHz pulse width modulated digital input command (+5V). Input duty cycle |
commands the output current.
3 SIGNAL GND Signal Ground (Common With Power Ground). GND
TTL level (+5 V) output becomes high when power devices are disabled due to at least one
4 FAULT OUT of the following conditions: inhibit, invalid Hall state, output short circuit, over voitage, over (o]
temperature, power-up reset.
5 INHBTIN T1_'L leveIA(fS V) inhibit/enable inpu@. Leave open to enable drive. Pull to ground to inhibit |
drive. Inhibit turns off all power devices.
Current Monitor. Analog output signal proportional to the actual current output. Scaling is 2
¥ GENIRENT MO A0, e antxn ot o sigtgal o il ¥ - o
7 HALL 3 |
8 HALL 2* Single-ended Hall/Commutation Sensor Inputs (+5 V logic level) |
9 HALL 1 I
Low Power Supply For Hall Sensors (+5 V @ 30 mA). Referenced to signal ground. Short
10 +V HALL OUT circuit protectez‘.) / ( - . e 0
1 SIGNAL GND Signal Ground (Common With Power Ground). GND
12 RESERVED Reserved -
P2 - Power Connector
Pin Name Description / Notes 1/0
1 MOTOR A 0
2 MOTOR A 0
3 MOTOR B Motor Phase Outputs. Current output distributed equally across 2 pins per motor phase, 3A o
4 MOTOR B continuous current carrying capacity per pin. 0
5 MOTOR C 0
6 MOTOR C 0
7 NC (KEY) No Connection. Keyed pin. -
8 PWR GND S . i s GND
9 PWR GND Power Ground (Common With Signal Ground). 3A Continuous Current Rating Per Pin GND
10 HV IN DC Power Input. 3A Continuous Current Rating Per Pin. Requires a minimum of 47 uF |
11 HV IN extenal capacitance between HV IN and PWR GND pins. |
12 RESERVED Reserved -

*For use with Single Phase (Brushed) motors, ground Hall 2 and only connect motor leads to Motor A and Motor B.

Note: P1 and P2 are identical 12-pin headers. To avoid damage to the drive, be sure when plugging or soldering the drive into a
PCB or interface card that the drive orientation is correct. P1 and P2 are labeled on the PCB silkscreen. Pin 7 on P2 is keyed to
differentiate it from P1. Consult the mounting dimension drawing on page 6 of this datasheet for an illustration of the locations of
P1 and P2.

HARDWARE SETTINGS

Jumper Settings

Jumpers are SMT, 0 ohm resistors located on the underside of the drive PCB. By default, the drive is configured with the jumpers
installed. Typical drive operation will not require the jumpers to be removed. Please contact the factory before jumper removal.

Jumper Description Configuration
SMT Jumper (0Q Resistor) Not Installed Installed
JE1 :jr:::gn logic. Sets the logic level of inhibit pins. Labeled JE1 on the PCB of the Low Enable Low Inhibit
Hall sensor phasing. Selects 120 or 60 degree commutation phasing.
JEE Labeled JE2 on the PCB of the drive. 60 degree 120 degree
Release Date: Status: ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012 Page 4 of 7
4/10/2015 Active ph# 805-389-1935 - fx# 805-389-1165- www.a-m-c.com



A APYANCED |
MOTION CONTROLS Analog Servo Drive

AZBDC10A4
MECHANICAL INFORMATION
P1 - Signal Connector
Connector Information 12-pin, 1.27 mm spaced header
) Details = Samtec: RSM-112-02-L-S
Mating Connector - -
Included with Drive = No
11 SIGNAL GND
9 HALLY
|— [
P2 - Power Connector
Connector Information 12-pin, 1.27 mm spaced header
) Details = Samtec: RSM-112-02-L-S
Mating Connector - -
Included with Drive = No
Release Date: Status: ADVANCED Motion Controls - 3805 Calle Tecate, Camarillo, CA, 93012 Page 5 of 7
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INSTRUMENTS DRV8833
SLVSAR1E —JANUARY 2011-REVISED JULY 2015
DRV8833 Dual H-Bridge Motor Driver
1 Features 3 Description

