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Abstract

Hip disarticulations and hemipelvectomies are the highest level of lower limb amputations. As
such, these amputations create ambulation difficultiecamént prosthetic solutions are limited
Powered prosthetic joints have sucéeg improved lower limb amputee gait; howevenp
powered hip jointareavailable on the markethis thesis presents the design and evaluation of a
microprocessacontrolled powered hip joiror hip-level amputees rope and pulley system was
used to transmit power from an actuator locatetie prosthetic thigh to rotate the prosthetic leg
around an anteriorocated prosthetic hip joint. The pulley system features an innovative
tensioning system using multiple keywagiowing the system to be tensionadthout external
tensioning devices he powered hip prosthesis past&@® 15032:2000nechanical strength tests
thatsimulatel 100 kg usetoads The joint was also tested by alfdedied individuals using a hip
disarticulation simulatoto walk with thepoweredhip-kneeanklefoot prosthesisThough the
participants had asymmetrical gait with shorter intadé swing time, the device successfully
allowed the participants to ambulatéhe final device weighed 3.9 kg anespected geometric
design constraints tit tomfortably under pant§uture work is needed to implemeafaitcontrol
system, resolva rope slack issuand test the device with hipvel amputees.



Table of Contents

TaBIE OFFIQUIES ... eeens e e e e e e e e e eens vii
LISt Of TabBIES ...t e et e e e e e e e e e s et e e e e e e e e e e e e e e e e a e Xiii
D=1 0 110 K PP PRPPPPPRR Xiv
ADDIEVIALIONS. ... et eeer et ettt e e e e e e e e e e e ammr e e e e e e e e e e e e e e e e XV
ACKNOWIEUGEMENTS. ...ttt e e e e e e e e e e e e ennn s e e e e e e eeeaeas XiX
Chapter 1: INTFOUUCTION. .......ceiiiiiieee e ee e enenasee bbb e e e 1
1.1 RAUONAIE......eeiiiiiiiiee ittt et e e e ekt eenemt e e e e e e e e e e e e 1
1.2 ODJECLVES. .. oo e e e e e rea e e e e e e e e e e e e e e e e an e e e e e e e aaaaaaaaaaaes 2
1.3 ThesiS CONIDULIONS.......ciiiiiiiiiiii e anee s 2
1.4 TRESIS OULIING....cciiiiiiei ettt rmee e emme e e 3
Chapter 2: Literature REVIEW...........uvuuiiiiiiiii it emrera s e e e e e e e e e e e e e e eeaneeeeeas 4
2 R €T 11 4 Yo = PSSP |
2.2 Transfemoral Amputee MODIlity...........oooriiiiiiiii s 5
2.2.1 Transfemoral AMPULEE Gail..........couuiiiiiiiiiiiicciee e 6
2.2.2 Transfemoral Amputee Sib-Stand and Stanth-Sit...............ccccvvvvviiiieemecnnnnnnnd
2.2.3 Transfemoral Amputee Stair Ascent and Stair DesCent............cccvvvvieeennnnsnd 9

2.3 Hip Disarticulation and Hemipelvectomy Prostheses............ccooviiiiccee s 10
2.3.1 Canadian Type Hip ProsthesiS..........cooouiiiiiiiiicceee 10
2.3.2  Helix3D Hip Prosthesis........coooiiiiiiiiiiiieeeie e 12
2.3.3  Powered Hip ProStNESES........uuiiiiiiiiiiiii e 13
Chapter 3: DeSIgN CrLEIa........cuuuuii i e et e e e e et e e e e e e s nmmeesaaaaes 15
3.1 DeVICE WEIGNL ... e 15

G T U 1T G VYT o o | P 15



3.3 SHENGEN . ——————————————————— 16
G N S - L o [0 ) 1Y (o] 1 o o TR 16
G T o [0 T8 1Y/ 1T o U PPRPPRP 17
G ST AN o [0 | F= TV =1 (o Yo | S 18
3.7 ANLEIION PrOITUSION .....ceiiiiiiiiiiiee et mee e eeeenae 18
3.8 Medial and Lateral ProtruSIOnL.........cccuuuriiiiiiiieeeiiiiiiiin e eeeee e e 18
3.9 DEVICE LENGLN. ....uuiiiiiiiiiii i 19
.10 USEI SAIRLY...ciiiiiiieieee ettt 21
3.11 DesSign Criteria SUMIMAIY......cceeieeiiiiiiiiieeeimme e re e bbb e e e eees 21
Chapter 4: Design Candidates...........oooiiiiiiiiemee e eee bbb e e e e e e e eeeeees 22
g R 1 U= (o ] PP 22
4.2  Monocentric Versus Polycentric Hip JoInt..............oooiiiiiiiiieee e 22
G T B 1= Tox B V7= T ] (=] o PSSR 24
4.4 Gear DrVE SYSIEIM......cccoiiiiieeeieiii et e e e e e e e e e e e anaer e as 25
T = 1 | B L)Y SIS VS (=] o USSP 32
4.6 Chain and SProCket SYSEIML........ciiiii i ceeeece e eene e 34
4.7 Pulley and ROPE SYSIEM.......ccooiiiiiiiiiiiieeee e e e e e e e e 35
Chapter 5: Power Hip Prosthesis Design and COMPONENIS............uuvveeeieemiiivirireneeeeeeeen 38
S 00 S o1 {0 ] TR 38
S (0] PRSP PR PPRRPPPPY 40
5.3 PUIY . et e e e e e e e e e e e e e e e a 42
5.4 SIdE Platl..ccci oo eeer e nneneeeeeee e A D
5.5  BOHOM SNAft......cooiiii e 44
5.6  TOP SNAM....uuiiiiiiiiiiiiiiii e AD)
5.7  TeNSIONING SYSIEML...couuiiiiiiiiiiii e eeeee e eeres e s e e e e e et eanaeeeees 46



5.8 Lamination Plate and TOP HINGE...........coooiiiiiiiiiiceee e 47
5.9 Bearings and Bearing HOUSING...........ccoiiiiiiiiiiiieee e 48
5.10 AttaChMENT PIAtE.......coiiiiiiii e rmmee e 49
o0t I R A1 = 1o 10 0= 4 T 50
5.12 Medial AttaChmeNt PIECE.........cooiiiiiii e 51
ST B I O 11 o TP PP PP PPPPRPPPPPPP 52
5.14 EICtroniCS ChaSSIS......cuiiiiiiiiiiieiii e eee e eenae 53
Chapter 6: FaIlure ANAIYSIS........ooooiiiiiiii e re e e e e s eeeenneees 54
6.1  ROPE ANAIYSIS. ...oeiiiiiiiiiiiee et 54
6.2 KNEE ANAIYSIS....coiiiiiiiiiii et 54
6.3  BOttom Shaft ANAlYSIS.......ccoiiiiiiieei e e e e aes 56
G o) (o g A g F= 112 SO 61
6.5 Bearing HouSING ANAIYSIS........uiiiiiiiii e eeeeeeee e 62
6.6 TOP Shaft ANAIYSIS...uuueiiiei e 64
6.7  TOP HINGE ANAIYSIS....cooiiiiiiiiiiiiie e et e e e s aeeer e e e e e e e e e e e e e e e e eaaresnnne e 67
6.8  PUIEY ANAIYSIS......coeeieiiiiiiiici e e e e eeeer e e e e e e e e e ————————aaaa 68
6.9 Attachment RiING ANAIYSIS..........uuuiiiiiiii et eeee e e e, 71
6.10 KeY ANGIYSIS... .ottt re et e e e e e e e e e st a e e e e e 71
(@4 0= o1 (=) g o 0] (017 o 1= TP TP T TP USUTUPPPPPP 73
Chapter 8: Mechanical EValUALION............cooiiiiiiiieeer e eeeea e e e e e e e e 75
8.1 MediahLateral TESL.......cooiiiiiiiiiiit e rr e e e e e 76
8.1.1 M-L TeStiNG SEIUD....ccutiiiiiiiieiiiiiiiiiice et e e e isbbrbeseeeeeeeeeeeee o O
8.1.2 M-L TeStiNg RESUILS......cceiiiiiiiiiiieii e 77

8.2 ANLEIIOFPOSIEION TESL...uuiiiiiiiiiiiiiiiie et 78
8.2.1  A-P TeStNG SEUUD.....ccoiiiiiiiiii et emmr e e e e e e et e e e e e eanns 78



8.2.2 A-P TeStNG RESUILS......ouiiiiiiiiie it eeees e e e e e e e e e e eeeenanaaend 80

Chapter 9: Functional EValUALION..............uuiiiiii e e e e eeeeis s e e e e e e e e e e e eeeeenannes 81
LS 00 R |11 = I 1= 1] o RS 81
9.2 Hip Disarticulation SImulator TESHING........cceiiiiiieeeiiiiieeeeeie e eeeeeeeree e 82

9.2.1  TeSHNG SEIUPD....coiii ittt ieee bbbt e eeer e e e e e e e e e e e e e e e e e e e s s e e eeas 82
1S I \V 1 0 To To (o] (o o | Y PSSP 84
9.2.3  ReSUItS and DISCUSSION........cceeiiiiiiiiiiiiimme e e e e 85

Chapter 10: Conclusions and FUture WArK.................eeeeiieemiiiiiiiiiieieeeeee e 89
10.1 DESIGN CrIEBIIA. .. iiiuuuiititiiteeeeee et eeeetebbes e e e et e e e e e e e e s amat e e e e e e e e e e e e e e e e e s e s s nnne e e e e e aans 89
10.2 FULUIE WOTK ...ttt e e e e et e e e e e e e s emmr e e e e e e e e eeeens 91

10.2.1 Part OptimIZatiOn...........covvuiuiiueiiii i et e e e e e e emrssa s s e e e e e e e e e aeeeeeesaeens 92
10.2.2 Control System Implementation..............cccooviiiiiieeeni e 92
10.2.3 Cable SOIULION. ...t et e e e e smmne e 92
O @3 od o= I =2 ] o SRR 92
10.2.5 AMPULEE TESHNG...ceieiiiiiiiiiiiiee et e e e e e e e e eeeer e s s e e e e e e e e e e e e e e e e eeaesannnas 93

REFEIEINCES. ...t e aeeeas 94

Appendix AT MechaniCal DraWinNgS.........coeieiiieeeeeieiiieeeie e enee e e e e e e e Q9

Appendix Bi Functional Testing Ethics Approval..............oooiiineie e 119

Vi



Table of Figures

Figure 21 Gait cycle subphases and events.[9].........uuuiiiiiiiicccicr e 5
Figure 22 Ottobock CLeg with microprocessezontrolled damping [11]......cccoeeevvieeeeennnnnn. 6
Figure 23 Ossur Mauch SNS KNEE [12].......c.ccuviuveieiiiieemeecie ettt emeee et 6

Figure 24 Prosthetic limb kinematics and kinetics for participants weariig@ (solid line),
Mauch SNS (dashed line), or control group (dotted line) [10]. Power generation (Gen) indicates a
concentric motion where the hip is generating the movemeneRabsorption (Abs) indicates an

eccentric motion where the hip is resisting motion caused by gravity or momentum........ 7

Figure 25 Canadiaftype hip disarticulation prosthesis design [21]...........ccovvvviiiiiieeennnnn. 11
Figure 26 Otto Bock Helix3D Hip JOINt [BL]....cccooieiiiiiiiieeeeeee e 12
Figure 27 Lamination plate that gets embedded into a hip socket. Hip joints are secured to the
[AMINALION PIALE [B2] ... .eiiiiieiiiiiiiii ittt e e enne e 13
Figure 31 Medial/lateral alignment of lamination plate in socket [48]............ccccccvviviienene. 19

Figure 32 Schematic for determining the maximum allowable PHP length (green line) with a 77
mm pylon (orange line). The knee joint is located 30 mm posterior to the load line (grey dashed
line), which is 1/3 of the lamination plate length (blue line) ftbeafront.............ccccceeeen 20
Figure 41 OSSUr POWET KNEE [BZ]...cuviiveitiieieeieeeitieeeee ettt ettt eemte e sae e v e 22
Figure 42 Left- red circle representing motor positioned at hip joint protrudes far anteriorly; Right
- red circle representing motor positioned inferiorly on the thigh (Adapted from.[58]).....25
Figure 43 Free body diagrams of an eddmbered gear system (A) and an emambered gear
system (B) wher@ p2 ¢2 gand2 tare the reaction forces at the gear shé&fts; & ¢,@and& o t

are the forces between the gear teeth of the adjacent ger#he input torque applied from the
motor to the driving gear, ois the reaction moment at the fixed gear shaft for the peae
system; and Ttis the reaction moment at the fixed gear shaft for thedear system. In A, o

is in the opposite direction df Eso the system would not rotate. In-By is in the same direction

as4 FS0 the SyStem WOUI FOTALE............ciieieeee e e et eeeeee et eee e e 27
Figure 44 Gear train power transmission system with two partial 88 mm gears............. 28
Figure 45 A partial 88 mm gear will protrude 29 mm anteriorly from the top of the lamination
plate at the NP JOINL.......ooo e eeee e e e e e e eeas 29

Figure 46 Theoretical casing shape would hit the socket when rotating around the modified gears



Figure 48 Diagram (left) and free body diagrams (right) of an open belt system, whenel IR
are the reaction forces between the pulleys and the shafis e force from the belt pulling on
the pulleys, Tis the input torque from the motor acting on the driving pulley, apid e reaction
moment at the fixed pulley shaft.2$ in the opposite direction of;,1so the system would not
0] 12 PP TP 32
Figure 49 Diagram (left) and free body diagrams (right) of a crossed belt system, whand R
R are the reaction forces between the pulleys and the shafis tire force from the belt pulling
on the pulleys, iTis the input torque from the motor acting on the driving pulley, anishhe
reaction moment at the fixed pulley shaft. islin the same direction as, o the system would
(0] 2= 11U PP 33
Figure 410 3D printed prototype of the rope and pulley design showing how the rope is anchored

to the pulleys using l00ps 0N the eNdS...........coooiiiiiiiieiee e 35
Figure 411 Pulley and rope system PHP design.............coooiiiie e 36
Figure 412 The 3D printed pulley design preof-concept prototype successfully rotated about
the hip joint when powered with @ SErvo MOLOK.........ccuiiiiiiiiieeer e 37
Figure 51 FiNal PHP d@SIQN........uuiiiiiiie et eeeei s s e e e e e e e e e e e e e e e snnne e e 38
Figure 52 Power knee actuator used inthe PHR..............ccciieee e 39
Figure 53 Actuator lateral component with the lever arm remaved...............cccceeeniennns 39
Figure 54 Motor housing with additional set of threaded hales...............cccccieeriiiiiins 40
Figure 55 PHP rope with aloop oneach end..............ccoovvvieee e 4L

Figure 56 PHP ropes have loops that are anchored around the axle. The ropes exit through a hole
in the pulley then wrap around the PulleysS...........ooo e s 41
Figure 57 Eye splice made by intertwining the loose ends of a rope back into itself (Adapted from

Figure 58 PHP PUIEY AESIGN........ it eeme e e e e e e e aeene e 42
Figure 59 PHP side plate design that accompanies each pulley...............ccccoeeviiiiinnnnns 43
Figure 510 Section view of the PHP pulley and side plate assembly.............ccccoeeeee 43
Figure 511 PHP bottom shaft deSign...........cooooiiiiiiiiiceei e 44
Figure 512 Bolt pattern on the lateral side of the actuator..................covveeeeeiiiiiii e, 44

