Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



Low Cost Bio-Robotic System Using Biometric Signals

A thesis presented in partial fulfilment of the

Requirements for the degree of

Master of Engineering

in

Mechatronics

at Massey University, Manawatu,

New Zealand.

Christopher Scott

2014



Contents

Y o1 o - [t APPSO P R PR OP PP PRRPR 10
F Yol g oY NV =T F= LT o g 1= ) 4SS 12
(0 0P o) =T g R oY 4 o o [V o1 4 Lo o F PR 13
1.1 The RESEAICH TOPIC. uuiiiiiiiieiiiiie ettt e eetee e ertte e e et e e e et e e e e stteeeestbaeestbeaeenseeeeaabaeeeassaeesnssaessaesasseaans 13
1.2 The SCOPE OFf RESEAICH.....ii it s be e ate e ateeaee e snbeesaeas 14
1.3 T =TT ol s T @] oY =Tot Y7 TSP 15
1.4 OrganiSation Of TNESIS ...cccciuiiiiie ettt e e e eeebe e e e e e eeba e e e e e e e abaeeeeesensbreeeeeesseeeannnnres 15
Chapter 2 - LItEratUure REVIEW......uiicciiie it tees sttt ettt e e st e e st e e e s aa e e s sssaeesnteeesnnteeesesnreeeansseeanns 17
2.1 TYPES OFf AMPUELATION 1.eeiiiiiiiiiiiee ettt s e e st e e be e e s satee e sssbeeesaneee e eenabeeeens 17
211 Upper Extremity AMpPuUtation LEVEIS ........eeiiiieeiiiiee ettt e e eave e e enne e 17
2.1.2 Lower Limb AMPUtation LEVEIS ......coee ettt e 19
2.1.3 Knee Disarticulation (Through KNEe)........cooieeiiiiiiicee et 20

2.2 TYPES OF PrOSTNESES ...ttt e e e e et e e e e s taa e e e e e e e araaeeeeeeas sennnreeeeens 20
221 PASSIVE Lottt 20
2.2.2 BOOY POWEIEA...ccouiiiiiiiiiie ettt ettt ettt ettt e et e et e e e st e e sabe e e sabeeessbeeesbeee eeesnnne 21
2.2.3 Electrically powered (Externally POWEred).......cccueeiiieiuieeiiiiciie et 21
2.2.4 [ AV oY To I o XYY T SR 22

2.3 Prosthesis Design Process and the Related CoSt......covviiiiieiiiiiiiiciicccee e 23
2.4 Materials Commonly Used for Prosthetic DEVICES .........cccvviveeiiieeiieie e 24
2.4.1 ElECTrOaCtiVE POIYMENS ...ttt ettt e e e et e e e e e e enbae e e e e een eeans 24
2.4.2 (6 1 oo Yo T ST o o ISR 24
243 ATUMINTUM ettt st e st e e s bt e e bt e st e e sabeesbeeebeeebeesatee eenbeeeane 24
2.4.4 o] 1 1 ol RPRPSROPSPRPIN 24

2.5 Electromyography as a Control Method ..........cccuuiiiiiiiiiiiee e 25
2.5.1 Application of Electromyography for prosthetic devices........ccccveivieviieeiiciee e, 25
2.5.2 Hardware Requirements fOr EMIG ......coouiiiiiiieiiiiie et ssiee e site e siae e s staeessbeeesnaeae e 26
2.5.3 Control paradigms associated With EMG .........cc.oooiiiiiiiiii et 27
2.5.4 Other Methods Of CONTIOl ....c.eiiiiiiiiece e e e 29
2.5.5 Effectiveness Of CONTIOL . ..o i 30
2.5.6 Testing of control methods with an ampPULEE.........eceiiviiiiiiiei e 31
Chapter 3 - Preliminary Amputation and Prosthesis Cost Investigation ........ccccceeeeiviiiieiiie s 33