Dual-H-Bridge Current-Control Motor Driver

— Can Drive Two DC Motors or One Stepper
Motor

— Low MOSFET ON-Resistance: HS + LS 360
mQ

Output Current (at V=5V, 25°C)

- 1.5-ARMS, 2-A Peak per H-Bridge in PWP
and RTY Package Options

500-mA RMS, 2-A Peak per H-Bridge in PW
Package Option

Outputs can be in Paralle! for

3-A RMS, 4-A Peak (PWP and RTY)

1-A RMS, 4-A Peak (PW)

Wide Power Supply Voltage Range:

27t0 108V

PWM Winding Current Regulation and Current
Limiting

Thermally Enhanced Surface-Mount Packages

Applications
Battery-Powered Toys

POS Printers

Video Security Cameras
Office Automation Machines
Gaming Machines

Robotics

The DRV8833 device provides a dual bridge motor
driver solution for toys, printers, and other
mechatronic applications.

The device has two H-bridge drivers, and can drive
two DC brush motors, a bipolar stepper motor,
solenoids, or other inductive loads.

The output driver block of each H-bridge consists of
N-channel power MOSFETs configured as an H-
bridge to drive the motor windings. Each H-bridge
includes circuitry to regulate or limit the winding
current.

e L. . e -

internal shutdown functions with a fault output pin are
provided for overcurrent protection, short-circuit

protection, undervoltage lockout, and
overtemperature. A low-power sleep mode is also
provided.

The DRV8833 is packaged in a 16-pin WQFN
package with PowerPAD™ (Eco-friendly: RoHS & no

Sb/Br).
Device Information'"
PART NUMBER PACKAGE BODY SIZE (NOM)
TSSOP (16) 5.00 mm x 4.40 mm
DRV8833 HTSSOP (16) 5.00 mm x 4.40 mm
WQFN (16) 4.00 mm x 4.00 mm

Simplified Schematic

NSLEEP

Controller

nFAULT

2.7t010.8V

DRV8833

Stepper or
Brushed DC
Motor Driver

An IMPORTANT NOTICE at the end of this data sheet

addresses availability, warranty, changes, use in safety-critical applications,

intellectual property matters and other important disclaimers. PRODUCTION DATA.
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Order Number

according to dimensional drawing 310006 |IEII0Al 310008 310009
shaft length 15.7 shortened to 8.7 mm 268213 268214 268215 268216 |
Motor Data ! ! !/ /[ | |
Values at nominal voltage
1 Nominal voltage \') 12.0 18.0 24.0 36.0 48.0
2 No load speed rpm 8170 8590 8810 8590 8490
3 No load current mA 300 212 164 106 78.5
4 Nominal speed pm 7630 7900 8050 7810 7750
5 Nominal torque (max. continuous torque)  mNm 51.7 75.5 85.0 834 88.2
6 Nominal current (max. continuous current) A 4.00 4.00 3.44 2.20 1.72
7 Stall torque mNm 844 991 1020 936 1020
8 Starting current A 60.5 498 39.3 235 19.0
9 Max. efficiency % 86 87 87 87 88
Characteristics
10 Terminal resistance Q 0.198 0.362 0.611 1.53 252
11 Terminal inductance mH 0.0345 0.0703 0.119 0.281 0.513
12 Torque constant mNm/A 13.9 19.9 25.9 39.8 53.8
13 Speed constant pm/V 685 479 369 240 178
14 Speed/ torque gradient rpm / mNm 9.74 8.71 8.69 9.22 8.33
15 Mechanical time constant ms 3.42 3.25 3.03 3.17 3.01
16 Rotor inertia gem? 335 35.7 33.3 329 345