Figure51 3 I ndentations on the bottom shaft4®s medi

viii



Figure 515 PHP top shaft featuring eight keyways and a hole for a coiled spring.pin....46
Figure 516 PHP tensioning system with 8 keyways in the shaft and 9 keyways in the pdiley

Figure 517 PHP [amination PIate.............oooiiiieeee e 48
FIgure 518 PHP tOP NINQE.. .ottt e e e e e e e emnn 48
Figure 519 Needle roller bearings press fit into the bearing housing...............cccccveeee. 49

Figure 520 A fourhole female pyramid adapter is screwed into the bottom of the bearing housing

and connects to the male pyramid adapter on the actuator................cooececeeeeeeeiis 49

Figure 521 PHP attachment plate...........ccoovriiiiiiiceer e 50

Figure 522 PHP attachment ring secured to the attachment plate and screwed into the motor
8101 I3 o TP PPPPPPP PP 50
Figure523 PHP medi al attachment piece inserted in
the attaChmMeENt PIAt..........ueeii e e e e 51

Figure 524 Medial attachment piece with-lihg around extrusion that interfaces with the motor
......................................................................................................................................... sl

Figure 525 PHP casing covering the pUlleysS...........oooo e 52

Figure 526 PHP casing top piece sliding onto the casing back.piece...............ccccoceeeee.. 52

Figure 527 Bottom casing piece sliding into place to enclose the pulleys....................... 53

Figure 528 Electronics chassis with the attachment plate connected on.top................... 53

Figure 61 Knee frontal plane FBD, wheredtds the test force specified by the ISO standagglx F

is the force between the knee and the motor in the x direction,i$the force between the knee
and the motor in the y direction, andM is the moment between the knee and the motor about
the zaxis. Known forces are depicted in black and unknown forces are depicted.in.red55
Figure 62 Bottom shaft frontal plane FBD, wheregkyis theforce between the pulley and the
bottom shaft in the y directiongfuy is the force between the bottom shaft and the motor in the y

direction, and Mswmz is the moment between the bottom shaft and the motor aboutatkis. z

Known forces are depicted in black and unknown forces are depicted.in.ted................. 56
Figure 63 Bottom shaft ML static loadshear force diagram............cccooovvviiiiiccce e 57
Figure 64 Bottom shaft ML static load bending moment diagram..............ccccoeeevieeeneeennnd 57
Figure 65 Bottom shaft torque diagram..............oooviiiiiiiceeiin e 58



Figure 66 Motor frontal plane FBD, where<ky is the force between the knee and the motor in
the y direction, kwx is the force between the knee and the motor in the x directiou; 18 the
moment between the knee and the motor about-thesz Fsswy is the force between the bottom
shaft and the motor in the y directiongdd; is the moment between the bottom shaft and the
motor about the-axis, FusHx iS the force between the motor and the bearing housing in-the x
direction, Fusny is the force between the motor and the bearing housing in the y direction, and
MwgH: IS the moment between the motor and the beamugihg about the-axis. Known forces

are depicted in black and unknown forces are depicted in.red.............ccceevvieemniiciinnnnnnne. 62

Figure 67 Bearing housing frontal plane FBD, wherlgsfy is the force between the motor and

the bearing housing in the y directionvekx is the force between the motor and the bearing
housing in the x direction, M+ is the moment between the motor and the bearing housing about
the zaxis, Fsrrsiyis the force between the top shaft and the lateral side of the bearing housing in
the y direction, Buszyis the force between the top shaft and the medial side of the bearing housing
in the y direction, anddrTs2xis the force between the top shaft and the medial side of the bearing

housing in the x direction. Known forces are depictedlactk and unknown forces are depicted

Figure 68 Top shaft frontal plane FBD, wheretkyis the force between the pulley and the top
shaft in the y direction,drTs1yis the force between the top shaft and the lateral side of the bearing
holder in the y direction, #sH1y is the force between the top shaft and the lateral side of the top
hinge in the y direction, #sH1x is the force between the top shaft and the lateral side of the top
hinge in the x direction,drTs2yis the force between the top shaft and the medial side of the bearing
holder in the y direction, drrs2xis the force between the top shaft and the medial side of the
bearing holder in the x directipand Fshzyis the force between the top shaft and the medial side

of the top hinge in the y direction. Known forces are depicted in black and unknown forces are

(0 L=T T [o1 (=0 1N o TN =T SO 64
Figure 69 Top shaft static M. loading condition shear force diagram...............c...cceeeeeee. 65
Figure 610 Top shaft static ML loading condition bending moment diagram................... 65
Figure 611 Top shaft torque diagramy............uuuuiiiiiiie e 66

Figure 612 Top hinge frontal plane FBD, whereskixis the force between the top shaft and the
lateral side of the top hinge in the x directionsizy is the force between the top shaft and the

lateral side of the top hinge in the y directionsHzy is the force between the top shaft and the



medial side of the top hinge in the y direction.fx is the force between the top hinge and the
distal and of the lamination plate in the x direction,rky is the force between the top hinge and

the distal and of the lamination plate in the y directianp# is the force between the top hinge

and the proximal and of the lamination plate in the x directigimfris the force between the top
hinge and the proximal and of the lamination plate in the y direction. Known forces are depicted
in black and unknown forces are depicted in.ted............cccooviiiiieeee e, 67

Figure 613 PHP pulley crossection. The blue rectangle outlines the portion of the pulley that is
modelled as a cantileVer DEAIM.............u e 68

Figure 614 FBD of the pulley rope groove modelled as a cantilever bedaere F is the force

from the rope acting on the pulley, V is the shear force at the edge of the rope groove, and M is

the bending moment at the edge of the rope groove. Known forces are depicted in black and

unknown forces are depiCted iN FEA..........cooiiiiiiiiiierer e e e e e e e e e 69
Figure 615 Pulley rope groove shear force diagraml...............ueuiiiccmeeeeeriiiiiiiineeeeeeeeeenns 69
Figure 616 Pulley rope groove bending moment diagram...........c.ccoeeeeeeieeeiiciiiiiieeeeeeeee, 70

Figure 71 PHP prototype with pulley cover (a), PHP prototype side view without cover front (b),

.......................................................................................................................................... 4
Figure 81 PHP bolted to metal block for structural testing (left) and metal pole connected to the
PHP bottom for structural testing (FgRt)............ooomiimie e 75
Figure 82 Mediallateral mechanical testing setup and dimensians................ccccoeeeeeeennes 76
Figure 83 PHP in the testing machine for thelMmechanical testing................coovviiieeen. 77
Figure 84 M-L structural test force and displacement versus time.............cccccvvveemeeeeeeee. 78
Figure 85 Anteriorposterior mechanical testing setup and dimensians.......................... 79
Figure 86 PHP in the testing machine for thePAmechanical testing.............cccccccvvvviieeneee. 79
Figure 87 A-P structural test force and displacement versus time graph........................ 80
Figure 91 Crimped steel cables replacing the Vectran rapes.........cccccoeveeveecevvvnnnnnieneennnd 82

Figure 92 Hip disarticulation simulator setup with Helix 3D hip joint, showing 4 cm ground

clearance on the prosthes@e healthy imb [82] ... e, 83
Figure 93 Hip disarticulation simulator with PHR)ssur Rheo 3 knee joint, and Ossur-Piex
D O oo | ORI 83
Figure 94 Functional testing controls hip angle prafile...............cooovceiii 85

Xi



Figure 95 Participant C 42.2° maximum hip flexion (left) and participant C 19.8° maximum hip

EXEENSION (MIGND). .. i s e e e e e e e e e e e e ammnra e e s e e e e e eeaeaeeeeeees 86
Figure 96 PHP hip flexion angle vs time across 5 strides for participant A (blue), participant B
(red), and partiCiPaNt C (QIrEEMN).......uuuuuueiiee e e e e ettt a s e e e e e e e e e e e e eneesaa s e e e e e eeeeaeeeeeeeeeesennns 86
Figure A-01 Power hip assembly drawing.a..........cccooviiiiiiiimemne e 99
Figure A-02 Power hip assembly drawing.b............ccccoiiiiiieeeii e 100
Figure A-03 Power hip assembly drawing.C.......cccooeeeiiiiiiiiieeeie e eeeeeeeeeeeeeeeeeee e 101
Figure A04 Bearing assembly drawing...............eeeeeeeiiieemiiiiiiiiiiieeeeeeeee e 102
Figure A-05 Bearing housSing AraWing...........coovvvuriiiiiiimmmre e e eennsnnne e as 103
Figure A-06 Bottom shaft drawWing...........cceeiiieeie e e e ceeeiccccs e eeeeeee e 104
Figure A07 Casing Dack drawWing..............uuuueiiiiiiieeeiiiiiiiieieeieeee e 105
Figure A08 Casing DOtOM AraWing..........cueviiiiiiiiiiiieeieeeeee e 106
Figure A-09 Casing front draWing..........coooiiiiiiiiiiiieeee e 107
Figure A-10 Top hiNQE AraWing......ccoeeiiieeeeee i eeee e ens 108
Figure A11 Medial attaChment draWilg ..........ceeeviiiiiiiiiieeeeeieee e 109
Figure A12Pulley Side plate draWingh...........eeeeeeiiiiiiieieeeeeieeee e 110
Figure AL3PUIlEY AraWing..........ciiiiieie e eeeeie e e mmme e e e e e e e eeeae e smmmrenes 111
Figure A-14 Attachment riNg draWing.............uuuuuiiiiiiieeeeies e e ereere e eeeaeaes 112
Figure A15 Attachment plate drawing..........cooooiiiiiiiiiiime e 113
Figure A16 TOP Shaft AraWing ........ccouiiiiiiiiiii s 114
FIQUIEe AL7 KEY AraWiNg......covvuiiiiuiiiii i s e e e ettt s s s e e e e e e e e e e e s eeeese s s s e e e e eeaaeeeeeeeessssannneaaeaees 115
Figure A-18 Modified motor casing draWing..............eeeiiiiiiiceeeeiiiie e e e eeeere e es 116
Figure A19 Top shaft PTFE Spacer draWing............cooeuiiiiiiicceeeeeeeeeee e 117
Figure A-20 Modified motor end plate drawing............cccuuuuvrimimmmiiiiiiiiiiiee e 118

Xii



List of Tables

Table 21 Participant mean and standard deviation fetos#tand and stantb-sit kinetic results,

for an ablebodied control, Ossur Power Kneel€g, and Mauch SNS knee groups, where Pros
is the prosthetic side for the prostheses groups and thdaminant side for the control group,

and intact is the healthy nemputated side for the prostheses groups and the dominant side for

L (SR eToT T fo] e o107 o 1 OSSP 8
Table 31 Summary of PHP design Criteria...........cccoeeiiiiiiiieeei e eeeeeeeeeeeeeee e 21
Table 61 Mechanical properties of metals used for the PHP companents..................... 54
Table 62 Bottom shaft minimum safety factors for the four loading conditions............... 61
Table 63 Bearing housing minimum safety factors for the four loading conditions.......... 63
Table 64 Top shaft minimum safety factors for the four loading conditions..................... a7
Table 65 Top hinge minimum safety factors for the four loading conditians.................... 68
Table 66 Pulley minimum safety factors for the four loading conditians....................veeee 70
Table 91 Functional testing participant demographiCs............ccccvviiiieeer i 84
Table 92 Functional testing range of MOLION..............ooiiiiiiiie e 87

Table 93 Functional testing gait parameters with percentages of average stride.time...88
Table 101 Outlined design criteria with the actual values from the final PHP design......92

Xiii



Abduction
Adduction
Ambulation
Anterior

Bearing

Distal

External Rotation
Frontal Plane
Gait Cycle
Hemipelvectomy
Hip Disarticulation
Internal Rotation
Lamination Plate
Lateral

Medial

Posterior
Proximal

Pylon

Pyramid Adapter
Sagittal Plane
Transfemoral Amputation
Transtibial Amputation

Transverse Plane

Definitions

Motion of a limb away from the midline of the body
Motion of a limb towards the midline of the body

The act of walking

Towards the front of the body

Mechanical part that reducégction between two objects
Away from the point of attachment to the body

Rotating anterior surface of limb away from midline of body
Vertical plane dividing the body into front and back sides
Interval between repetitive events of walking
Amputation of the leg and a portion of the pelvis
Amputation of the leg at the hip joint

Rotating anterior surface of limb towards midline of body
Plate within hip socket to which prosthesis is fixed

Away from the centre of the body

Towards the centre of the body

Towards the back of the body

Towards the point of attachment to the body
Weightbearing structure between prosthetic joints

Part used to join prosthetic components

Vertical plane dividing the body into left and right sides
Amputation of the leg between the knee #malhip
Amputation of the leg between the ankle and the knee

Horizontal plane dividing the body into top and bottom side:

Xiv



A-P
ASME
At

CAD
d

Di
Do

=
FBD

FerTs1y

FerTs2x

FerTs2y

Fesmy
FEA

FHLP1x
FrLpiy

FrLp2x

Fripay

Frmx
Frmy

FmBHx

Abbreviations

Anterior-Posterior
American Society of MechanicBingineers
Stres area

Gear face width

Distance from shaft centre
ComputerAided Design
Gear diameter

Inner diameter

Outer diameter

Force

Free Body Diagram

y direction force between the top shaft andl#teral side of the bearing
housing

x direction force between the top shaft and the medial side of the bear
housing

y direction force between the top shaft and the medial side of the bear
housing

y direction forcebetween the bottom shaft and the motor
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Chapter 1: Introduction

Prosthetic limbs are used to restore mobility for people with lower limb amputations.
However, design challenges such as providing adequate torque without a large weight lead to
greater energy requirements than people without amputdfibn#/alking performance is more
affected at more proximal amputation locatifis Hip disarticulation (HD) is amputation at the
hip and hemipelvectomy (HP) tikeamputation of the entire leg plus a portion of the pelvic bone
[3]. People with these amputations often have difficulty walking with prostheses and less than 50%
of HD and HP amputees use a prosthesis in everyfga]. This low number is due to several

factors, including socket intolerance, instability, and excessive energy expe#liture

Advancements in prosthetic limbs, such as microprocessurolled damping and
powered joints, have improved lower limb amputee mol#ity However, there are currently no
powered or microprocessoontrolled devices on the market for f#igvel amputations. A powed
hip prosthesis (PHP) would be able to replicate theriomentsthat HD and HP amputees are
missing and thus restore a more natural gait. Furthermore, a microprecassoHled joint would

be better able to adapt to the walking environment and stumbles.

In this thesis, a microprocessoontrolled PHP design was developed for HD and HP
amputees. A mechanical pulley system was created in SolidWorks CorApledr Design
(CAD) software to transfer power from an actuator located on the thigh to an anetaaiion
consistent with current HD prostheses. Stress calculations and Finite Element Analysis (FEA) were
performed to ensure that the device can withstand the forces in walking, sitting, standing, and stair
climbing. Next, mechanical tests were pemfied on a prototype to validate the adherendbeo
International Organization for Standardizatit®@) standard 15032:2000 Prostheseétructural
testing of hip units. Finally, dip disarticulationsimulator was used to allow aHbedied
individuals towalk with the poweredhip-kneeanklefoot (HKAF) prosthesis.