2



3.1 Nature of AMpPUtee ENVIFONMENT.......iiiiiiiiiiiee ettt sbe e s e e s saaeeesaans 33

3.2 CUITENT IMATKEE PrICES ..eiiieiieiieie ettt et s b et s sbeesbe et beesbeennean 34
Chapter 4 — Prosthesis MechaniCal DESIN .....cccccuviiiiei ittt e e e et e e e e e e anaeeeeeas 37
4.1 LY oL gl D LT T = o H PO O PP PP PPPOURROORt 37
4.1.1 ActU@tion MEthOdS......c.coviiiiiiiiiiiic e 37
4.1.2 FOIM FACTOr ..ot 39
4.1.3 DIMENSIONS ..ttt e s e bt s s e e s e e s aee s sraees 40
4.2 Torque Calculation for Finger Mechanical AdVantage ........cccecvveeeiieecciiee e 42
4.3 VYol o o ot Y g =1 A USSR 44
43.1 e =L Y A=Y o= o TSRS 44
4.3.2 BeNAING iN the FINGEI ..eviiiiiiiiecee e sttt e e st e st e s sabe e e s s saneeas 45
433 JOINT PIVOT PiN BEAINEG ... ittt e e e e e e e e e e e e e e e e e e e e eaaan e eeeeeas 46
434 JOINT PivOt Pin ShEar QUL .....o.ei it 46
435 JOINT PIVOT PiN SN ... ittt e 47
4.3.6 T T 2 T=T o Vo [T ¥ =SSR 47
4.4 Pulley Requirements tO DIIVE FINGEI......ccuviieii ettt e et e et e e tarae e e e e eeanraeaeee s 48
4.5 oY [0 g T TCT ] T o USRS 48
45.1 FOIM FACTON coiiiiiiiiiiiii e aae e 48
4.6 B 10T ] o T LT = TSP SSS 51
4.6.1 FOIM FACTON ot s e 51
4.7 Wrist Fixture Design CoNSIderation........ucicuieeiiiieeiciie et srree s e svae e e stee e e san e e e sneneeennnes 52
4.7.1 Amputee's Current MoUNtiNg SYSTEM ......uveiiiiiiiieiee et et e e e e nraeeas 52
4.7.2 Required Functionality and Critical DIMENSIONS ......ccccuviiiiiiieeciieee e 53
Chapter 5 = Prosthesis ManUTaCtUNING........cooiiiiiiiiie ittt e s aee e st e e e ssabeeenes 55
5.1 Available Manufacturing TEChNOIOZIES ......ccuviieiiieeciee e eare et 55
5.1.1 1D I o 4 L (=T PRSPPSOt 55
5.1.2 (O N[O\ -l o 1011 o F=d 1= o o TSRS 56
5.1.3 IVIIL ettt ettt e ettt e e s bt e e st e e e ab e e e s ate e e e bee e s at e e e etbe e e abae eeeenbeeenbreees 58
5.1.4 LA e et e 59
5.1.5 DIl PIESS ettt ettt st e s b e b e b et sar e e shereesareennneen 60
5.2 Material SEIECTION ...oeeeieeieee e e e 61
5.3 Design Changes DUe t0 ManUfaCtUre.........cccuveeiciiie et e et e et e e s are e e e nae e e stae e enees 62