Specifications Operating Range Comments

Thermal data

17 Thermal resistance housing-ambient  6.0K/W " (rpm] | ICon;inuouq ope?ataig: listed thermal resi
18 Thermal resistance winding-housing 1.7K/W 60W n observation of ve listed thermal resistance
19 Thermal time constant winding 162s 12000 (lines 17 and 18) the maximum permissible winding
20 Thermal time constant motor 714s m temperature w:ll be reached during continuous
21 Ambient temperature -30 ... +100°C gpfg:m%:hs C ambient.
22 Max. permissible winding temperature ~ +125°C B .
. . Short term operation

»s ugf‘::r';?;s‘i’t‘;gas(:;;bea"“gs) —— The motor may be briefly overloaded (recurring).
24 Axial play 0.05-0.15 mm
25 Radial pl 0.025 - s
26 Maaxl.aa)gaaly;oad (dynamic) 5?:} 25 S0 75 100 M[mNm] Assigned power rating
27 Max. force for press fits (static) 110N 10 20 30 40 1A

(static, shaft supported) 1200 N
28 Max. radial loading, 5 mm from flange 28N -

maxon Modular System Overview on page 16 - 21

Other specifications
29 Numberp:fcpole pairs 1 gggetary Gearhead ggg °$$4M(?PT
30 Number of commutator segments 13 a7s [n_‘rrns Nm - l:l’ a a"éma‘s
31 Weight of motor 2389 Page 239 1 = Page 259

Values listed in the table are nominal. gggfnt?nry it

Explanation of the figures on page 49. :):g - 6.0 Nm *Eiﬂ =

e 240 -

A Tolerances may vary from the standard > "=’=I =-

specification.

Option

Preloaded ball bearings

May 2008 edition / subject to change

Recommended Electronics:

ADS 50/5 Page 276

- ADS_E 50/5 277 b
EPOS 24/5 294
EPOS2 50/5 295
EPOS P 24/5 297
Notes 18

maxon DC motor 81



Planetary Gearhead GP 32 C 32 mm, 1.0- 6.0 Nm

Ceramic Version

485 08 Planetary Gearhead straight teeth
L Output shaft stainless steel
225 a7 Shaft diameter as option 8 mm
] g # . Bearing at output ball bearing
© A g 12 Radial play, 5 mm from flange max. 0.14 mm
o bk Axial play max. 0.4 mm
=) =1 =0 Max. radial load, 10 mm from flange 140N
c 3 § — 1 e | ? Max. permissible axial load 120N
(o) -/ /7 ! 5;3 Max. permissible force for press fits 120N
5 8 & Sense of rotation, drive to output =
(] Recommended input speed < 8000 rpm
E 150 6411 - A1,25x2,65/ Recommended temperature range -20 ...+100°C
21 -2 <L Extended area as option -35...+100°C
- S Option: Low-noise version
tock program
[_IStandard program o Number
Special program (on request)
166930 | 166933 | 166938 | 166939 166954 | 166959 166972 | 166977
| GearheadpData [ [ | [ | [ [ [ | [ | | |
1 Reduction 37:1 14:1 33:1 51:1 111:1 246:1 492:1 762:1 1181:1 1972:1 2829:1 4380:1
2 Reduction absolute 26/7 676/ 49 520y, ATSTB[,,, 13824/ 421y 86112/, 19044/ 103G oE26ITE . 496144/, 100503
3 Max. motor shaft diameter 3 6 4 4 3 3 4 4 3
P Ordor Namber R Sees e I 766945] 766950 R 166960 166963 166968 (166973 166978
1 Reduction 48:1 18:1 66:1 123:1 295:1 531:1 913:1 1414:1 2189:1 3052:1 5247 : 1
2 Reduction absolute 24/5 624/35 18224/2‘5 6877/5G 101062/3‘3 331776/, 625 36501/ 0 z:zscu/ms 535403/245 1907712/‘25 839523/190
3 Max. motor shaft diameter mm 4 4 4 3 3 4 3 3 3 3
L T 166932 [166935] 166941 166946 | KT 166956 166961 |EIEI2d[ 166969 [ 166974 166979 |
1 Reduction 58:1 21:1 79:1 132:1 318:1 589:1 1093:1 1526:1 2362:1 3389:1 6285: 1
2 Reduction absolute 23, 209/, 3887/‘9 3312/25 9376 20631/35 m'/zsemm‘/ms 2006088/ 474513/“0m43/'m
3 Max. motor shaft diameter 3 3 3 3 4 3 3 4 3 3 3
166947 |EIEERY 166957 166965 [KIIEILY[ 166975
1 Reduction 23:1 86:1 159:1 411:1 636:1 1694 : 1 2548:1 3656 : 1
2 Reduction absolute 576/, 14076/ 1587/, 850424/ . 70488 ety ToRRY, 457056/,
3 Max. motor shaft diameter mm 4 4 3 4 3 3 4 3
[166937] 166943 ] 166948 166953] 166958 | 166966 [ 166971 166976
1 Reduction 28:1 103:1 190:1 456:1 706:1 1828:1 2623 :1 4060 : 1
2 Reduction absolute 138/5 3588/35 12167/6‘ 89401/196 15817|/m mMZ/‘zzs 2066223/7“ amm/m
3 Max. motor shaft diameter mm 3 3 3 3 3 3 3 3
4 Number of stages 1 2 2 3 3 4 4 4 5 5 5 5
5 Max. continuous torque Nm 1 3 3 6 6 6 6 6 6 6 6 6
6 Intermittently permissible torque at gear output Nm  1.25 3.75 3.75 7.5 7.5 7.5 75 7.5 7.5 7.5 75 75
7 Max. efficiency % 80 75 75 70 70 60 60 60 50 50 50 50
8 Weight g 118 162 162 194 194 226 226 226 258 258 258 258
9 Average backlash no load s 0.7 0.8 0.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