1.1 Rationale

Currently, less than 50% of HD and HP amputees use a prosthesis in everydayTiie
limitations of currently available devices result in unnatural gait patterns and increased energy

expenditurg6]. Adding an actuator to the hip prosthesisild restore hip flexion and extension



power, allowingpeopleto recover a more natural gait. This has the potential to increase the low

enduser acceptance rates currently seen with HD and HP prostheses.

In addition to walking, the PHP wilielp users to complete other daily motions, such as
walking up and down stairs and going from sitting to standing and from standing to sitting. Stair
ascent could be particulanipportant since HD and HP amputees are currently limited to the step
by-step stair ascent stratef§]. A power hipjoint may allow users to employ the steper-step

strategy, which is quicker and more efficient.

The PHP will be the first microprocessarontrolled prosthetic hip joint. Microprocessor
control may result in better reactions to user movements, including stumblesotiligicrease

safety compared to nemicroprocessacontrolled devices.

The actuator is located on the thigh, inferiorly to the hip centre of rotation. This system has
applications in other wearable systems wherepihwer source may not be able to be located

directly at the joint.

1.2 Objectives

The overall goal of this thesigasto design and validate a mechanical system to transfer power
from an actuator located on the thigh to the hip centre of rotation in a microprecessotled

PHP. The specific objectives are:

1. Design a mechanical power transmission system that will rotate the prosthetic leg about
the prosthetic hip joint using power from an actuator located on the thigh,
Integrate the mechanical design into a microprocessairolled PHP,

3. Evaluate the PHP mechanical properties in accordancel8@hstandard 15032:2000
Prostheses Structural testing of hip joints,

4. Evaluate PHP function with ableodied participarstusinga hip disarticulatiorsimulator.

1.3 Thesis Contributions

The principal contribution of this thesigas the design and validation of/eble powered
hip joint that will improve gait for people with HD or HP amputatidysecific thesis contributions

are:



1. Design of a light and compact pulley system capable of transferring the required torque
from the actuator to the hip jointhis design approach created a device that is thinner than
a p e r s o,ntbeseby tfiting guhder clothes and potentially being aesthetically
acceptable. From a mechanical perspective, this pulley approach could be considered for
other powered systems where moving the motor away from the axis of rotation is desirable.
2. Mechanical design stress analyiat determined that the system is strong enough to
withstand loads encountered in walking, stair climbing, sitting, and stan8irgngth
calculationsconfirmed minimum safety factoebove lin all PHP components for both
static and cyclical loading conditions.
3. PHP mechanical testirthatverified that the device adheres to ISO 15032:200@ PHP
sustained the standarddés 100 kg user | oads
4. PHP functional testing using a né#KAF prosthesisimulator, which demonstrated both
PHP and simulator performance for walkidgdple-bodied participants successfully walked
with the PHP using the simulator.

5. Contribution to gpublishedscoping review of HD and HP prostheses literaf8fe

1.4 Thesis Outline

This thesis is divided into 10 chapters. Chapter 2 is a literature review of transfemoral
amputee gait and existing hip prostheses. Chapter 3 presents the PHP designinwitetiag
mechanical requirements and geometric restrictiGhapter 4 evaluates PHP design candidates,
including a direct drive system, a gear drive system, a belt drive system, a chain and sprocket
system, and a pulley and rope syst&hapter 5 presents the final PHP design and components.
Chapter 6showsa failure analysis of the PHP components, using calculations and FEA. Chapter
7 outlines the prototyping process and presents pictures of the PHP prototype. Chapter 8 discusses
the PHP mechanical evaluation. Chapter 9 presents PHP functional testing usingpthe hi
disarticulation simulator. Chapter 10 concludes the thesis wébudts summary and future work
to be done on the PHP.



Chapter 2: Literature Review

This chapter reviews existing HD and HP prosthetic devices as well as kinetics and

kinematics of transfemoral (TF) amputee movement to help deteRhriReesign criteria.

2.1 Gait Cycle

The gait cycle is the series of motions that are repeated during loconuuirsistingof
stance phase where the reference foot is in contact with the ground and swing phase where the
reference foot is in the a|B]. Stance and swing cdwe further divided into seven subphases
(Figure2-1).

The first subphase is loading response, which begins at initial contacthehs=ference
foot first contacts the ground and ends at opposite foattodh the contralateral foot leaves the
ground[9]. Next, midstance begins with opposite foot off and ends at heel rise, where the reference
foot heel begins to lift from the ground. Terminal stance follows midstance, ending at opposite
initial contact when the contralateral foot contacts the groundc&tamase finishes with the pre
swing period, which begins at opposite initial contact and ends with foot off, where the reference

foot loses contact with the ground.

Swing phase occurs from around 60% of the gait cycle to 100%, beginning with initial
swing[9]. The initial swing period ends at feet adjacent when both feet are aligned horizontally.
Feet adjacent marks the beginning of fsiding, which ends when the reference leg tibia is
vertical. Terminal swing is the final subphase and lasts until initiahcgrdat which point the gait

cycle repeats itself.
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Figure2-1 Gait cycle subphases and evdfis

Each gait cycle subphase features unique kinetics and kinematics at the ankle, knee, and
hip. The angles, moments, and powers observed throughout the gait cycle provide quantitative
measures to compare normal and pathological gait. These values arenimpbeadevelopng
a prosthetic device that will be able to withstand the loads faced during locomotion, as well as

provide the necessary power to replicate natural gait patterns.

In this thesis, the PHP was only evaluated for kgwelind walking becausgmple gait
controlsweredevelopedor walking. A final PHPwith an appropriate control systeshouldbe
able to perform other daily motions. Specifically, the PHP should accommodatstsihd, stand

to-sit, stair climb, and stair descent movements.

2.2 Transfemoral Amputee Mobility

TF amputations occur between the knee and the hip, allowing the amputee to retain normal
hip functionand achieve bettenobility thanHD and HP amputed$]. ThePHPuses the same
knee and ankle prostheses as TF amputees and aims to replace the muscle function at the hip with
an actuator. Therefore, TF amputee gait is a reasonable reference for the PHP. The objective is to

attain similar symmetry, gait parameters, &ntctional abilities as observed in TF amputees.



2.2.1 Transfemoral Amputee Gait

A study by Segal et aJ10] looked at the gait of eight TF amputees using two different
prosthetic knees, Ottock GLeg with microprocessecontrolled dampingFigure2-2) andOssur
Mauch SNS kneéFigure 2-3), which is norcomputerized. Average joint angles, moments, and

power are presented Figure2-4.

Figure2-2 Ottobock GLeg with microprocesserontrolled dampingl1]

Figure2-3 Ossur Mauch SNS kng#2]
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Figure2-4 Prosthetic limb kinematics and kinetics for participants wearih@@(solid line), Mauch SNS
(dashed line), or control group (dotted lin&P]. Power generation (Gen) indicates a concentric motion
where the hip is generating the movement. Power absorption (Abs) indicates an eccentric motion where the
hip is resisting motion caused by gravity or momentum.

The kinematic and kinetic results for theL€g are of particular importance to this thesis
since thePHPwill be paired with a microprocessoontrolled knee. The maximum hip moment
for participants walking with the-Ceg was 1.275 Nm/kg of flexiof10], occurring in preswing

when the hip is at its maximum extension.

Three values of interest for power generation at theFigufe2-4) are: H1, peak sagittal
plane hip power generation in early stance; H2, peak sagittal plane hip power absorption in
midstance; and H3, peak sagHpddne power generation in late stafi@]. For GLeg, H1 = 0.46
W/kg, H2 = 1.0 W/kg, and H3 = 0.75 W/kg0].

2.2.2 Transfemoral Amputee Sitto-Stand and Standto-Sit

Another important daily motion is sitting down and standing up. With adults averaging 60
sit-to-stand movements a df3], prosthetic devices need to support this motion in a smooth and
timely manner. Highsmith et dlL4] studied joint kinetics asymmetry for unilateral TF amputees
compamg the sound leg ground reaction forces (GRF) and joint moments to the prosthetic side
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for four groups: a nommputee control group,-Ceg users, Mauch SNS users, dbssur Power

knee usersTable2-1). Force plates measured GRFs that participants exerted onto the ground.

Table2-1 Participant mean and standard deviation fots#tand and stantb-sit kinetic results, for an
ablebodied controlOssur Power Knee,-Ceg, and Mauch SNS knee groupsere Pros is the prosthetic
side for the prostheses groups and the-chmminant side for the control group, and intact is the healthy
nonamputated side for the prostheses groups and the dominant side for thegroopfi4]

Pros Knee Intact Pros Hip | Intact Hip Total
Intact . Knee . .
Pros GRF Flexion : Extension | Extension Event
Group GRF Flexion .
(N/kg) (N/kg) Moment Moment Moment Moment Duration
(N/kg) (N/Kg) (N/kg) (N/kg) (s)
Sit to stand
Control 52+05 | 6.0+x05| -0.44+0.16 | -0.41+0.16] 0.44+0.13{ 0.66+0.12| 1.6+0.1
Power knee| 2.7+0.9 | 8.8+0.7 0.06 £0.04 | -0.57+0.15/ 0.46+0.19| 0.92+0.26| 1.6+0.3
C-Leg 19+06 | 9.1+0.1 0.02+0.06 | -0.42+0.15/ 0.25+0.15{0.91+0.36f 2.0+0.8
Zﬁg‘:h 17+06 | 96+05| 004+002 | -0.59+0.22| 0.26+0.08| 1.02+0.14| 1.7+05
Stand to sit
Control 52+0.7 | 59+0.7| -0.40+0.14 -0.43+0.21/ 0.47+0.20| 0.66+0.20| 1.6+0.2
Power knee] 3.4+1.0 | 6.5+0.8| -0.05+0.16 -0.36+0.21| 0.32+0.19| 0.78+0.15| 2.3+0.8
C-leg 22+09 | 7.3+£0.8| -0.05+0.14 -0.48+0.16/ 0.12+0.09| 0.70+0.18| 2.8+0.6
Zﬁg‘:h 20+09 | 81+0.7| 0.03+008 |-0.57+0.14| 0.28+0.10| 0.76 +0.12| 2.1+0.4

The largest prosthetic side hip moment intgistand was 0.46 £ 0.19 N/Kgnean and
standard deviationfor the power knee users; however, no significant differences were found
between the four groups (p < 0.0%%]. The level of asymmetry between the prosthetic leg and
the sound leg, or the dominant and sttwminant legs in the control group, was measured as the
difference between the sound (or dominant) side hip moment and the prostheticdonmioant)
side hipmoment, over the sum of the two moments. The control group had 21 + 10 % asymmetry,
compared to 34 + 16 % for power knee users, 54 + 36 %-feg @sers, and 59 + 8 % for Mauch
SNS userg14]. Significant differences were found between Mauch SNS group asymmetry and
both the control and power knee groups (p < 0.0&4). Asymmetry between the two legs is
detrimental because it places more work on the intact limb. Therefore, increasing the moment on

the prosthetic side is beneficial to reducing asymmetry.

In standto-sit, the largest prosthetic side hip moment was 0.47 + 0.20 N/kg in the control

group. The only significant difference (p < 0.05) between the four groups was between the control



group and the €.eg users, who had an average prosthetic side hip moment of 0.12 + 0.09 N/kg.
These groups also had significantly different hip moment asymmetries with 19 + 10 % asymmetry

in the control group and 71 + 20 % asymmetry in tHee@G group.

The total event duratio(lrable 2-1) provides another PHP desigmarameterThe device
should allow the user to sit down and stand up in a similar amount of time to TF amputees. For C
Legusers, the event duration for-sitstand was 2.0 £ 0.8 s and stanebit was 2.8 £ 0.6 s.

When examining correlations between the amputated leg residual limb length and joint
moments during sito-stand and stantb-sit [15], no significant correlations were found between
residual limb length and hip moment on the prosthesis side fbo-siand or standtb-sit.
Therefore, the values described14] for hip moments and event duration should be applicable

to TF amputees in general, regardless of residual limb length.

These two studies have limitations since each participant only used one of the knee
prostheses, so there could be other factors affecting differences between thggthUps].
Furthermore, many hip moment results had large standard deviations; however, these results can
still provide a good baseline for the level of torque required at the hip joint while performing sit
to-stand and stantb-sit.

2.2.3 Transfemoral Amputee Stair Ascent and Stair Descent

Stair climbing iIs an important aspect of m
to buildings and varied terrain. A study with 12 TF amputees wearing-tleg ®nee joint found
that the peak hip flexion moment on the prosthetic side duringisstent was 0.47 + 0.25 Nm/kg
[16]. This was a nowignificant (p < 0.05) difference from the ramputee control group, who
had a peak hip moment of 0.39 £ 0.16 Nnj®)]. TF hip joint moments followed a similar pattern
to the control group, beginning with flexion moments in the early support phase, followed by
extension momen{d.6]. Wolf et al. found that the peak hip power generation in stair descent for
TF amputees using thel(eg was 0.4 £ 0.2 W/K{L7].

Another metric used to measure stair ambulation performance is the stair assessment index
(SAIl). SAl is a 14level scale that describes the person's functional independence and technique
in stair ascent and descgh8]. The levels range from 0, indicating that the participant cannot or

will not perform the activity, to 13, indicating that the participant can ascend or descend the stairs

9



in a stepoverstep pattern without the use of an assistive device ofl&]il SAl scores for TF
amputees in stair descent were around 10 when participants used a micropiamassied knee

and around 4 when the same participants used-annooprocessor knegl9].

For stair ascent, peak hip power generatvas2.0 + 1.2 W/kg for ELeg userg17], with
an SAIl score of around 5 for both microprocessmmtrolled and nomicroprocessor kneg$9].
Similarly, a mean SAIl value of 6.2 and a median value of 5 for TF amputees in stair ascent were

also found20], and SAI scores were not correlated with residual limb Iej2gth

2.3 Hip Disarticulation and Hemipelvectomy Prostheses

With a small population of HD and HP amputees, rttegketfor hip prostheses is small
and few advancements have been made in this field compared with other prosthefi] jtits

several types of hip prostheses provide a good starting point for the PHP design.

2.3.1 Canadian Type Hip Prosthesis

The Canadian hip prosthesis was proposed by McLaurin in I2B4 and many
exoprosthetic hip joints today are still based on that model. Two important aspects of the Canadian
hip disarticulation prosthesis are hip joint position and knee joint position. The hip joint is located
anteriorly and inferiorly to the anatonaichip joint[22]. This positioning allows the user to sit
down whiledonningthe prosthesis. The hip joint is a hinge that allows rotation in the sagittal plane
and prevents medial/lateral rotatif#2]. The knee joint is positioned posteriorly to the hip joint,
such that the load line from the foot to the hip always passes anteriorly to the kngS]joifhis
ensures thats long as the prosthesis bears weight, the knee joint is stable and will not buckle
[23]. The knee only flexes once the user initiates swing phase through upper thigh contact with an
elastic bumper on the hip soc@B]. The Canadian hip prosthesis is picturedrigure 2-5,
demonstrating the anterior hip joint position and the corresponding knee joint position, along with

the bumper located on the hip socket.
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Figure2-5 Canadiartype hip disarticulation prosthesis desjgf]

Though Canadian hip prosthesis joint alignment creates stance phase stability, it also
results in unnatural gait. The knee remains fully extended throughout stanceZ#a$25].
Contrarily, in normal gait, the knee reachasl8° maximum stance phase flexidaring loading
responsg26]. This stance phase knee flexion is one of the six determinants of gait that minimize
energy consumption by reducing centre of gravity moverf@fit Knee flexion shortens the
effective leg length, keeping the hip height as constant as pogsibhl&Vhen the knee remains
fully extended, the bodyds centre of gravity

leg. This results in a less efficient gait and higher energy expendire

Knee flexion in swing phase with a Canadian hip prosthesis is also less than in normal gait
[24], [28]. This results in another Canadian design drawlsatgkethe prosthetic leg must be
shorter than the neamputated leg to provide adequate toe clearance without va{2®jg

Another concern is that hip extension is not controlled until the leg hits a bumper on the hip socket

11



[22]. This can result in spine issues and causes the user to reach full hip extension before
contralateral toe off, which is earlier than in normal §&it Other deviations from normal gait

seen in the Canadian hip prosthesis are a later hip flexion in swing phase, and increased pelvic tilt
[4], [22], [28], [30] These differences result in a less natural and more enengyming gait.