531 Pl ettt h et bttt e st e e sae e e b et e b reesaneeshaeen 62

5.3.2 THUMD ettt s bt et e s bt s b e e b e et e saeesbeebeen sbeenteeanens 65
533 o1 PSR 68
Chapter 6 - Electrical and Electronic Systems DESIZN.......ccccuviieiieeiiiieeeciee e et sre e s rree e seee e seeeaee e 69
6.1 Electromyography Sensing Design and INvestigation.........cccoecvveiviiiiiniien e 69
6.1.1 Appropriate SeNSING MELNOU . .......coiiiiiiiieeee et e e e e e ear e 69
6.2 EhiCal CONCEINS ...ttt esas sbe e e e eanees 69
6.2.1 =] o =] - 1 o o H PP PPPPPTP 70
6.3 L D 1Ty 11 o PO P SRR 70
6.3.1 Initial Design SChematic aNd PCB ......ccociiiiiiee et ee e e e e e s saaee e enes 71
6.3.2 INitial DESIZN OULPUL.....eiiiiiiieiiie ettt se e st e e s e e e st e e s sabaeessataeesan s saneeas 72
6.3.3 Initial Design OUtPUt WIth AMPULEE.....cviieei et e e e e e 74
6.4 DUAL Channel DESIGN ... ..uviiiee e ettt e e et e e e e et e e e e e ataeeeeeeennteeeeeeeennee sannenneeeas 76
6.4.1 ParT ChOICES ..ttt sttt b e et st e e st e e b e e s b e et sareennneeas 76
6.4.2 Design SChemMatiC @Nd PCB .........uiiiciiie e eiee ettt e st e e saae e s tae e e nte e e e sasaeesnrneeens 76
6.4.3 DT T =T @ T U1 o o 11 N 77
6.5 T =T T oY PSPPSR 78
6.5.1 [ Lo I e T 1 =Y PSP PPPTPPPRP 79
6.5.2 LOW PSS FIltOI .ttt sttt st sttt ettt sbe e b e et enre e nbeennean 80
6.5.3 BaNd Pass FIlEer ...t e 81
6.5.4 Filter Design Using FilterPro SOftWare........cccuvvi it 82
6.5.5 SIMUIAted Filter...c.oiiiiiiiiici e e 86
6.6 1Y LGl a1 [ ] o 11 ¥ -SSP SPUSRRS 87
6.6.1 Mean Average Voltage CirCUIt.......ooueiiriiee ittt ettt e st e e e e s saaaeeeans 87
6.6.2 Comparator Based CoNditioNiNg ......cccueiiiiiiiieiiie ettt e et e et e e e eae e 94
6.7 IMOTOT SEIECHION ...ttt sttt st s be e s b e bt et saeesbeen sabeeaeesbeenee 97
6.8 VLo 1o Tl V=T PP 98
6.9 Current Feedback using CUrrent SENSING .....ccovcuiiiiiiiieiiee ettt s e e s s 99
(0 P o) =T g A @o T a1 g o] BNV A =] 4 o RPN 101
7.1 Micro-controller COMPATISONS ...ccccuviiiiiiiie ettt ettt ettt et e st e e s sbte e e st e e s sabae e sareeesaree e ean 101
7.2 Choice Of MICIO-CONTIOIIEI.....c.eiiiiiiieiiee e et e nreens 103
7.3 o [T =To I =T U TSP 101



7.4 FEAtUIre PrOoSrammMiNG .c..ueeieiiieiiieee ettt ettt e e sttt e e e s sttt e e e e s sttt e e e e s seasbbee sarreeas 103

(O P o =T TR 0o 1] Y F= Y AV £Y RS 107
8.1.1 (O8] =T o) e o] £} AV o 1= IO PPPPPPPPPOPRIRE 107
8.1.2 3D PrintiNg ProtOtYPe. e e e e e e e e e e aeee 108
8.1.3 EI@CErICAl COSES..cuiiiiiiiiiiiiiictc e e 109
8.1.4 TOTal OVErall COSES....ouiiiiiiiiiiiiere e et e 112
Chapter 9 — ReSUItS @nd DiSCUSSION.....ccciuuiiiiiiiieiitiee sttt e ettt e ettt e e st e e sbte e s s bt e e ssabeeessbbeeesas saseeessaeaeeas 113
9.1 Final MechaniCal SYSTEM .....cci e e e et e e e e e s bae e s enreee e e enrees 113
9.2 EMG Acquisition and ConditioNING .......evvieeeeiciiiiie e e rrrre e e e nrae e e e 113
9.3 Control System and MOTOr DIiVING......cuuiiiiiieeiiiie e sie e ee e s e s sre e e se e e e sraee e seseessaeeaesnnnes 113
9.4 Suitability Of First PrOtOTYPE ...eeeiuiiiiiiiiiieiiee ettt ettt e st e st e e s aeeesans 114
9.4.1 Physical FUNCEIONAIITY ..cooeeeeeeee e e e eeearae e e e e e aee e 114
9.4.2 D TU T 1 o 11 1 Y SRR 115
9.4.3 FAN T g =l A ol D 1T 1= o (SRS PPPPP 115
9.4.4 L6001 TSSO P ST PRO PR PRRRPRORPIO 116

9.5 Future Work (IMProVEMENTS) ......eeecreeiieiee et eetree et eteee et eetee e eeteeeeeaaeeeeeaseeesnreeeennreaes 116
9.5.1 MECNANICAT .. e e e 116
9.5.2 ABSTNETICS . ettt ettt e s e e enee e s 118
9.5.3 EIMIG CIICUIT. ..ottt sttt et sbe e bttt e e sae e seeesb e et e sane s sbeenbeenee 118