10 Mass inertia gem? 1.5 0.8 0.8 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
11 Gearhead length L1 mm 26.4 36.3 36.3 43.0 43.0 49.7 49.7 49.7 56.4 56.4 56.4 56.4
overall len overall len: hI
Combination
+ Motor Page +Tacho/Brake  Page Overall length [mm] = Motor length + gearhead length + (tacho / brake) + assembly parts
RE 25,10 W 77 81.0 90.9 90.9 97.6 97.6 1043 1043 1043 1110 1110 111.0 1110
RE 25, 10 W 77 MR 258 920 1019 1019 1086 1086 1153 1153 11563 1220 1220 1220 122.0
RE 25, 10W 77 Enc 22 260 95.1 105.0 1050 111.7 1117 1184 1184 1184 1251 125.1 1251 125.1
RE 25, 10 W 77 HED_ 5540 262/264 101.8 1117 1117 1184 1184 1251 125.1 125.1 1318 1318 1318 1318
RE 25, 10 W 744 DCT 22 271 103.3 1132 1132 1199 1199 1266 1266 126.6 1333 1333 133.3 1333
RE 25,20 W 78 69.5 794 79.4 86.1 86.1 92.8 92.8 92.8 99.5 99.5 99.5 99.5
RE 25,20 W 79 81.0 90.9 90.9 97.6 97.6 1043 1043 1043 1110 1110 111.0 111.0
RE 25,20 W 79 MR 258 920 1019 1019 1086 1086 1153 1153 11563 1220 1220 1220 122.0
RE 25,20 W 79 Enc 22 260 95.1 105.0 1050 1117 1117 1184 1184 1184 1251 125.1 1251 125.1
RE 25,20 W 79 HED_ 5540 262/264 101.8 1117 1117 1184 1184 1251 1251 1251 1318 1318 1318 1318
RE 25,20 W 79 DCT 22 271 103.3 1132 1132 1199 1199 1266 1266 126.6 133.3 1333 133.3 1333
RE 25,20 W 79 HED_5540/AB28 308 1322 1421 1421 1488 1488 1555 1555 1555 1622 1622 1622 162.2
RE 26, 18 W 80 85.3 95.2 95.2 1019 1019 1086 1086 1086 1153 1153 1153 1153
RE 26, 18 W 80 MR 258 96.3 1062 1062 1129 1129 1196 1196 119.6 1263 1263 1263 1263
RE 26, 18 W 80 Enc 22 260 102.7 1126 1126 1193 1193 1260 126.0 126.0 1327 1327 1327 1327
RE 26, 18 W 80 HED_ 5540 262/264 103.7 1136 1136 1203 1203 1270 127.0 127.0 1337 1337 1337 1337
RE 26, 18 W 80 DCT 22 271 106.3 1162 116.2 1229 1229 1296 1296 129.6 1363 1363 136.3 136.3
RE 30,60 W 81 94.5 1044 1044 1111 1114 1178 1178 117.8 1245 1245 1245 1245
RE 30,60 W 81 MR 259 1059 1158 1158 1225 1225 1292 129.2 129.2 1359 1359 1359 1359
RE 35,90 W 82 974 1073 1073 1140 1140 1207 120.7 120.7 1274 1274 1274 1274
RE 35,90 W 82 MR 259 108.8 1187 1187 1254 1254 1321 132.1 132.1 1388 1388 1388 1388
RE 35,90 W 82 HED_ 5540 262/264 118.4 1283 1283 1350 1350 141.7 141.7 1417 1484 1484 1484 1484
RE 35,90 W 82 DCT 22 271 1155 1254 1254 1321 132.1 1388 1388 138.8 1455 1455 1455 1455
RE 35,90 W 82 AB 28 308 1335 1434 1434 1501 1501 1568 1568 156.8 1635 1635 1635 163.5
RE 35,90 W 82 HEDS 5540/ AB 28 262/308 150.6 160.5 1605 1672 1672 1739 1739 1739 1806 1806 1806 180.6
RE 36, 70 W 83 97.7 1076 1076 1143 1143 121.0 121.0 121.0 127.7 127.7 1277 1277
RE 36, 70 W 83 MR 259 109.1 1190 119.0 1257 1257 1324 1324 1324 139.1 139.1 139.1 139.1
RE 36, 70 W 83 HED_ 5540 262/264 118.7 1286 1286 1353 1353 1420 142.0 142.0 1487 1487 1487 1487
RE 36, 70 W 83 DCT 22 271 1158 1257 1257 1324 1324 1391 139.1 139.1 1458 1458 1458 1458