2.3.2 Helix3D Hip Prosthesis

The prosthetics company Otto Bock developed the Helix3D hip joigui(e2-6) that aims
to reduce pelvic tilt, support swing phase initiation, and improve shock absorption, to allow for a
more natural gaif31]. The joint uses a spatial feaxis mechanism to allow for natural internal
and external hip rotation throughout the gait cycle, and hydraulic stance and swing phase resistance
control[31].

b

Figure2-6 Otto Bock Helix3D Hip Joinf31]

The Helix3Dismount ed to the user 6s hiFigure2-6¢).CThkeet usi
lamination plate isa metal plate that ismbedded into the hip sock&rosthetic hip joints are

bolted into thdamination plate.
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Figure2-7 Lamination plate that gets embedded atop socket. Hip joints are secured to the lamination
plate[32]

In a 2011 study, 6 participants with HD walked with both the Helix3D hip joint and the
7E7 joint, which is based on the Canadian m¢#leIThe Helix3D extended slower than the 7E7
and reached full extension later, which resulted in a less abruphsittwpore closely resembled
natural gaif4]. The range of pelvic tilt was also significantly (p < 0.05) reduced’hy Hwith
the Helix3D systenf4]. Furthermore, both stance phase knee flexion and maximum swing phase
knee flexion were greater with the Helix3D than with the [ 7These results suggedthat the

Helix3D can reduce gait abnormalities seen with traditional hip joint degigns

Conversely, Gailledrat et aJ33] found thatpeoplehad difficulties walking with the
Helix3D. Of the three participants in the study, the gait pattern improved for only one person who
had his knee joint and prosthetic feet changed as well, which may partly account for the
improvement. All three participants ultimately discontinued Helix3D usealcenfort problems
[33]. A longer adaptation period may improve results with the Helix3D, but this study indicated

thathip prosthesiimprovementsre stillrequired

2.3.3 Powered Hip Prostheses

Dampened devices can mimic isometric and eccentric muscle activity by resisting motions,

but only powered devices can replace concentric muscle actions. Adding an actuator to the
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prosthetic system can provide the power needed to perform gait motions that are otherwise
impossible for people missing the required leg muscles. This added functionality can reduce
energy consumption and asymmetries in gait, as well as increase walkeg[Sp Though

actuators have been used in ankle and knee prostheses, there are no powered hip devices on the
market to dat¢5].

Although no power hips are commercially available, recent studies have shown the
potential of such a devici84], [35]. Ueyama, Kubo, and Shibata developed a robotic hip
disarticulation prosthesis with two motors to power both the hip and knee [B#jtsThey
compared nofamputee gait using the robotic device with the same person usingpwered
device. The participant had a more natural and symmetric gait when using the powered device
compared to the nepoweredone[34]. The norpowered device produced a short step length and
forward lean, both of which were eliminated with the robotic def8d¢ One limitation is that
the powered prosthesis was much heavier than other hip progB@isdsis extra weight means

that the power hip joint may not reduce fatigue, although the gait will be sm{@ther

Another study demonstrated that a powered hip exoskeleton can reduce the metabolic cost
of walking for TF ampute€g85]. Unlike prostheses, which replace the missing limb, exoskeletons
are external devices that attach to the natural or prosthetic leg. The authors reported a metabolic
i mprovement HAequi vkagl ebnatc ktpoa crke niorvoimm ga an oln2a mput e
participants walked with the powered dev|88]. Though this study examined an exoskeleton
instead of a prosthesis and involved TF instead of HD participants, the results demonstrated the
positive effect of adding power at the hip joint. These benefits will likely translate to a powered

hip prosthesis.
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Chapter 3: Design Criteria

This chapter presentee PHP design criteria. These criteria were selected to ensure that
the PHP can withstand ambulatory loads and provide adequate power to replicate TF gait in HD
and HP amputees. The PHP design musfposer from the actuator to rotate the prosthetic leg
about the hip centre of rotation following the design criteria outlined in this chapter.

3.1 Device Weight

Lower prosthetic leg weight is correlated with reduced walking metabolid3®)stAs
such, t he PHP has a maxi mum weight criterion
weight limit encompasses all the PHP components, including the hip joint that affixes to the socket,
power transmission system, actuator, battery, and adtatal pieces. Also included in the weight
limit is the pylon that connects tiRHPbottom to the knee.

Ossuros power K3T7lam thesRHP gidesthe3am2 ackuator and battery as
the power knee. The PHP is also a more complex system than the power knee because, unlike the
knee, it is not a direct drive system and hence requires additional components to transmit rotational
power. Tlerefore, the PHP requires a maximum weight criterion greater than 3.2 kg. Fortunately,
increased mass affects metabolic cost less when the mass is located prd8&pabmnce the
PHP mass is proximal to the hip, the mass will not be as detrimental in terms of energy expenditure.
To allow room for the additional components while keeping the weight minimalQ &g

maximum device weight was chosen.

3.2 User Weight

As user weight increases, the GRFs and, consequently, the forces on the prosthesis
increase. A maximum user weight must therefore be enforced to ensure that the prosthesis can
support ambulatory loads. The stress analysis and power requirements amnkihsechaximum
user weight. A larger maximum user weight allows a greater percentage of the population to use

the device but requires more strength and often results in a heavier device.

Theleadngedge HD prost hesi s, OttoBockbés Helix3
[38]. 100 kg is the 7 mass percentile for adult men, but since prosthetic legs weigh less than

anatomical legs, this weight limit encompasses greater than 75 percent of men. The prosthesis
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weight limit includes the device weight itself. Using a conservative 10 kg estimate for the total
prosthesis weigHB9], [40], the 100 kg weight limit allows for an amputee weightip to 90 kg.
Considering that HD and HP amputees are missing a leg, which is on average 20.37% of the body
weight[41], a 90 kg amputee would be equivalent to a 113 kgamoputee. 113 kg is greater than

the 90" mass percentile for adult females in the US and greater thanfrge&&ntile for adult

males in the U$42]. 100 kg was therefore selected as the maximum user weight to be consistent

with the Helix3D and because it covers a large percentage of the population.

3.3 Strength

Strength is an important factor in PHP design. The device must support usersdbtough
gait and other daily movements without failure. The actuator will also place loads on the PHP that

must be withstood.

ISO standard 15032:20Q83] outlines structural testing requirements for prosthetic hip
joints. These test loads serve as design criteria for the PHP. Firstly, for a 100, kigeuisigr joint
must be able to withstand a 2240 N load for 30 seconds without failto®bdevicedeformation
greater than 15 mm. The joint must also not experience ductile failure at a load below the ultimate
test force of 3360 N. Finally, the PHP must be able to withstandP2ytl@s of cyclic testing with
a minimum force of 50 N and a maximum forcel880 N.

Additionally, the PHP must be able to withstand any loads generated by the actuator. These

loads depend on the power transmission design and are considered in the stress analysis.

3.4 Range of Motion

The PHP must have a normal hip range of motion. As the leg rotates, the mechanical
components must not impede the range of motion. Specifically, the leg must not hit the socket
during extension (except by design when a physical stop is used at maximemsiaxt
Additionally, the method of power transmission must allow for sufficient flexioen performing

daily tasks. Range of motion design criteria define the range of motion that the PHP must attain.

Nonramputees walk with 2Zanaximum hip extensiof10]. Though TF amputees walking
with the GLeg only had 8hip extensiorj10], a design criterion of 2hip extension was chosen

to accommodate variances in gait.
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90° of hip flexion is needed to sit comfortably.gkeater range of motion is necessary to
perform tasks that involve bending forwards, such as tying shoes. As sucl, laipgl8exion

criterion was selected.

3.5 Hip Moment

TheOssuractuator used in the PHP has a 96 Nm maximum torque output. The PHP design
must transmit this torque to the hip joint to cabigeflexion and extensiomhe method of power
transmission must be able to provide adequate moments at the hip as defined by a maximum hip
moment criterion. This criterion was chosen based on the maximum hip moments seen during TF

and noramputee gait and sitting and steliimbing motions.

The maximum hip moment during gait is in {swing during power absorptidf0]. The
hip generates a flexion moment to resist further extension. To reduce the load on the actuator, a
physical stop can prevent the leg from extending past the maximum extension angle. Therefore,
the maximum torque needed from the actuator is when thertiers power generation. At this
point, the leg begins to move in flexion so the moment can not be achieved with a physical stop.
The maximum TF amputee power generation hip moment is 1.08 Nm/kg for Mauch SNS users
and 1.23 Nm/kg for €.eg users. For neamputees, the maximum power generation hip moment
is 0.793 Nm/kg[10]. For a 100 kg user, these values are equivalent to 108 Nm for the Mauch SNS

users, 123 Nm for €Ceg users, and 79.3 Nm for namputees.

To reduce the hip moment asymmetry between the prosthetic and intact legs daong sit
stand and stantb-sit, the maximum prosthetgide hip moments of all groups were used as design
criteria for these actions. The power knee group has the largestgti@side hip moment for sit
to-stand with 0.46 N/kd14]. Incorporating the power knee gréamean height of 180.1 cm and
the maximum user weight of 100 kg results in a 82.8 iNoment The control group has the
largest stando-sit prosthetieside hip moment with 0.47 N/kg and has a mean height of 174.4 cm
[14]. Therefore, the maximum moment required for stEnsit is 82.0 NmIn stair descent, C
Leg users generate a maximum prosthetic side hip moment of 0.47 N®Jkgor a 100 kg user,

this would be equivalent to 47 Nm.

The largest hip moment observed in these four daily movements is in TF amputee gait.

Though ideally the PHP would provide the 123 Nm hip moment seen-lte@ user gaithip
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angular velocity can be increased with the motor, generating the same amount of power with less
torque.Usingthe¥ s s ur #8b6d\mmaxitnsm output as the design criterion means that a 1:1
torque ratio can be used between the actuator and hip joint. Not amplifying the torqueesmplif
the design and likely makehe devicdighter. A96 Nm hip moment is greater than the moment
needed in nommputeeaitandis also larger than the moments requiredhisit-to-stand, stand

to-sit, and stair desceritherefore, a 96 Nm hip moment criterion was selected.

3.6 Angular Velocity

Like with the hip moment, an angular velocity design criterion that must be met when the
PHP transfers the power from the actuator to the hip. The leg rotates about the hip at varying
angular velocities throughout the gait cycle. The PHP must match dingséar velocities to
replicate TF amputee gait and sustain an adequate walking speed. The maximum angular velocity

needed at the hip is based on the maximum angular velocity observed in TF amputee gait.

At a 1.1 m/s walking speed, the maximunL€y user prosthetic side hip angular velocity
is approximately 130/s[5]. Nonramputee controls experienced a maximum hip angular velocity
of around 150/s at the same walking speed. TF amputeessdfcted walking speeds have been
reported between 0.82 m/s and 1.2 /i [46]. Therefore, the angular velocity measured at 1.1
m/s walking speed should lappropriatgor most TF amputee gait. A design criterion of 2ED

was chosen to accommodate gait variances and faster walking speeds.

3.7 Anterior Protrusion

The PHP must be able¢asilyf i t under the usero6s pants. Th
in front of the socket. A design criterion was chosen that the PHP could not protrude at the hip

joint more than 20 mm anteriorly from the top of the lamination plate.

3.8 Medial and Lateral Protrusion

To avoid hitting obstacles, the PHP shoul d
Thus, a lateral protrusion design criterion was used. To ensure that the PHP could be used by as
many people as possible, the lateral protrusion was desigegthe 15" percentile female hip
breadth, which is 31.96 cf#7]. 31.96 cm is also between the"#nd 1%' percentileof male hip
breadth[47]. Since the lamination plate is located ¥ of the hip breadth from the klatdrad s
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end Figure3-1), the PHP should not protrude farther than 31.96/4 or 7.99 cm laterally from the

laminationplaté s c.ent er

Centre of the body (navel)

Alignmenit
reference line

Figure3-1 Medial/lateral alignment of lamination plate in sockd]

The PHP medial side requires more clearance to avoid hitting the contralateral leg.
Therefore, the medial protrusion was limited by an additional 3 cm to 4.99 cm from the lamination

platecentre

3.9 Device Length

The PHPengthneeded to beninimizedto ensure thahe prosthesisvould fit within the
usefsthigh length. The totdaPHPlength include the power transmission systethe electronics
chassighathouses the battery and all other electronic components, and a pylon at the bottom to
connect the PHP to the knee. A longer pylon can be used to accommodate taller users, so the short
end of the height range is the main design concern. The 15th percentiieewn 6 s hei ght i s
mmandthe15"p e r ¢ e n t helght is h6&6046nsfi9). To accommodate the largest number
of people, the PHP maximum length will be based on the shorter of the two heights, 1541.8 mm.
Using anthropometric data, thigh length is 0.245*hej§8}, or 377.74 mm for the 15ercentile
women. This length accounts for the vertical distance between the knee joint and the hip joint, but
since the PHP will be at an angle, the total length will be longer than 377.74 mm and trigonometry

is required to calculate the total allowaldagth.
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A schematic was used to determine the maximum allowable device |€ngtine3-2).
The knee jointvas located 30 mm posterior to the load lj5&]. The load lindocationrelative to
the hip depends on the user, so a conservative estonatedthe load lineat1/3 of the lamination
platelengthfrom the front. The length of the lamination plattomis approximatelyl30 mm)
so the load line was placed 43.3 mm from the front. The neutral standing position was set at 5° of
extension from vertical. A heiglaidjustable pylon was used so that the prosthetist can adjust leg
l ength for each us-@dustabkpglan thas@ sninimumehgth e Ammh e i g ht
[52]. These values are displayedrigure3-2.

130.00
43.33

e
[

b

377.74

)
3000 _| |_

Figure3-2 Schematidor determiring the maximum allowablBHPIlength (green line) with a 77 mm pylon
(orange line). The knee joint is located 30 mm posterior to the load line (grey dashesHiack)s 1/3 of
the lamination platéength(blue line) from the front.

Equations were written for the total supetioierior lengthbetween the hip and knee joirfEsg.
3-1) and the total anterigwosterior distanckeetween the hip and knee joifisg. 3-2), based on

Figure3-2:
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0ZAT ® x 2OE+ ox&rt (Eq.3-1)
. oA . o
0ZOEJ x XAl © pT o (Eq.3-2)
where0 is thePHPIlength (includingthe power transmission system and electronics chassis, but
not the pylon), aneHs the pylonanglefrom horizontaFigure3-2). Solving the set of equations,
0 op&yx a and— v @ w Jhe length from the bottom of the electronics chassis to the
mo t ocentiesis 220.5 mm. Therefore, the distance frommtloet acentesto the hip joint must

be keptundeo p8 U & ¢cCca&G A W@ Uk 4.
3.10 User Safety

User safety is very important so the PHP must not have any open finger traps that could
pinch or harm the user. Any possible hazards must be covered.