9.6 Other Work Opportunities from this Project .........ccceeeiiiieeiiiie et 118

(O P o 1Y g K I 0] o ol 11 o USRI 119
RETEIEINCES. ...ttt s st 120
A o] o T=T e | ol Ty SRR 122
Appendix 1 - INA 2128 DAtasSh@eT ....cccvuiiiiiiiiiiriiee ettt e s e s s e sbaee s 122
Appendix 2 - OPA2604 DatashEet......ccccuuieiiiiieiiee e eree s stree s e e rtaee s e e e saae e eare e e etre e esntree e eenneeeas 138
JAN oo 1T e [ e T AN e [T Yo N o o [ USSR 154
Appendix 4 - Arduino Nano DAtaSh@et .....ccueiiiiii it n 159
APPENIX 5 = TIDA QUOTE ..eeeiiiiieiiiie ettt ettt ettt e et e e sttt e e st eeesabeeesateeesasbeesssbaeesabeeessseeesnssnssessnsneens 163



Table of Figures

Fig. 2.1- Upper Extremity Amputation Levels (Left) and Lower Extremity Amputation Levels (Right)..... 17
Fig. 3.1 - AMPUEEE SUIVEY NUMDEIS ..couiiiiiiiiie ettt ettt ettt e st e st a e e sate e e sbbee s e e saneeesnanes 33
Fig. 3.2 - Currently Available ProsthetiCc DEVICES ......cueeiciiieeiiieeecitee et et e eetee e et e e e saaa e e s sarae e s naraeeeanes 34
Fig. 3.3 - Common Amputation ProCeAUIE PriCES ......uiiiiiiieiiieeeieeeertee e stee e ertee e st e e etae e e stre e e snnne e e ennes 35
Fig. 3.4 - Government Contribution toward Prosthetic Related [teMS .......cceeevciveeiviieecciee e 35
Fig. 4.1 - Grasping sequence of the three-phalanx under-actuated finger (Lionel Birglen, 2006)............ 38
Fig. 4.2 - Internal Design of the Index Finger Including the Cable Actuation Channels .......cccccccevvueeenee. 39
Fig. 4.3 - FINGEr DIMENSION TADIE coeeiiiiiiieeee ettt e et e e e e e ar e e e e e eeatraeeeeeeen s ennraeeeeeennnns 40
Fig. 4.4 - 3D Printed Finger Revision 1 (Left), 3D Printed Finger Revision 2 (Right) .......cccoceeevivvveerinneeennne. 40
Fig. 4.5-3D Printed FINGEr REVISION 3.....oiiiiii ettt e et e e e et e e e e e ana e e e e e e e snnranneaeeennns 41
Fig. 4.6 - Final CNC Prototype Of INAeX FINGEI ......viiiiiiee et ctee s eseee ettt e st e e e sene e e snre e e nees 41
Fig. 4.7 - CNC Prototype Testing Grip Patlern ... i e s eneeeeees 42
Fig. 4.8 - Weight Lift tests of Prototype Finger Worst Case SCENArio........cccveeevieeeerireeesiireeesireeeseneeseeeas 43
Fig. 4.9 - Finger Tip Dimensions for Strength ANalysis .........cooiciiiiee i 44
Fig. 4.10 - Dimensions for Full Length Strength ANalysSis.......cc.vviiiiiieiiiiieicee e 44
Fig. 4.11 - Finger Dimensions for Bending ANAlYSiS ........ccuiiiiiiiiiriieeiiiieeeriee et siree e sive e sieee s snne e e 45
Fig. 4.12 - Finger Dimensions for Second Moment of Area Calculation.........ccccoeeeecieeeiciiee e, 45