240 maxon gear May 2008 edition / subject to change
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Encoder HEDS 5540, 500 Counts per turn, 3 Channels

. Cycle C = 360°e *
30 <183 [Puse P = 180°¢
Uiigh ==y
I ];.— High ,L
u1 r Channel A
f; » L ULow Phase shift
3| o ~ + e @ 90%er
& i © U ’
Vi A High !
| (— =7 1% Channel B
N
[1LLL! ULow )
Pin 11D
s3 S4 Sq S2 S1.4=9%0"
As<45%
I Stock program Order Number
[]Standard program

Special program (on request)

yp

Counts per turn

Number of channels 3 3 3
Max. operating frequency (kHz) 100 100 100
Shaft diameter (mm) 3 4 6

| overall length | overall length I >

Combination
+ Motor Page + Gearhead Page +Brake Page Overall length [mm] / e see: + Gearhead
RE 25, 10W 77 75.3
RE 25, 10W 77 GP26,0.5-20Nm 235 [}
RE 25, 10W 77 GP32,0.4-20Nm 237 (]
RE 25, 10 W ra/ GP 32,0.75-6.0 Nm 238/240 °
RE 25,20 W 79 75.3
RE 25,20 W 79 GP 26,0.5-20Nm 235 °
RE 25,20 W 79 GP32,0.4-20Nm 237 °
RE 25,20 W 79 GP 32,0.75- 6.0 Nm 238/240 (]
RE 25,20 W 79 AB 28 308 105.7
RE 25,20 W 79 GP 26,0.5-20Nm 235 AB 28 308 (]
RE 25,20 W 79 GP32,04-20Nm 237 AB 28 308 o
RE 25,20 W 79 GP 32,0.75- 6.0 Nm 238/240 AB 28 308 L]
RE 26, 18 W 80 .2
RE 26, 18 W 80 GP26,05-20Nm 235 (]
RE 26, 18 W 80 GP32,04-20Nm 237 .
RE 26, 18 W 80 GP 32,0.75- 6.0 Nm 238/240 °
RE 35,90 W 82 91.9
RE 35,90 W 82 GP 32,0.75- 6.0 Nm 239/240 L]
RE 35,90 W 82 GP 32,8 Nm 242 @
RE 35,90 W 82 GP42,30-15Nm 244 .
RE 35,90 W 82 AB 28 308 124.1
RE 35,90 W 82 GP 32,0.75-6.0 Nm 239/240 AB 28 308 .
RE 35,90 W 82 GP42,30-15Nm 244 AB 28 308 °
RE 36,70 W 83 92.2
RE 36, 70W 83 GP32,0.4-20Nm 237 @
RE 36, 70 W 83 GP 32,0.75-6.0 Nm 239/240 °
RE 36, 70 W 83 GP42,3.0-15Nm 244 o
RE 40, 150 W 84 91.7
RE 40, 150 W 84 GP42,30-15Nm 244 o
RE 40, 150 W 84 GP52,40-30Nm 247 .
RE 40, 150 W 84 AB 28 308 124.2
RE 40, 150 W 84 GP42,30-15Nm 244 AB 28 308 (]
RE 40, 150 W 84 GP52,40-30Nm 247 AB 28 308 °
Technical Data Pin Allocation Connection example
Supply voltage 5V+10% Channel A
Output signal TTL compatible Encoder  Description el Pin3O—e Q-
Phase shift F (nominal) 90% + 45% Pin5 Channel B 1 Pin5 Chann\re_)l_s' 3
Signal rise time : :’:: 3 e s g e IChannel |
(Styg;elilfaaltl t?;;;, 25 pF, R  =2.7 kQ, 25°C) 180 ns Pin2 Chanasly . in
(typical at C, =25 pF, R, = 2.7 kQ, 25°C) 40ns i i ® UU Rouup 3.3 k2
Index pulse width (nominal) 90°%e Cable ':\"h slug; o
Operating temperature range -40 ... +100°C ‘Lﬂ maxon Art. No. 3409. -
Moment of inertia of code wheel <06 Q0N | F—lommmpmmmndrtl  cant o i n o roquo3 poStion. -
Max. angular acceleration 250000 rads? | = D - ) | vee s vov
Output current per channel min. -1 mA, max. 5 mA &::'E;g:ee':ggggg’f;“b“? :: ‘: O
maxon Art. No. 3409.504
40 ——..15“ 2 1'r?ex %rugr(tarjoe; 13-3?01) can GND
——r— be fixed in the required position.
g Ambient temperature range &y = 25°C