3.11 Design Criteria Summary

Table3-1 summarizes the PHP design criteria.

Table3-1 Summary of PHP design criteria

Criteria Values
Device weight Maximum4.0kg
User weight Maximum 100 kg
Strength Withstand 2240 N load for 30 s without failure or deformation >15 mn

Withstand 3360 N without ductile failure

Withstand 2x10cycles between 50 N and 1330 N without failure
Range of motion | Minimum 20° hip extension

Minimum 130° hip flexion

Hip moment Minimum 96 Nm

Angular velocity | Minimum 150°/s

Anterior Maximum 20 mm from top of lamination plate
protrusion

Lateral protrusion Maximum 7.99 cm from centre of lamination plate

Medial protrusion| Maximum 4.99 cm from centre of lamination plate

Device length Maxi mum 96.5 mm between the mot
User safety No uncovered finger traps
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Chapter 4: DesignCandidates

This chapter presents multiple design candidates that were considered for the PHP power
transmission system, including direct drive, gear drive, belt drive, chain and sprockets, and rope
and pulleys. Ultimately, as a result of the analysis outlined shdhapter, the rope and pulley
system was chosen as the best option for the final PHP design.

4.1 Actuator

The actuator selected for the PHP design was the ciB@motor used ifdssub s p owe r
knee prosthesig-{gure4-1). This actuatohashigh torque small size andhas proven successful
as a knee actuator for users up to 11@Kg¢ The 96 Nm maximum torque and 300 °/s maximum
angular velocity provid adequatenomentsand speed to meet the hip functional requirements
outlined in Chapter 3: The actuator outer diameter is 77 mm, which should be small enough to
design a device within the geometric constraints. All design candidates discussed below were

designed around tHessur power knee actuator.

&

Figure4-1 Ossur Power Knef57]

4.2 Monocentric Versus Polycentric Hip Joint

The first design consideration was the type of joint to use at the hip. Prosthetic joints can
be classified into two groups: monocentric and polycentric. Monocentric joints have a singular

centre of rotation throughout the full joint range of motion. Betric joints, like fowbar
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linkages, have an instantaneous centre of rotation that changes throughout the joint range of
motion. The polycentric joint instantaneous centre of rotation is based on the joint angle. Both
monocentric and polycentric joints have been used in hip presthesd they each provide
advantages and disadvantages.

The first noted advantage of polycentric joints is increased stability. Prosthetic knees such
as the Ottobock 3R106 and the Ossur OH5/KH5 uselfaudinkages to provide increased
stability in stancg53]. In monocentric knees, the knee is stable in webglairing when the knee
centre i s behi f5d]. Whénknee fiexéon liegins,Ithe knde céntempasses anterior
to the load line and the knee is no longer stable. With aldautinkage, the linkages can be
designed such that thestantaneous center of rotation remains posterior to the load line through
the beginning of flexion. Thus, the knee remains stable through a larger portion of stance phase.
The Helix 3D hip jointuses a polycentric hipint to create stability using the same approach as
polycentric knee jointf4]. Since a PHP uses a microprocessmrtrolled motor, the hip joint can
remain stable throughout the entire range of motion, even with a-sixigléip joint. Therefore,
the additional stability from a polycentric joint does not provide a large advantageHP.

Polycentric hip joints can help with toe clearance during swing pfa&ge This same
advantage is reported in polycentric knge. However, in a comparison of 11 polycentric knees
and 2 monocentric knees, one monocentric knee provided more ground clearance than 8 of the
polycentric kneefs3]. Therefore, a monocentric knee joint with proper alignment and swing phase
control may generate greater ground clearance than a polycentric[38]eeSimilarly, an
optimized hip design could provide adequate toe clearance without a polycentric joint. The PHP
actuator can increase the hip angular velocity at the start of swing phase to cause increased knee

flexion and, consequently, increased toe cree.

Polycentric hip joints can also increase prosthetic hip maximum extgb8&pmThe PHP
must reach a full range of normal extension so that the contralateral step length is not limited. A
20° extension criterion was selected to ensure that the PHP can achieve a full range of motion. If
this requirement is attainable with a monodentip joint, then there is no need for any further

extension that a polycentric joint may provide.

The main disadvantage of polycentric hip joints is that they are more complex and have

more components than monocentric hip joints, which may produce a heavier system that is more
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expensive and difficult to machine and assemble than a monocentric joint. Also, polycentric joints

take up more space than monocentric joints.

Since most monocentric joirdisadvantagesan be mitigated with a microprocessor
controlled motor and appropriate design, and since polycentric joints have other disadvantages, a

monocentric joint design was selected for the PHP.

4.3 Direct Drive System

The hip joint is mounted anteriorly, consistent with existing hip prostheses. This allows the
user to sit while wearing the prosthesis. The simplest hip rotation solution would be to drive the
hip directly from the motor. If the motor is placed at thejbipt, then the motor can rotate the leg
around the hip center without additional components. This would be the simplest, lightest option
with the fewest parts and assembly steps. But the Ossur actuator has a 77 mm diameter, which
would protrudetoofaraner i or 'y and woul d not f iRgured@2mf or t a
left). As such, the motor must be located inferiorly on the thigh, and a method of power
transmission is needed to transmit the power to theHiguiie4-2, right). Four rotational power
transfer methods were considered: gears, belts, chains, and pulleys. These methods are similar in
that they all consist of a driving wheel and a driven wheel, but the medium of rotating the driven

wheel varies.
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Figure4-2 Left - red circle representing motor positioned at hip joint protrudes far anteriorly; Right
circle representing motor positioned inferiorly on the thigh (Adapted [&81)

4.4 Gear Drive System

The first power transmission mechanism considered was a gear train. Gear systems use
gear ratios to transmit rotational power and increase output torque or velocity. Gear drives consist
of a driving gear, powered with an input torque, and a driven gatirstinotated by the driving
gear. Gear systems may also contain one or more idler gears that are located between the driving
and driven gears and transmit power between the two. Generally, in gear systems, the motor is
fixed in place; however, for the PHiffe top driven gear would be fixed and the motor would rotate

the bottom gear, rotating the whole system about the top gear.

A gear ratio is the ratio of the number of driven gear teeth to the number of driving gear
teeth. The driven gear torque and diameter are directly related to the gear ratio, and the angular

velocity is inversely related to the gear ratim(4-3), given by

"OQ MO C ffE— 1 Q Y Eq.4-1
oM 2 6 "0 : 9 v (Eq.4-1)
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where¢ is the number of driving gear teeth, is the number of driven gear teeth, is the
driving gear angular velocity, is the driven gear velociti) is the driving gear diamete is

the driven gear diametély is the driving gear torque, afd is the driven gear torque.

For the PHP, the maximumputtorque is 96 Nm and the required hip torque is 96 Nm.

Therefore, the minimum allowable gear ratiori;imum required output torque over maximum

input torque, o —— pdp. Thea ¢ t u anaxonund angular velocity is 300°/s and the hip

angular velocity criterion is 150°/s, so the maximum allowable gear ratimaismum input

7J
T

velocity over minimum required input velocity, ef C¢dp. Therefore, the PHP gear

ratio must be between 1:1 and 2:1.

One limitation of a gear train is that an even number of gears are needed for the system to
rotate. This is demonstrated kiigure 4-3. Starting with the input torque applied to the bottom
gear, the resulting forces between the adjacent gears can be drawn to determine the reaction
moment at the top gear, which is fixed to its shaffijure4-3 (A), the reaction moment is
in the opposite direction of the input torqlidnese two moments would counteract each other
and the system would not rotateContrarily, inFigure4-3 (B), the reaction momeiit is in the
same direction as the input torqudis allows the system to rotate about the top shafiThe
same result occurs for any other number of even gears (allowing movement) and odd gears (not
allowing movement). These results were confirmed with a SolidWorks simulation. When the
simulated torque was applied to an even number gear, the simulgteEted. When the same

torgue was applied to an odd number gear, the system did not move.

Since an even number of gears is required,-gear and fougear syste were
considered. The top of the motor must not pas
interference in extension, and the top gear must not reach below the lamination plate, to allow the
user to sit while wearing the prosthesis. Thereforasiifig two gears, the bottom gear must be
larger than the actuator, which has an outer diameter of 77 mm. Since the minimum gear ratio is
1:1, the driven gear must be at least the same size as the driving gear. 88 mm pitch diameter gears

were used to safisthese geometric constraints.
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Figure4-3 Free body diagrams of an cddmbered gear system (A) and an emambered gear system
(B) where'Y, Y, Y, and’Y are the reaction forces at the gear shafis;"O , and"O are the forces
between the gear teeth of the adjacent gé#iis; the input torque applied from the motor to the driving
gear;0 is the reaction moment at the fixed gear shaft for the {ipeee system; and is the reaction
moment at the fixed gear shaft for the fgaar systemin A, U is in the opposite direction 6¥, so the
system would not rotate. In B, is in the same direction &% so the system would rotate.

An 88 mm gear would protrude too far anteriorly, similar to the direct drive system.
However, the system wil/| not be rotating 360A
used. To reduce the anterior protrusion at the hip joint, the gears cam lbs shown ifrigure

4-4, to keep only the portion of the gears that will mesh with the other gear.
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Figure4-4 Gear train power transmission system with two partial 88 mm gears

Even with reduced size 88 mm gears, a 29 mm anterior protrusion from the top of the
lamination plate remainedrigure4-5). This protrusion exceeded the design criterion maximum
of 20 mm anterior protrusion. Additionally, a casing would not be able to rotate around the
modified gears, as demonstrated-igure4-6. A casing is required over moving parts to prevent

finger traps for user safety.

Due to the anterior protrusion and the inability to create a cover for the gear system, the
two-gear system was not a viable design option. The next smallest even number after two is four.
A four-gear system would have a driving gear, two idler gears,aaddven gear. This setup
requires additional plates on either side of the gears to support the idlerrFjgars4-7). The
gears in this power transmission system should be as small as possible to reduce the weight and
PHP size. The top (driven) gear specifically must be small enough to meet the anterior protrusion
criterion. A fourgear conceptual design was creatadgigelical gears to provide more strength
in a smaller volume and mass than spur gears. However, helical gears are more expensive and
difficult to manufacture. The helical gear fatigue strengt). 4-2) and bending stres&g. 4-3)

were used to determine the smallest gear sizes that could withstand the motor torque.
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G
[sF8ll 23.95mm

Figure4-5 A partial 88mm gear will protrude 2ehm anteriorly from the top of the lamination plate at the
hip joint

Figure4-6 Theoretical casing shape would hit 8weket when rotating around the modified gears
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Fatigue strengtfb9] is given by

Y 'Y6 "06 QQ0 (Eq.4-2)
where

“Y = fatigue strength

Y = standard R.R. Moore endurance limit@®"Y for steel, whereY is the ultimate
tensile strengtfb9]

0 =load factor = 1.0 for bending loaf9]

‘O = gradient factor = 1.0 for m < 5.089]

0 = surface factor = 0.61 for a machined steel part With 1448 MP460]

Q = reliability factor = 0.814 for 99% reliabilitjp9]

Q = temperature factor = 1.0 for steel gears if temperature is less than [89]1°C

"Q = mean stress factor = 1.0 for idler gears and 1.4 for input and outpuf5ars

The kending stress equation for helical gear t¢étfjis given by

0 .
” é(_d)rlt))u T80 O (Eq.4-3)

where

» = helical gear teeth bending stress
"O=tangential force between gear teeth
& = module = pitch diameter in mm divided by number of teeth

o= gear face width

0 = helical gear geometry factor based on helix angle and teeth in mating gear = 0.97

for helix angle 21.5, 40 teeth in mating gf&i]

0 = velocity factor = 1 for pitch line approaching z¢58]

0 = overload factor = 1.5 for power source light shock and driven machinery moderate

shock[59]

0 = mounting factor, reflecting the accuracy of mating gear alignment = 1.3 for

accurate mountings for face widths between 0 mm and 50.8668{m
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UsingEqQ.4-2, helical gears made with the high strengtidlFH stainless steel H900 had
a fatigue strength of 359.5 MPa for idler gears and 503.3 MPa for driving and driven gears. The
safety factor for helical gears fatigue is fatigue strength over bending $is#sg.values from
standard gear sizes, the smallest possible gear for the driven and driving gears with a safety factor
greater or equal to 1.15 would have a 30mm diameter, 16mm width, and rfradiolef pitch
diameter to number of teetlf 2, resulting in a safety factor of 1.35 For the idler gears, the
diameter must be at least 40mm to achieve an acceptable safety factor of 1.28. A conceptual design
using these gears was created in SolidWdfigufe4-7).

Figure4-7 Four helical gears power transmission system conceptual design

In this SolidWorks model, the distance between the top and bstiaftsis 110mm. This
distance exceeds the 96.5 mm design restriction betweemdhie ccenfiesand the hip joint. The
gears used in this conceptual design would also have to be enstdenbecause ofheshelf
gears use materials that are weaker than thPH stainless steel H900 used in the calculations.
Readymade gears would have to &een larger, thereby further surpassing the geometric design

criteria. For these reasons, gearsensost selected for the power transmission system.
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4.5 Belt Drive System

The next power transmission method investigated used two pulleys and a timing belt. Belt
systems can be opeRigure 4-8), where the belt remains straight between the two pulleys, or
crossed Kigure 4-9), where the belt crosses over itself between the two pulleys. Like the gear
system that would require an even number of gears to function, a crossed beltvaysterne
required to transmit rotatioim the PHP In the open belt systerkigure4-8), the input moment
and reaction moment are in opposing directions, which prevents the system from rotating. In the
crossed belt systenkrigure4-9), the moments are in the same direction, allowing the system to
move. This applies to any pulldype systeni the tension mechanism will always have to be

crossed.

M,
Top (fixed) pulley: /_\

Bottom (driving) pulley:

Figure4-8 Diagram (left) and free body diagrams (right) of an open belt system, wharelRR are the
reaction forces between the pulleys and the shaftss the force from the belt pulling on the pulleysisT
the input torque from the motor acting on the driving pulley, andshthe reaction moment at the fixed
pulley shaft Mzis in the opposite direction @f, so the system would not rotate.
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Top (fixed) pulley:

Bottom (driving) pulley:

Figure4-9 Diagram (left) and free body diagrams (right) of a crossed belt system, whame R are the
reaction forces between the pulleys and the shaftss the force from the belt pulling on the pulleysisT
the input torque from the motor acting on the driving pulley, andshhe reaction moment at the fixed
pulley shaft Mzis in the same direction s, so the system would rotate.

To keep the anterior protrusion at the hip joint within the 20 mm limit outlined in the design
criteria, the belt systembs pulleys should ha
force in the belt can be approximated udting4-4:

5
O + (Eq.4-4)

where Ois the tension force in the bel, is the maximum applied moment, ands the pulley
radius. Usinga maximum motor torque of 96 Nm aadnaximum pulley diameter of 50 mm, the

belt must withstand 3840 N tension force.