Fig. 4.13 - Vector SUM Of FINGEI FOICES ...cciuiiiiiiiii ittt ettt ettt et st e et e st e e s sate e e sabte e e sabtee e s saneeesnanes 46
Fig. 4.14 - Pin Joint used for Shear Out and Bending Calculations..........ccccouveeeiiieeeciiee e, 46
Fig. 4.15- Palm SKetch With DIimMENSIONS .....c.uvii it e e e e e e e e stae e e s eanreeeenens 49
Fig. 4.16 - Palm, BOTEOM SECHION ....uviiiiiiie ettt et e et e e et e e e tt e e e stb e e e st beaessanaeeennes 50
Fig. 4.17 - Palm, Middle Section. From Below (Left) and from Above (Right)......cccccoovviviieiiviieeiniee e, 50
Fig. 4.18 - PalmM, TOP SECLION ....uitiiiee ittt ettt ee e eette e e e e e et e e e e e e s ear e e e e e s e sataaeeeeeessssaeeeesaeeeseesranneeesnnnns 50
Fig. 4.19 - Thumb, First Attempt (Left), Final 3D model (Middle), Final Form (Right)........cccccouvvercvernnnen. 51
Fig. 4.20 - Current Carbon Socket (Left), Socket with Hook Attached (Right).....c..ccovvveeiiirieeeiiiecciieeeene 52
Fig. 4.21 - Hook Prosthetic Actuation Harness (Left), Hook being Closed by Harness (Right) ................. 52
Fig. 4.22 - Silicone Sock for Mounting HOOK ProSthesis .......cccuuiiiiiiiiiiiiiiieeeiiee et e e 53
Fig. 4.23 - Mounting Arrangement of CUrrent ProsSthesis .........ccocveveeeiiieniieniiesieeseeseeese e 53
o= T R U | o (V1] B I Y RS 55
Fig. 5.2 Acumen 500 CNC Machining CENEIE .......uuiiiiiieiiiiiie ettt e e tre e e e e e e e e e e e e eaeraeeeaaaeeanns 56
Fig. 5.3 - Control Panel for Acumen 500 CNC Machining CeNtre .....ccccceeeviieeesiieee e e eenee e 57
Fig. 5.4 - Automatic tool changer for the Acumen 500 CNC Machining Centre........cccocvvveeeeeeecvveeeeeenennns 58
Fig. 5.5 - KONdia POWEIMIIl.cc.eeiiiiiiiieeie ettt sttt e it e e e e e sbeee s sabeeeeaees 59
Fig. 5.6 - Couchester Student 1800 Lathe.......cccuuiiiiiiiiieiee et e e et e e e e e enrebaeeeeeeeaes 59
Fig. 5.7 - The Hafco MetalMaster DIill PrESS ......ccuieiiieiieeiieeiieetee st e st e sive e esieeeiaesteesbeesbeessnseesnneens 60
Fig. 5.8 - Material SElection Criteria ...ccuiiiiiieeciiee e ctie e e e et e e e te e e st e e e sabe e e e sn snraeeesnnaeeenens 61
Fig. 5.9 - Designed Corners (Above) Vs Machined Corners (BEIOW)........ccevvieeeiieecciiee et 63
Fig. 5.10 - MOtor MOUNTING BraCKet .......uvieiiiieciieeeciiee ettt te e st e e stte e et e e erate e e ennae s e e ennaeeennnns 64
Fig. 5.11 - Bracket mounted in the palm (Left), Motor mounted in the bracket (Right).......ccccvveveverennnns 65
Fig. 5.12 - 3D Model of Motor Mounting Cavity (Left), Final Machined Cavity (Right)........ccccovevrivennee. 66
Fig. 5.13 - Long Shank End mill and ANgle VIiCe SETUP.....uveeiieieiiiieeee ettt e e e e 66