262 maxon tacho May 2008 edition / subject to change



DCX 12 L Precious Metal Brushes

DC motor @12 mm

72}
2.5/48W 4.2mNm 12000 rpm 9
1=
{_L [0.05 :
10.02
] =
28.2 max. o
: veol +0.1
T Tertinan g 38 h Y 195 mar. . 3
\ ogl <9 T &g j £
d 4 2 9 .
b e .
R by : 5|
o o‘ s ++
= o o == e e
9 !
0.02
0.7 max. I
0 0
2.35 -0.1 4.95 -0.55
+0.1
5.6 gzsa 8.7 max. M 3:2
1_ Nominal voltage Vv 3 45 6 9 12 18
2_ No load speed Pm 8800 8810 8810 8820 8810 8800
3_ No load cument mA 345 23 17.2 11.5 8.62 5.75
4_ Nominal speed Pm 6360 5710 5600 5800 5600 5590
5_ Nominal torque (max. continuous torque)  mNm 2.88 4.07 3.92 416 3.92 3.89
6_ Nominal current (max. continuous current) A 0.924 0.861 0.622 0.441 0.311 0.206
7_ Stall torque mNm 10.4 11.6 10.8 12.2 10.8 10.7
8_ Stall current A 3.24 24 1.68 1.26 0.842 0.554
9_ Max. efficiency % 81 82 81 82 81 81
10_ Terminal resistance Q 0.927 1.87 3.58 712 14.3 325
11_ Terminal inductance mH 0.031 0.071 0.125 0.282 0.502 113
12_ Torque constant mNmV/A 3.22 4.83 6.44 9.66 129 19.3
13_ Speed constant mnwV 2970 1980 1480 989 741 494
14_ Speed/torque gradient mpnvmNm 854 766 823 729 821 831
15_ Mechanical time constant ms 4.32 4.27 4.28 4.27 4.28 43
16_ Rotor inertia gen? 0.484 0.533 0.496 0.559 0.498 0.495
Thermal data Operating Range
17_ Thermal resistance housing-ambient KW 31 nrpm] Winding 4.5V
18_ Thermal resistance winding-housing KW 0.3
19_ Thermal time constant winding S 10.1 14000
20_ Thermal time constant motor s 194 o000
21_ Ambient temperature ball bearings °C -40...+85
Ambient temperature sleeve bearings °C  -30...+85 10000
22_ Max. winding temperature °C 100 gooo
23_ Max. speed pm 12000 %090
24_ Axial play mm 0...0.1 4000
Preload N 0.5 2000
25_ Radial play mm 0.015 Il Continuous operation
26_ Max. axial load (dynamic) N 050 M [mNm] Continuous operation with reduced
27_ Max. force for press fits (static) N 8.8 thermal resistance Rez 50%
(static, shaft supported) N 120 Intermittent operation
28_ Max. radial load [mm from flange] N 1.5 [5]
Mechanical data maxon Modular System
23_ Max. speed pm 12000 maxon gear Stages maxon sensor maxon motor control
24_ Axial play mm 0...0.15 116_GPX 12A/C 14 146_ENX 10 EASY 416_ESCON Module 24/2
Preload N 0 117 GPX12LN1Z 14 146_ENX 10 QUAD 416_ESCON 36/2 DC
25_ Radial play mm 0.015 118_GPX 12 HP 24 424 _EPOS2 24/2 (DC/EC)
26_ Max. axial load (dynamic) N 0.1 119_GPX 14 A/C 3-4 424_EPOS2 Module 36/2
27_ Max. force for press fits (static) N 30 120 GPX14LN1LZ 3-4
(static, shaft supported) N 120 121_GPX 14 HP 4
28_ Max. radial load [mm from flange] N 0.8 [5]

29_ Number of pole pairs 1
30_ Number of commutator segments 7
31_ Weight of motor 16

.

32_ Typical noise level

44

Bearing: Sleeve bearings/ball bearings preloaded

Commutation: Precious metal brushes with or without CLL

Flange fronv/back: Standard flange/Flange with thread holes/no flange
Shaft fronv/back: Length

Electric connection: Terminals or cable/cable lengtivconnector type

xdrives.maxonmotor.com
67
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Sensor - ENX10 EASY 512IMP

Type

Counts per turn
Number of channels
Line Driver

Max. outer diameter
Max. housing length
Max. electrical speed
Max. speed

Technical data

Supply voltage, typical
Supply voltage tolerance +/-
Output signal driver
Current per cable

Min. state length

Min. state length

Signal rise time/Signat fall ti
Min. state duration
Direction of rotation

Index position

Index synchronously to AB
Index pulse width

Typical current draw at standstill

Max. moment of inertia of code wheel

Weight (Standard cable length)
Operating temperature range
Number of autoclave cycles

512

RS422
10

85
90000
30000

5

10
Differential, EIA RS 422
-20...20

45

135

20/20

125

A for B, CW
A low & B low
yes

90

23

0.05

71

-40..100

0

mm
mm

rpm
pm

gcm”2

°C

Datasheet: http://www.maxonmotor.com/medias/CMS_Downloads/DIVERSES/ENXEASY _en.pdf

06.10.2015 / Subject to change without notice / Your configuration: B745B790D3C2 / Revision number: 1
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