Timing belts available from manufacturers did not satisfy this strength requirement within
the geometric constraints. For example, an AT5 Redflex GEN Ill polyurestagfeinforced
belt has a maximum allowable tensile strength of 911 N/(10 mm belt W&fh)To achieve a
tensile strength of 3840 N, the belt would need to be 42 mm wide. The 3840 N force estimation

also did not take into account the pretension force that would be applied to the belt, so the belt
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would likely need to be even wider. The first belt size available that satisfies this width requirement
is 50 mm wide and operates with 60 mm wide pulleys. The belt system would be located on the
a c t u datemlrsides therefore, a power transmission system using the AT5 Redflex GEN Il

timing belt would surpass the maximum lateral protrusion design criterion.

The next smallest pitch in the GEN 1l series is the AT10 Redflex GEN Il timing belt. The
minimum number of pulley teeth for this belt is [B2], with a pitch diameter of 57.75 mj&2].
This is greater than the 50 mm diameter limit and will produce too much anterior protrusion. The
other belts investigated from BRECOflex and other compamnetuding steel and Kevlar
reinforced beltseither required pulleys that were too large to fit at the hip joint or belt widths that
created too much lateral protrusion. Thus, timing belts were not a feasible solution for the power

transmission system.

4.6 Chain and Sprocket System

An alternative to a timing belt for the two pulleyssto use a chain as the tension
mechanism. Like the belt drive, a chain would need to be crossed to cause rotation. Since chains
are not as flexible as belts, this would be difficult to achieve. Instead, 2 chains could be used, one

pulling in each directionso that they can be crossed over each other.

For slow speeds, such as the PHP, the chains can be selected based on chain pull, which is
equivalent to the torque divided by the pitch rad@8. To ensure appropriate strength, the chain

pull should not exceed [63.6 of the chainds ten

The first chain size considered was ASME33 his chain has a 6300 Ibs tensile strength
[64], meaning that the chain pull must not exceed 1050 Ibs or 4670 NaWidliximum torque of
96 Nm, the minimum pulley pitch diameter would be 41.1 mm. The smallest sprocket that meets
this requirement has 14 teeth and an outer diameter of 47.B&mvhich would approach the
anterior protrusion limit at the hip joint. The ASME-3%hain width is 1.36 inches or 34.54 mm
[64]; so, with two chains the total width would be 69.08 mm. This width would cause the PHP

design to surpass the lateral protrusion limit.

Other chain sizes with smaller widths have lower tensile strengths, meaning that the
sprocket diameter would need to be even larger than for the ASNBEER&INn. Since the diameter

was already close to the maximum design criterion for ASMEthese smadl chains will result
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in too much anterior protrusion due to the larger sprockets. Therefore, it was concluded that a chain

and sprocket system was not a suitable solution for the PHP power transmission system.

The chain and sprocket system was designed
specification that <chain pull d o €@&3]. Hhowedver,e X c e e C
lower safety factors were used in the PHP design so future work could reinvestigate chains as a

power transmission option using a lower safety factor.

4.7 Pulley and Rope System

The final design candidate used a rope to transmit rotation between two sets of pulleys.
Like belts and chains, the ropes had to be crossed to properly transfer power to the hip joint. Unlike
timing belts and chains, ropes do not have grooves to meshheitbulleys and instead rely on
friction to not slip. To increase system stability, the ropes in the candidate design were anchored
to the pulleys using loops on either end of the ropes, as seer3iD firentedprototype inFigure
4-10. With this method of attachment, the rope can only provide tension in one direction; therefore,
two ropes are needed, which cross over each other. The device shieiyarav-10 would also
have another rope that crosses in the opposite direction to the one shown, providing tension for the

other direction of rotation.

Figure4-10 3D printed prototype of the rope and pulley design showing how the rope is anchored to the
pulleys using loops on the ends
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Polymer fibre ropes have high strength and low weight. For example, a 4 mm diameter
Vectran rope has a breaking strength of 16,444 N. This means that the rope could withstand the
maximum 96 Nm moment with pulleys as small as 11.7 mm in diameter. Thid isithe the
maximum anterior protrusion design criterion. The width of the two 4 mm ropes would be 8 mm.
Even accounting for the extra width of the pulleys, this should stay within the lateral protrusion

limit. The pulley and rope design used 43 mm di@mpulleys Figure4-11).

Increamg the gear ratiovould providemore torque at the hiputthe top pulley diameter
could not be increased withazreating too much anterior protrusion at the hip joint. Similarly, the
bottom pulley diameter could not be decreased without decreasing the size of the bottom shaft,
which had to be large enough for the keywexysioning system (secti@n?). Therefore, a 1.1 gear
ratio was used, which still fits within the design criteria

Figure4-11 Pulley and rope system PHiesign

To test the pulley and rope concept and the anchoring system, a prototype was 3D printed
and tested with a servo motdtigure4-12). The bottom pulley was attached to the servo motor
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and when the servo motor rotated, the@inted device successfully rotated about the hip joint,
as designed. With the successful prototype, the rope and pulley power transmission system was

selected for the final PHP design.

Figure4-12 The 3D printed pulley design preof-concept prototype successfully rotated about the hip
joint when powered with a servo motor
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Chapter 5: Power Hip Prosthesis Design and Components

This chapter describes the final PHP deskjgyre5-1) and explains the function of each

component.

Figure5-1 Final PHP design

The final PHP design uses two sets of pulleys and two ropes. The top shatft is fixed and the
pulleys on the top do not rotate. The bottom shaft and pulleys rotate with the motor, which pulls

on the ropes and drives the prosthetic leg to rotate aboutptiséadt.

5.1 Actuator

PHP power comes from an actuatBiglire5-2) developed by Ossur for their Power Knee
and was modified for the PHP design. The first change made to the motor was to remove the lever
arm from the act uat oFiguress-3)l Next,eam addlitioralrset of theeawlpdo n e n t

holes was added to the motor housikgg(@re 5-4), so that the housing can be fixed to the
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attachment ring (sectidh 11). The medial end piece and the grey bearing seEigure5-2 were
also both removed.

Figure5-2 Power knee actuator used in the PHP

Figure5-3 Actuator lateral component with the lever arm removed
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Figure5-4 Motor housing with additional set of threaded holes

The actuator features a male pyramid adapter omofhewhich was used by the power
knee to connect to the wuserods thigh. I n the P

actuator to the bearing housing that rotates about the top shaft.

5.2 Rope

A high-strength fibre was needed for the rope to withstand the large tension forces caused
by power transmission. Six materials were considered: polypropylene, high molecular weight
polyethylene (HMPE), polybenzobisoxazole (PBO), liquid crystal polym@Pjl- polyester, and
polyamide. These higktrength fibres are often used in sail[6§]. Of these six fibres, the three
strongest are HMPE, PBO, and LCP. The three weaker fibres would require a thicker rope, which
would necessitate wider pulleys and increase PHP lateral protrusion. The strongest of the six fibres
is PBO, with a breaking stngth of 78.4 kN for an 8 mm diame{@&5]. PBO also has the lowest
elongation at 50% breaking strength, only stretching 168} However, PBO has poor abrasion
and UV resistanc6]. Though UV exposure can be reduced with a cover, abrasion resistance is

important in the PHP since the ropes repeatedly rub against the pulleys.

Of the remaining fibres, LCP has the lowest stretch with a 2.2% elongation at 50% breaking
strength[65]. HMPE is slightly stronger than LCP, but LCP has better abrasion resistance,
tenacity, and lower creep than HMPES], [67]. LCP exhibits no creep under loads up to 50% of
its breaking strengtf68]. For these reasons, Vectran LCP was selected as the PHP rope material.
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Unlike timing belts and chains that have grooves and teeth to transfer power, rope and
pulley systems usually rely on friction. To make the system more secure and prevent slippage, the
PHP ropes are anchored to the pulleys. Two ropes are used, eaal ipulipposite directions.

Both ropes have a loop on each end, that slips around the@us#gyerto anchor the rope and
allow separate tensioning. The ropes loop around the puliey c, exit through a hole, and wrap

around the pulley.

< SRS e S

SRR

Figure5-6 PHP ropes have loops that are anchored arounaxteeThe ropes exit through a hole in the
pulley then wrap around the pulleys.

The ropeloops were created with eye splicésglre 5-7). These splices are made by
looping the rope back on itself and intertwining the loose end into thgG®pé&ye splices retain
the highest breaking strength of all end connections, and generally maintain 100% of the rope
strength[70]i [72]. They are also commonly used while determining rope breaking strengths, so
the spliced ropes should be as strong as the
[70]i [72].
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Figure5-7 Eye splice made by intertwining the loose ends of a rope back into itself (Adaptel@®ipm
5.3 Pulley

The PHP pulleysvere designed to allow the rope to anchor inside the part, to prevent
slipping. Theropeloop fits around a groove on the inside of the pullEgire5-8) and a hole on

the top allows the rope to stick out and wrap around the pulley.

The pulleys have multiple keyways that allow the assembler to adjust the pulley position
relative to the shafts and create tension in the ropes. This tensioning system is discussed in greater

detail in sectiorb.7.

Figure5-8 PHP pulley design
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5.4 Side Plate

Each pulley has an accompanying side pl&igure 5-9). These side plates serve two
purposesto enclose the pulley groove so that the rope will not be able to slip ottt andport
the pulleys when they are placed under load. The rope groove in the pulley acts as a cantilever
beam becaudbe grooves not supported on one end. To compensate for this, the side plates have
an extended portion that fits into the side of the pulley and supports the hanging end of the pulley

groove Figure5-10).

Figure5-9 PHP side plate design that accompanies each pulley

Figure5-10 Section view of the PHP pulley and side plate assembly
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5.5 Bottom Shaft

The PHP bottom shafE{gure5-11) rotates with the actuator to input torque to the bottom
pulleys. The actuator has an eigholt pattern on the lateral sid€igure 5-12) that is used to
transmitrotation to the bottom shaft. The medial end of the bottom shaft features eight indentations
that fit over the bolt head&igure5-13) so that when the shaft is inserted over the bolt pattern, the

bolt heads transmit motion from the actuator to the shatft.

Figure5-11 PHP bottom shaft design

Figure5-12 Bolt pattern on the lateral side of the actuator

44



Figure5-13Indentations on thbottom shafh medial endhat fit over the actuator bolt pattern

The bottom shaft is secured in place medially/laterally with a screw that goes through the
middle of the shaft and into the centre of the actu&tigu¢e’5-14). The shaft also haskeyway
to prevent pulley rotation relative to the shaft and two grooves for external retaining rings that hold

the pulleys in place along the shatft.

Figure5-14 The bottom shaft is secured to the actuator with a screw

5.6 Top shaft

The top shatft is fixed to the top hinge (secto8) using a coiled spring pin. The top shaft
features eight keyway§&igure5-15) that allow the assembler to adjust the pulley position to create
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tension, as explained further in sectibr?. The shaft also features two grooves for external

retaining rings that hold the pulleys in place medially/laterally.

Figure5-15 PHP top shaft featuring eight keyways and a hole for a coiled spring pin

5.7 Tensioning System

Instead of adding additional components to provide tension to the pulley system, a
tensioning method was devised at the shafts to reduce the number of components and system
weight. Two ropes are on separate pulleys so that the pulleys can be tensiopgdsiteo
directions. To assemble the PHP, the first pulley is placed on the bottom shaft with the rope already
in place and is fixed to the shaft with a key. The other pulley for that rope is then placed onto the
top shaft. The pulley is rotated as far asgble, then the key is inserted into whichever pair of
pulley keyway and shaft keyway align best.

The pulleys and top shaft have different numbers of keyways to provide a larger number
of positiors. The pulleys have nine keyways, and the top shaft has eight, resulting in 72 possible
positions for the top pulleyF{gure 5-16). With an available position every 5°, the maximum
possible slack that will occur in the rope is 1.88 mm. This should result in minimal backlash when
the leg changes directions, which should not be noticeable to the user. The other set of rope and
pulleysis tensioned in the same way but in the opposite direction. The pulleys have two small

holes so that an angle grinder wrench can be used to apply tension before inserting the key.
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Figure5-16 PHP tensioning system with 8 keyways in the shaft and 9 keyways in the pulley

The same system could have been accomplished using splines in both the pulley and the
shaft, but splines are more difficult and costly to manufacture.

5.8 Lamination Plate and Top Hinge

The lamination plateHigure 5-17) is embedded into the prosthetic socket and provides
support to anchor the hip joint. The top hin§ey(re5-18) is screwed into the lamination plate
and hip socket and is used to hold the top shaft. One arm of the hinge has a hole for the coiled

spring pin to prevent rotation between the top shaft and the hinge.
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Figure5-17 PHP lamination plate

Figure5-18 PHP top hinge

5.9 Bearings and Bearing Housing

The PHP must rotate about the top hinge. Bearings were used to reduce friction. Needle
roller bearings were selected because the bearings will face high radial loads and low axial loads.
The bearings are pre§is into the bearing housing={gure 5-19). A four-hole female pyramid
adapter is screwed onto the bottom of the bearing housigigré5-20) so that it can be connected
to the actuatordés male pyramid adapter. The
top hinge, with two polytetrafluoroethylene (PTFE) spacers keeping the bearing housing in place
medially/laterally. PTFE spacevgere selected because they provide afieetion surface and

prevent the metal parts from rubbing against each other.
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Figure 5-20 A four-hole female pyramid adapter is screwed into the bottom of the bearing housing and
connects to the male pyramid adapter on the actuator

5.10 Attachment Plate

The attachment platé&igure5-21) is used to connect the actuator to the electronics chassis
(section5.14). The groove in the attachment plate creates clearance between the plate and the
motor components, allowing the motor to rotate and avoiding tight tolerances between the two
parts. The motor is secured to the attachment plate with the attachment tiilogp &é4) and the
medial attachment piece (sectibri?. The attachment plate is then screwed into the top of the

electronics chassis.
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Figure5-21 PHP attachment plate
5.11 Attachment Ring

The attachment ring is used to secure the actuator to the attachment plate and prevent the
motor housing from rotating. The rirfigatures two threaded holes on the bottom so that screws
can be inserted through the attachment plate into the ring, securing the two together. The
attachment ring also features 16 clearance holes that align with the threaded holes in the motor
housing. Srews are used to secure the attachment ring to the motor housing and prevent rotation
between the two part§igure5-22).

Figure5-22 PHP attachment ring secured to the attachment plate and screwed into the motor housing
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5.12 Medial Attachment Piece

The medial attachment piece fits into idPmedial end and is screwed into the attachment
plate Figure5-23). An O-ring was placed around the medial attachment pidmre itinterfaces
with the motor Figure5-24), to avoid tight tolerances on the medial attachment piece and to help
absorb shocks. The medial attachment piece helps to secure the motor to the attachment plate but

does not prevent rotation.

Figure 5-23 PHP medial attachment piece inserted intoghe t u anediat emd and screwed into the
attachment plate

Figure5-24 Medial attachment piece with-ring around extrusion that interfaces with the motor
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5.13 Casing

A plastic casing covers the pulleys to prevent finger tr&mpute 5-25). The casing back
piece slides onto the shatfts first before the pulleys. Once the pulleys have been secured onto the
shafts, the top casing piece slides over using grooves that connect the casingrigieces 26).

Finally, the bottom casing piece slides into place, completely enclosing the pEilpyeb-27).

Figure5-25 PHP casing covering the pulleys

Figure5-26 PHP casing top piece sliding onto the casing back piece
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Figure5-27 Bottom casing piece sliding into place to enclose the pulleys

5.14 Electronics Chassis

The electronics chasgBigure5-28), designed by colleaggehouses the PHP battery and
other electronic components. It also features strain gauges used for the PHP control system. The
attachment plate screws into g of theelectronics chassis. Tlehassiss connected to the knee

with a heightadjustable pylon.