Fig. 5.14 - Guide Channel ManUFaCtUure .......c.cooviiiiiiiee ettt e s s e s sate e e e seree e s e 67
Fig. 5.15 - Pulley STring HoIE LOCATIONS .....cciiuiieiiiieeeciiie e citee e ctte e st e etae e e sate e e stbe e e e ataeesabeeeenaas reeesasaeeennes 68
Fig. 6.1 - First DeSiZN SCREMATIC ......uiiiiiiie ettt st s e st e e e s e e s bt e e e sabaeesaees 71
Fig. 6.2 - PCB Layout Of FIrST DESIZN ..ecccuvieeiiiiiieciiie ettt ettt rttee et e e tve e e st e e eate e e e taae s snsaeeesasnrseeesanaeesnnens 71
Fig. 6.3 - Parts List fOr FirSt DESIZN ...uieicviieiiiiieeciiie ettt e e e stee st e e ete e e stae e e snte e e e saseessnteeeeesnseeeesnneeesnees 72
Fig. 6.4 - EMG Capture Program Interface (Left) and Block diagram (Right) ......cccceevvvreviieeiniieeeciee e, 73
Fig. 6.5 - Comparison between Similar Aged males and the Amputee’s Amputated Arm .......ccccceeveeeennne 74
Fig. 6.6 - Amputee Data Amputated Arm (Left) Vs. Uninjured (Right)........cccoevieiiiiiniiinii e 74
Fig. 6.7 - SENSOr POSIIONING TOST...ciiiiiiiieiiecccctte e e e e e e e e e e e e e e e e e e e e e e s e s aaaaasbaaseaeeesattaasaaeeeeeeeeans 75
Fig. 6.8 - Duel Channel EMG SCREMATIC ...uueiiiiiiiiieee ettt ettt e e ettee e e e et re e e e e e snrae e aeeeeeeennns 77
Fig. 6.9 - Dual Channel EMG PCB DESIZN ....cciiiiiiiiieeeeeeiieeieeeeeitteeeeeeetteeeaesseataeeaasseanssaeeeessesssnssnneeassannns 77
Fig. 6.10 - Fast Fourier Transform of Captured EMG Data........cccccvvereiiiiiieiiie et eeee s e e 78
T S T A - o T Tl o = oY o = T 1 =T o SRR 79
Fig. 6.12 - Highpass Filter Design 65HZz SCheMALIC ..cccvviiiiiiie et ere e e e e 80
Fig. 6.13 - Highpass Filter Design 65HZ RESPONSE ...eeeeeiiiuiriieeeeeciitee e e eectttee e e eeerre e e e e e sraeeeeeeesaraeeeeeseeeenns 80
Fig. 6.14 - BaSiC LOWPASS FIlEOI ...veiiiiiiiciie ettt e e et e st e e s snbe e e e e s e ee e saeaeeennnes 81
Fig. 6.15 - Lowpass Filter Design 180Hz Cut-off - Schematic (Left) , Response (Right).........cccovveevreeennnee. 81
Fig. 6.16 - Bandpass filter 65-180Hz Passhand..........ccceiiiiiieiiiiieciiee ettt et eve e e e e e et ree e e 82
Fig. 6.17 - FilterPro Wizard Step 1 (Filter ChOICE) ....ccuvieciiieiie ettt sttt e sane e 82
Fig. 6.18 - FilterPro Wizard Step 2 (Entering Filter Values) ..........coccuiiiieiiiiciieececee et 83
Fig. 6.19 - FilterPro Wizard Step 3 (Selecting Filtering Method ).......ccccovveiiieiiiie e 84
Fig. 6.20 - FilterPro Wizard Step 4 (Choosing TOPOIOEY) ....uuieiiiiieeiiieeciiie sttt et e ste e e etae e et e e eeiae e e e 85
Fig. 6.21 - FilterPro Component TOIEranCe Bar.......cccciiiiciiieiiiieeeiee ettt estee s tee e e ste e e s seae e e saae e e sannaneeennes 85
Fig. 6.22 - FilterPro Filter SChematic OULPUL .........ceeiiiiiiiiiiee ettt ettt e e e eetree e e e e e abrerreeeeeeeanes 86
Fig. 6.23 - FilterPro Schematic Frequency and Phase RESPONSE .......ccevvieiiriiieiiieeecreeeceeeesee e 86
Fig. 6.24 - Signal Comparison after FIlLEIING ......ueeeiiiiiiiiiee e et e e et reraree e e e eanes 87
Fig. 6.25 - MAV Implementation #1 SCheMAtiC.......cciiviciiiiee e e e e e e 88
Fig. 6.26 - MAV Implementation 2 BIOCK DI@gram .......coiviiiiiiiieieiiee ettt esite sttt e siee e sbeeessbe e e s e e 88
Fig. 6.27 - MAV Implementation 3 BIOCK DIagram .......ccooiiiiiiiiiieiieeeiiee ettt ettt e s e 89
Fig. 6.28 - MAV Implementation 4 BIOCK DIagram ........ccocuvieiiiiieeiee ettt stee e sre e see e e ste e e s saee e e eanes 89
Fig. 6.29 - Peak Detector SChEMALIC........uiiiie e e e e e e e e e e s e eenraaeeeeeeanns 90
Fig. 6.30 - Peak Detector Time DOmain RESPONSE ......uviiiivieeiiieeeeiieeesitteeesteeeetreessbaeeeseeeesssseeesnnseeesenes 90
Fig. 6.31 - Clamping CirCUit SCREMATIC ...uvvieeiieiiiiiee ettt e e et e e e e e erre e e e e e snsenrreeeeeeennns 91
Fig. 6.32 - Basic Op-Amp INTegration CirCUIL ........uiiiiiiiiiiiee ettt e e e s s ee e e e 92
Fig. 6.33 - +/-5V 10 0-3.3V LeVel Shiting CirCUIT.......ccviivreiireecee e cetee et ere et e steeeereeeeree e eveeeaneens 93
Fig. 6.34 - Clipping CirCUIt SChEMAtiC ..o..viiiiiiiiieiee ettt e e e 93
Fig. 6.35 - COMPArator SCNEMALIC ...uuviiiiiee ettt e e st e e st e e e saeee e seteeesasseeeeesnnaeeenees 94
Fig. 6.36 - Comparator Based Conditioning SChemMatiC.......cccoeeciiiiiiiieiiiiiee e 95
Fig. 6.37 - Comparator SIMulation OULPUL ......cccciieiiiiee e eriee e sre e et e e e seree s e ere e e enteeeen sanreeennes 96
Fig. 6.38 - Block Diagram for Comparitor CONAitioNiNG ........ceeeeiviieeeieiiiiieeee ettt re e 97
Fig. 6.39 - Motor Driving Current Sense Schematic (Left), Breadboard Prototype Testing Setup (Right) .99
Fig. 6.40 - Oscilloscope Current Sensing Waveform at Motor Stall Transition ..........ccccevvveeeeevciiveeee e, 100



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

7.1 - Micro-Controller Comparison Table ......eeiiiiiiiiiiieiieeee et 102
/A AR X e [V 1 Vo 3 \F- T o J PSRRIt 103
7.3 - Table of Required MicroCONtroller PiNS .........coovuiiiiiiieeiiiee ettt e st 101
7.4 - Microcontroller State DIagram ....cc.ueccccueeeicieie e siee et e et e e e sate e e e sate e e e ateeeestteeesstsseeennreeeas 104
7.5 - Microcontroller State Output Diagram for One MOLOr ......ccccuveeiiiieeeniiie e 105
8.1 - Cost of Mechanical Prototype ProsthetiC.......cccccveiiiiiie i 107
8.2 - Breakdown of Material Costs Vs. LaboUur COSES ....ccuiiriiiriiiniiniiieeiie et 108
8.3 - Breakdown of Labour Time for Entire Prototype Manufacture ........cccocceveviieiiniiininiieeenieenn 108
8.4 - Expected Cost of 3D Printing in TitaniUm .....ceeiceecciieiee et eeciree et ee e e eeeare e e e e e e et e eanns 109
8.5 - EMG Sensing CirCUit COSt ANAIYSIS ....uuuiiiiiiiiiiiieeeceeiiieee e e e et e e e eecarre e e e e e erreeeeeesenrreaeeseeeeennnns 110
8.6 - ConditioNiNg CirCUIt COSTING...uuviiiiiiiiiiiee et cce e e e e e e e e st e e e e e st ae e e e e e saneanaaeeeeennnees 111
8.7 - Control System Circuitry COSt ANAIYSIS ...eievcuvieeeiieeeiiieeecre e esire et e e stre e e sere e s sae e e e sarae e s eenenee s 111
8.8 - Electrical Cost BreakdOWN.........uii ittt e et e e et e e e s tae e en saaaeeenraee s 112
R I o) =1 I @lo 1 ol e o) oYY/ o TSP 112
9.1 - FINAl MEChaNiCal SYSTEM .....uuiiiiee et et e e e e e e e e e sabraee e e e e aseaneaeeeeennnees 113



List of abbreviations:

Targeted Muscular Reinnervation — TMR
Targeted Sensory Reinnervation — TSR
Electromyography — EMG

Proportional Integral — Pl

Degrees of Freedom — DoF

Computer Numerical Control — CNC
Computer Aided Design — CAD

Computer Aided Manufacture — CAM
Computer Numerical Control — CNC
International Society of Electrophysiology and Kinesiology — ISEK
Common Mode Rejection Ratio — CMRR
Data Acquisition Card — DAQ

Fast Fourier Transform — FFT

Resistor Capacitor —RC

Mean Average Voltage — MAV

Integrated Circuit —IC

I/0 = Input Output

Pulse Width Modulation — PWM

Integrated Development Environment — IDE