Figure5-28 Electronics chassis with the attachment plate connected on top
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Chapter 6: Failure Analysis

This chapter describes the stress anaty@mluctedorior to PHPmachining Calculations
and FEA were used to verify that the PHP can sustain static and cyclicgdén#si® 15032:2000

and transmit the 96 Nm maximum torque from the motor without failure.

Except for the ofthe-shelf parts like screws and retaining rings, all metal PHP components
were made with aluminum 2024 or 174 PH stainless steel. Aluminum was used as much as
possible because it is lighter than stainless steel, butvgésaieeded for parts requiring more
strengthMechanical properties are summarized able6-1 and were used in the calculations in

this chapter.

Table6-1 Mechanical properties of metals used for the PHP components

: Ultimate Tensile Yield Strength :
Material Strength (MPa) (MPa) Density (kg/nr)
17-4 PH Stainless
Steel H90Q73] 1448 1379 7800
Alumlnl[17n1]2024T4 469 324 2780

6.1 RopeAnalysis

The tension force exerted on the rope can be calculatedBgitd-4. For a 96 Nm
maximum moment and a 21.5 mm pulley radius, the rope must sustain a 4465 N force. The 12
strard Vectran 3 mm rope break load is 993 kg or 974['D]. Therefore, the rope safety factor

is 2.2 and the rope will not break.

Vectran experiences no creep under loads below 50% of its breakinfp8)atialf the
breaking load is 4871 N, which is greater than the 4465 N tension Tdreeefore the rope will
not experience creep, which medmatslack will not be introduced into the systerer timeand

the pulleys wl not requirecontinual adjushent

6.2 Knee Analysis

The knee is not part of the PHP design, so no stress analysis was performed on the knee.

However, the ISO test loads are applied at the knee joint keeefree body diagramHBD)
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(Figure6-1) was used to determine the resultant forces that would be transmitted from the knee to
the rest of the PHRSO 15032:2000 specifies four test loading conditions for the PHP: a medial
lateral (ML) static loadest, @ M-L cyclical loadtest, a anteriorposterior (AP) static loadest,

and a A-P cyclical loadtest.Figure6-1 features the frontal plane knee FBD used for thie tdst
caseswhere y is the anterior direction, and x is the medial direcliba applied test forc&) ,

was varied according to the test condition being analyzed.

/ Foom

84.37°

Ftest

Figure6-1 Knee frontal plane FBD, whereckis the test force specified by the 1ISO standakgl, is the
force between the knee and the motor in the x directiag, iE the force between the knee and the motor
in the y direction, and M. is the moment between the knee and the motor aboutakis.ZKnown forces
are depicted in black and unknown forces are depicted in red.

The resultant forcesix and kmy and the resultant momentdv, were calculated using
the sum of forces in the x directioRd. 6-1), sum of forces in the y directio&q. 6-2), and sum

of moments about theaxis Eq. 6-3):
O 1 (Eq.6-1)
O O O zZAT @® X 1

O m (Eq.6-2)
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O 0 zOEy®Y O Tt
0 T (Eq.6-3)

0 0 O zmdT X T

UsingNe wt o n 0 s, therbaictionfiorcés avere then applied to thetor FBD. Eq. 6-1,

Eq.6-2, andEq.6-3wer e used to solve the unknown forces
6.3 Bottom Shaft Analysis

The bottom shaft is made of-#7/PH Stainless Steel H90Dhe shafts must sustain both the
maximum static force and the cyclical forces from the ISO standard, as weleasua®torque.
Stress along the sha#ta combination of bending and torsional stessSince the axial loadse
small compared to the bending and torsion loaxis| loadsvereomitted from the stress analysis
[76]. An FBD (Figure6-2) wasused to determine thmttom shafforces in the frontal plane.

L.

I Frasy Fasmy

MBSMZ

Figure6-2 Bottom shaft frontal plane FBOvhere kzsyis the force between the pulley and the bottom shaft
in the y direction, Eswy is the force between the bottom shaft and the motor in the y direction, &fRd M
is the moment between the bottom shaft and the motor aboutitie. Known forces amgepictedn black

and unknown forces adepictedn red.

The force from the rope was added to the bottom shaft FBD in the lateral lpak¢ipn
andEq. 6-1 to Eq. 6-3 were used to calculate the reaction forces at the interface with the motor.

The forces in the y direction wetkenused to create a shear force diagr&ngyre 6-3) and a
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bending moment diagraitiFigure 6-4) for the M-L static load caseA torque diagram is also

presented ifrigure6-5.
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Figure6-3 Bottom shaftM-L static loadshear force diagram
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Figure6-4 Bottom shaftM-L static loadbending moment diagram
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Figure6-5 Bottom shaft taguediagram

Based on the three load diagrams,ghie a fight @l (where it connects to the motor) has
the largest stresses awdstherefore the location of interest for the stress analysis. The bending

stressvascalculated withEq. 6-4 [76]:

0w
- Eq.6-4
D (Eq.6-4)

where, is the bending stres8, is the bending momend)is the radial distance from tlieh a f t 6 s
centre, andds the moment of inertia. For a hollow circular shaft such as those used in the PHP,
the moment of inertigs calculated witHeq. 6-5:

O —0 ©O .6-
o (Eq.6-5)
where"Gs the moment of inertid) is the shaft outer diameter, a@dis the shaft inner diameter.

UsingEq. 6-4 andEq. 6-5, the maximum bending stress at gaftbottomendwas128.9
MPa.Next, the torsional stress was calculated ugiqg-6 [76]:
Yo

0

1 (Eq.6-6)

wheret is the torsional stressyis the torque, andis the polar moment of inertia, calculated with
Eq.6-7:

b — 0 © (Eq.6-7)



Using Eq. 6-7 and Eq. 6-6, the maximum torsional stress on the bottom shift the 96 Nm
maximum torquevas65.2 MPa. The bending stress and torsional stress were combined into the
von Mises stress usirieg. 6-8 [76]:

,e , of ~ (Eq.6-8)
where, a&s the von Mises stres§he von Mises stress wa31.3MPa, which resulted in a safety

factor of8.0usingEq. 6-9:

& (Eq.6-9)

ny
where"Y is the yield strength. With a safety factor80, the shaft is unlikely to yield due to the

static loading conditions.

The bottom shaft must also resist fatigue failure. The process for cyclical stress analysis
was similar to the static analysis, but the alternatingraigddangestresses had to be calculated.
The alternating bending stress was calculated wesjng+10 and the midrange bending stress was
calculated usingq.6-11[76]:

0 w

) —— Eq.6-10

. U =5 (Eq )
0 w

y —— Eq.6-11

. 0 =5 (Eq )

where, is the alternating bending stress,is the fatigue stressoncentration factor for bending,
0 isthe alternating bending momept, is the midrange bending streagdl is the midrange

bending moment

Since the loads acting on the bottom shaft are not affected by the ISO test loads applied to
the PHP, the alternating and midrange stressesdetermined by the tension force pulling on the
s h a putle§ end. The maximum bending moment is 94.88 (figure 6-4) and the minimum
bending moment is 0 Nm when the rope is not pulling on the shaft. Therefore, the midrange
bending momenwas47.44 Nm and the alternating bending monveas47.44 Nm.The shoulder
fillet at the end of the bottom shaft adds a stress concenttattbe shaftBased on thehoulder

dimensionsy) is 2.1[78]. Therefore,, p o@®0 0 cnd, p o 0 &
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The alternating torsional stress was calculated Usm@-12 and the midrange torsional

stress was calculated usikg.6-13[76]:

. Yo
Yo

where,T is the alternating torsional stress, is the fatigue stressoncentration factor for torsion,

“Y is the alternating torquéd, is the midrange torsional stressid”Y is the midrange torque

The maximum torque is 96 Nm and the minimum torqu86dNm because the motor will
apply 96 Nm to the PHP in both directions. Therefore, the alternating torque is 96 Nm and the

midrange torque is 0 NnBased on thehoulderdimensionsp is 1.75[78]. Therefore,t

pp@0O 0 cAndt mnOO &

The bending and torsional stresses were combined to find the alternating von Mises stress
(Eq.6-14) and the midrange von Mises strel8g.(6-15) [76] :

ot - (Eq.6-14)

where, eis the alternating von Mises stress are is the midrange von Mises stre$he fatigue
safety factor was calculateding the modified Goodman linEg.6-16 [76]:

p ” ”

LI Eq.6-16

TNy (Eq.6-16)
where¢ is the safety factor)Y is the endurance limisdescribed irEq. 6-17, and™Y is the

ultimate tensile strength.

Y QQQOQQY (Eq.6-17)
where

"Q = surface condition modification factor0=8511 for a ground shdft9]

‘Q = size modification factor 0.90 for a 20 mm shafff 9]

‘Q = load modification factor 1 for combined bending and torsional lofti3]

‘Q = temperature modification facterl for room temperatuf@9]
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Q = reliability factor= 0.753 for 99.9% reliability79]

"Q = miscellaneougffects modification factor 1 with no other known endurance limit
reductiong79]

"Y = test specimen endurance limit = 700 MPa for steelsWith p T TOTD (79]

UsingEqQ.6-17andEq.6-16, thes h a éntludaace limit is 403 MPa and the fatigue failure
safety factor is 1.5. Therefore, the bottom shaft should be able to sustain both static and cyclical
loads without failureSince thdorces in the bottom shaft result from the ropes pulling on the shaft
during power transmission, not from the applied test loddsbottom shaft safety factors were
the same for the ML loading condition and the -R loading condition. The bottom shaft safety
factors are summarized Trable6-2.

Table6-2 Bottom shafiminimum safety factors for the four loading conditions

Static Load Safety Factor | Cyclical Load Safety Factor
M-L Loading Condition 8.0 15

A-P Loading Condition 8.0 15

6.4 Motor Analysis

The motor FBD Figure 6-6) was used to continue transferring the loads to the rest of the
PHP components. The reaction forces between the motor and the knee found with the knee FBD
were applied to themo t distélend. Likewise, the reaction forces between the bottom shaft and
the motor were also included. Using these known force€gngt1li Eq.6-3, the resultant loads

between the motor and the bearing housing were calculated for each loading condition.

No stress analysis was performed on the motor itself becauseotbe has already been
tested and used successfully in a powered knee prosthesis. The forces found with the FBD were
applied to the bearing housing FBD and were therefore needed for proximal component stress

analyses.
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Figure 6-6 Motor frontal plane FBDwhere kwy is the force between the knee and the motor in the y
direction, kwx is the force between the knee and the motor in the x directiaw, iMthe moment between
the knee and the motor about thaxs, Fesmy is the force between the bottom shaft and the motor in the y
direction, Msswm; is the moment between the bottom shaft and the motor aboutttis, Zusrx is the force
between the motor and the bearing housing in ttigection, sy is the force between the motardhthe
bearing housing in the y direction, andi; is the moment between the motor and the bearing housing
about the zaxis. Known forces are depicted in black and unknown forces are depicted in red.

6.5 Bearing HousingAnalysis

The bearing housing is made of Aluminum 2024 The bearing housing FBFigure6-7)
was used to determine the reaction forces between the bearing housing and the top shaft. Using
Eq.6-1-Eq. 6-3, Ferrsiywas 7141 N, Burszywas 667.6 N, anddrrs2xwas 329.6 N for the M
static load case. The -\ static loading condition resulted in the highieste values for the four

loading conditions.

The needle roller bearings used in the PHP have a dynamic load rating of 9100 N and a static
load rating of 13,400 N. Therefore, for the 7141 N maximum radial load, the bearings have a safety
factor of 1.3 for dynamic loading and 1.9 for static loadingisT the bearings should not fail with
PHP use.

A stress analysis was performed at the filleted corner of the lateral side housing, which was
the bearing housing critical location. Using stress calculations, the maximum bending stress for

the M-L static load was 64.7 MPa, resulting in a safety factér.@f For the fatigue calculations,
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a 1.6 stress concentration factor was used based on the filleted corner g¢o8jefriie ML
cyclical safety factor was 1.7. The calculations were repeated with-thdoAding conditions
resulting in a 10.5 A° static safety factor and a 2.6Pcyclical safety factor. The bearing housing

safety factors are summarizedTiable6-3.
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Figure6-7 Bearing housing frontal plane FBD, whelgsky is the force between the motor and the bearing
housing in the y directionMenx is the force between the motor and the bearing housing in the x direction,
Mwenz is the moment between the motor and the bearing housing aboubtti® Enrsiy is the force
between the top shaft and the lateral side of the bearing housing in the y diregtien, if the force
between the top shaft and the medial side of the bearing housing in the y directiosyrandskhe force
between the top shaft and the medial side of the bearing housing in the x direction. Known forces are
depicted in black and unknown forces are depicted in red.

Table6-3 Bearing housingninimum safety factors for the four loading conditions
Static Load Safety Factor | Cyclical Load Safety Factor

M-L Loading Condition 5.0 1.7
A-P Loading Condition 10.5 2.6
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6.6 Top Shaft Analysis

The top shafts made of 1#4 PH Stainless Steel H900. The top shi@imtal plane FBD is
pictured inFigure6-8. The forces from the pulley and the bearing housing were added to the shaft

and used to calculate the forces between the top shaft and the hinge.
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Figure6-8 Top shaft frontal plane FBD, wheretkyis the force between the pulley and the top shaft in the

y direction, kursiyis the force between the top shaft and the lateral side of the bearing holder in the y
direction, Fshiy is the force between the top shaft and the lateral side of the top hinge in the y direction,
Frsnixis the force between the top shaft and the lateral side of the top hinge in the x diregtiopiskhe

force between the top shaft and the medial side of the bearing holder in the y diregtigrisithe force
between lte top shaft and the medial side of the bearing holder in the x directionyaagddthe force
between the top shaft and the medial side of the top hinge in the y direction. Known forces are depicted in
black and unknown forces are depicted in red.

Using forces in the FBD, shear force and bending moment diagrams were created to
determine the internal forces along the skaftjth The ML static loading condition shear force
diagram is presented Figure6-9 and the bending moment diagram is presentédguare6-10.

The torque diagram is pictured kigure6-11 and was based on the 96 Nm maximum torque for

the M-L static loading condition.
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Figure6-9 Top shaft static M. loading condition shear force diagram
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Figure6-10 Top shaft static M. loading condition bending moment diagram
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Figure6-11 Top shaft torque diagram

The maximum stresses calculated oaghere the top shaft interfaces with the lateral side
of the bearing housings can be observed the bending moment and torque diagrahhe static
failure analysis was performed at this critical location. Using the same calculations outlined in

Chapter5.5, the static ML safety factor was 9.4.

The process of creating the shear and bending moment diagrams was repeated with the M
L minimum cyclical load and the M maximum cyclical load. Based on the cyclical diagrams,
the point where the top shaft interfaces with thiage lateral side was the critical location for
fatigue failure.The stress concentration at this point in the shafsdue to the hole for the pin.
Based on théolesize relative to the shafiameter a bending stredatigueconcentration factor
of 1.95 and a torsion strefsgigueconcentration factor of 2.95 were used in the fatigue calculations
[78]. The minimum safety factor for cyclical loading wa8.1Therefore, the top shaft should

sustain both static and cyclical loading.

The stress analysis was repeated for tHediatic and cyclical loading conditions, resulting
in a safety factor of 8.5 for-R static loading and 1.13 for-R cyclic loading. The top shaft safety

factors are summarized Trable6-4.
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Table6-4 Top shaftminimum safety factors for the four loading conditions
Static Load Safety Factor | Cyclical Load Safety Factor

M-L Loading Condition 94 13
A-P Loading Condition 8.5 1.13

6.7 Top Hinge Analysis

The top hinge is made of Aluminum 20Z4. The top hinge frontal plane FBBigure6-12)
features the known reaction forces from the top shaft and was used to determine the reaction forces

between the top hinge and the lamination plate.
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Figure6-12 Top hinge frontal plane FBD, whereskix is the force between the top shaft and the lateral
side of the top hinge in the x directionsky is the force between the top shaft and the lateral side of the
top hinge in the y direction,tkn2yis the force between the top shaft and the medial side of the top hinge in
the y direction, ki rixis the force between the top hinge and the distal and of the lamination plate in the x
direction, Fpyy is the force between the top hinge and the distal and of the lamination plate in the y
direction, FLpox is the force between the top hinge and the proximal and of the lamination plate in the x
direction, FLp2y is the force between the top hinge and the proximal and of the lamination plate in the y
direction. Known forces are depicted in black and unknown forces are depicted in red.
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Based on the top hinge loads, tbp hinge medial side encounter@@6.36 Nmbending
moment acting as a cantilever beam for thé Btatic loading condition. This equated to a\BRa

bending stress and a 9.4 safety factor.

The maximum ML cyclical loading bending stress was on the top hinge lateral side. The
minimum safety factor in fatigue was 1.4. |IaAPAloading, the static safety factor was 3.9 and the
cyclic safety factor was 1.4. The top hinge safety factors are summaerizadle6-5.

Table6-5 Top hinge minimum safety factors for the four loading conditions

Static Load Safety Factor | Cyclical Load Safety Factor
M-L Loading Condition 9.4 1.4

A-P Loading Condition 3.9 14

6.8 Pulley Analysis

The pulleys are made of 47PH Stainless Steel H900. Without the side plate supporting the
edge of the pulley, the pulley rope grookere6-13) would act like a cantilever beam.Higure
6-14, the rectangular section outlinedRigure6-13 is modéled as a cantilever beam. The FBD
in Figure6-14 depicts the 4465 N force from the rope dispersed across the surface of the pulley

rope groove.

Figure6-13 PHP pulleycrosssection The blue rectangle outlines the portion of the pulley that is Heade
as a cantilever beam.
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Figure6-14 FBD of the pulley rope groove mdtied as a cantilever beam, where F is the force from the
rope acting on the pulley, V is the shear force at the edge of the rope groove, and M is the bending moment
at the edge of the rope groove. Known forces are depicted in black and unknown forcpetae idered.

Shear forceKigure6-15) and bending momenFEigure 6-16) diagrams were created for
the pulley based on the cantilever beam FBD. The maximum bending moment in the pulley rope

groove was 12.28 Nm.
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Figure6-15 Pulley rope groove shear force diagram
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Figure6-16 Pulley rope groove bending moment diagram

Using the maximum bending moment, the maximum bending stress in the pulley would be
1151 MParesulting in a static failure safety factor of 1.2. For cyclical loading, the maximum
bending moment would be 12.28 Nm and the minimum bending moment would be 0 Nm when
the rope is not exerting a force on the pulley. Therefore, the alternating bendssyvetuld be
576 MPa and the midrange stress would be 576 MPa. Using the modified Goodman line, the
fatigue failure safety factor was 0.64, indicating fatigue failure would occur in the pulley without
the side plate supporting the other end of the ropevgro

With the addition of the side plate, the bending stress in the pulley was halved and the safety
factors were therefore doubled. So, the pulley static failure safety factor became 2.4 and the fatigue
safety factor became 1.8nd failure was no longer predicted.

Since the test load applied to the PHP does not affect the loads on the pulley, the safety
factors for the AP loading conditions are the same as for the Mading conditions. The pulley
safety factors are summarizedTiable6-6.
Table6-6 Pulley minimum safety factors for the four loading conditions
Static Load Safety Factor | Cyclical Load Safety Factor
M-L Loading Condition 2.4 1.3
A-P Loading Condition 2.4 1.3
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6.9 Attachment Ring Analysis

The attachment ring is made of aluminum 202Z4and preverstthe mo t olatedéakside
from rotating withstandng the 96 Nm maximum torquén attachment ring stress analysis at the
critical locations, including the screw holes and the edges, detereé2dninimum safety factor

The strength of the screws holding the attachment ring to the attachment plate was also
analyzed to ensure that the screws would not fail when the maximum torque is applied. The screws
holding the attachment ring to the attachment plate are class 12.8oM5e thread scre\#4.2
mnY stress ared) , and 970 MPa proof loady [80]). The screws are located B80n from the
attachment ring senter Therefore, when the attachment ring faces a 96 Nm torque, the screws
are subjeadto a 3200 N tension ford&q. 4-4). Assuning that one screw will takall the load
in resisting the torquehe screw faces a 225.3 MPa strgss. 6-18 [80]).

"y (Eqg.6-18)

To determine the screw safety factdr,the calculated stress was compared to the proof

load usingeqg. 6-19.

¢ (Eq.6-19)

"y
The screw safety factor was 4.3, indicating that the screws should be able to withstand the

tension forces from the maximum torque.

6.10 Key Analysis

The steel keys are used to transmit the torque between the shafts and theapdllbys
must sustain the stresses generated from the toFgugpossiblemodes of failure for the keys are
shear stress and crushing. Shear stress can be calculatéd) v@i+20 [76]:

0
0«

¥ (Eq.6-20)

wheret is the shear stres®is the force at thehaftsurface,0is the key width andiis the key
length.The forcecan be calculatedith Eq.4-4. For a 96 Nm maximum torque and 10 rahaft
radius, the force at thehaftsurface would be 9600 N. The key width is 3 mm tnedength is 10
mm. UsingE(g. 6-20, the shear stress on the kegs320 MPa.
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The distortiorenergy theory Kq. 6-21) describes shear strengtly, 4 in terms of yield

strength,’Y,

Y™ XX (Eqg.6-21)
17-4 PH stainless steel has a yield strength of 1379 MPa and therefore a shear strength of
795.683MPa.The safety factor;, for shear failurevascalculated withEq. 6-22 and found to be

2.5. Therefore, the keys should not fail from shear stress.

: % (Eq.6-22)

The safety factor focrushingfailureis calculated witheq. 6-23[76]:
Yo a

0
The safety factor for crushing is 2.2. Therefore, the keys should be aksbboth shear and

(Eq.6-23)

crushing failure.
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Chapter 7: Prototype

After the stress analysis, the modaeds prepared for manufacturing. Tolerances were
added to each part to ensure that the parts could be assembled without interference and to limit the
amount of movement between componefisling fits were used for the components that need to
slide onto the shafts, namely the pulleys, bearings, and top hinge. Smaller tolerances were used for

parts that needed to align more precisely, such as the bottom shaft over the bolt heads on the moto

Tolerance chains were avoided wherever possible, to reduce the stacking of tolerances and
consequentit issues.The pulley and rope system was beneficial in reducing the number of
tolerance chains because the ropes can be tightened after assembly and theneforenthe
distal dimensions did not need to be as precise. There, weveever tolerance chains in the
mediatlateral direction on the shafts and the attachment plate. For these locations where the
tolerances were stacked, the dimensions wgegeified to provide additional space betwdba
components. The additional space ensuresathtéite components fit into the assembly and shims

can be used to fill the gaps if there is too much extra room.

Mechanical drawings were made for each PHP component, specifying the material,
dimensions, and tolerancesedchpart (Appendix A). Once all drawings were completed, they
were sent to machine shops to have the parts nfdePHP wasssembledand the finished

prototype is pictured in

While assembling the PHPseveral small issues with the part tolerancesecated
interference between PHP components. To resolve these issues, some weadeuahway from
the medial attachment piece and the bearing housing. With these additioralapo$acturing
changesall partsfit together well. Dimensions in the drawings were adjusted accordingly for any

future PHP iterations.
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Figure7-1 PHP prototype with pullegover(a), PHP prototype side view without cover frgh), PHP
prototype front view without cover froiit)
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Chapter 8: Mechanical Evaluation

Once the prototype was built and assembiedP strengthwas tested using the tewj
procedures outlined in 1ISO 15032:2000 Prosthés8gructural testing of hip jointgt3]. Two
testing conditions were examinédarterior-posterior (AP) extension and medikdteral (M-L).
The A-P flexion loading conditiowas not performed since this tesbnly used for hip joints with

a stride limiter.

Only static tests were performéat PHP structural testingince he main objective was to
ensure that the PHP is strong enough to sustain wieegring and thus be safe for continued
functional testing witlpeople Functional testingn this thesiswill not provideenough cycles to
reach fatigue failure. In the future, cyclical testing should be performexstoethat the PHP is

safe for longterm use.

Figure8-1 PHP bolted to metal block for structural testing (left) and metal pole connected to the PHP
bottom for structural testing (right)

The PHP was tested in a servohydraulic testing syskemPHP top hinge was bolted to
a metal blocKFigure8-1) that slides onto a pole in the testing machine. A female pyramid adapter
was attached to the bottom of the electronics chassiterface with another polgigure8-1), to
secure thé®HP bottom in the testing machingéhe momentarm lengthsin the servohydraulic

testingsystemwere based on tHeading conditionsn the ISO standard.
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8.1 Medial-Lateral Test

8.1.1 M-L Testing Setup

The M-L testsetupwasbasedon thelSO 15032:2000 M. loading condition.The ISO
document depicta verticalhip device with the force applied at an angle; howevertdsting
machine can only apply force iheverticaldirection,sothe PHP was set at thppropriateangle.
The testing equipment arhengthswere calculated fromthe moment armsoutlined in ISO
15032:2000 and the over&HPlength.The M-L testsetupis shown inFigure8-2.

37mm

Figure8-2 Mediallateral mechanical testing setup and dimensions

As seen inFigure 8-2, the arm at the bottoraf the testing setughould be 37 mm.
However, the testing equipment used had a minimum length of 50 mm for th&a@arength
of 50 mm was used instead. This increased the momentlerdy increasing bending stresses
on the device and making the test more conservdto#owing ISO 15032:2000, the M test
was performed with the PHP in the fully extended positiogure8-3).
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Figure8-3 PHP in the testing machine for thelMmechanical testing
8.1.2 M-L Testing Results

The force on the PHP was first set to the 1024 N settling force for 30 s, then returned to
zero. Next, the force was increased by 200 N/s to the 33&@tefailure ultimate test forcand
then back to zero. Thituctile failure test force was used becawsl PHP structural components
are made of either aluminum or steel, which are both ductile materials. The force and displacement

data recorded by the testing machine are presentadure8-4.
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Figure8-4 M-L structural tesforce andlisplacement versusnme

Even with thelonger moment arm on the bottom, the PHP successfully sustained the
ultimate test force without failure. As seenHigure 8-4, when the force goes to zeafter the
ultimate test force, displacement returns to the same value as during the settling force. No
observable damage or deformation was found on the PHP components after teetM

8.2 Anterior -Posterior Test

8.2.1 A-P Testing Setup

The A-P testing setup was based on the ISO 15032:2080ektension tegFigure8-5).

Figure8-6 shows the device in the testing equipment for tHe t&st.
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Figure8-6 PHP in the testing machine for thePAmechanical testing
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8.2.2 A-P Testing Results

The sameM-L test procedurgvas performed for the R test. The force and displacement

data recorded by the testing machine for thie #est are presentedkigure8-7.
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Figure8-7 A-P structural tediorce andlisplacement versusme graph

Again, the PHP successfully sustained the ultimate test force without failure. Therefore,

the PHP passed the structural tests and was considered safe for continued functional testing.
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Chapter 9: Functional Evaluation

Once the PHP had been deemed structurally sdundtionaltesing was performedo
determine ifthe prosthesisould successfully help@ersonambulate The devicewasfirst tested
by powering the motor withoutng user This was done to ensuthat the system operated as
expected and to resolve any issues with the controls and the pulley shiseryablebodied

volunteerswvalked with the PHP usingldKAF prosthesisimulator

9.1 Initial Testing

Initial functional testing was conducted to ensure that the PHP moved properly when the
motor was poweredVith the PHP fully assembled, a simple control pattern aygiedto the
motor to havehe hip joint flex and extend in a repeating motidhe PHProtatedas expected;
however, slack quickly developed in the system. It was observed that the ropes were lengthening
with use This issue arose not due to Wectranfibres themselves stretching, but due to brajd
The individual strands of the rope westretching relative to each othafter a few tests, the ropes
hadelongatedoo much to be useable with the PHP because they became too \anag around

the pulleys without overlapping themselves

Steel cables were used as a temporary solution. The cablesrimgped to a fixed length,
inserted into the pulley, and themapped around the pull€lFigure9-1). After the first test, it was
noted that the steel cables experienced the same type of streishimg Vectran ropesith its
similar braided design. However, unlike theectran ropes, after the first couple of tests and
elongation the steel cables stopped stretching and remained a consistent length. Therefore, no
more slackdevelopedn the system with continuegsse,andtheycould be used for theext step
of functional testing. Though the steel cables were a successful solution for the hip simulator
testing, they would not be ideal for a final product. Firstly,ddieleés rated capacity was 1779 N
[81], which is under thé465 N tensile strength design criteridherefore, there is a risk of failure
when the PHP faces increased loads. Next, the crimps stick out of the pulleyswioichisually
appealing and prevesd the cover from fitting over the pulleyA. future project will investigate
other termination options for the Vectraope.
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Figure9-1 Crimped steel cables replacing tectran ropes

9.2 Hip Disarticulation Simulator Testing

After testingPHPmotion and fixing the slack issue by using steel cables, the PHP was tested
with non-amputegparticipantson a hip disarticulation simulatdgait footage was analyzed using
video annotation software to determine hip range of motion and gait parameters. Participant
subjective feedback was also recorded comparing the PHP to previous Helix3D walkirigheests.
simulator testing protocol was approved by thaversity of Ottawa Office of Research Ethics

and Integrity Appendix B.

9.2.1 Testing Setup

The PHP was tested usingpaosthesissimulator (Figure 9-2) [82] that allows non
amputees to walk with AKAF prosthesisAn ethylene vinyl acetate foam sole was inserted into

the | eft shoe, i ncr e a $82]nThe hipkneeankls prosihesis was f t I
connected | aterally to the participantds righ
on the left side created a cl earance [89.f 4

Therefore,weighb e ar i ng occurs only on the participant

on the right.
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Figure9-2 Hip disarticulation simulator setup with Helix 3D hip joint, showing 4 cm ground clearance on
the prosthetieside healthy limi§82]

Figure9-3 Hip disarticulation simulatowith PHP, Ossur Rheo 3 knee joint, and Ossur-Plex XC foot
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The PHP was joined to @ssur Rheo 3 knee joint and an OssurAex XC foot to create

a full HKAF prosthesisKigure 9-3). Prosthetic leg length was adjusted for each participant to

ensure equal leg lengths between the prosthetic and intact sides. Participants had the option of

usi one

ng

or

t wo

with the hip disarticulation simulator.

wa l

ki

ng canes

to assi st

A testing walkway was created in thl®vement Performance Laboratatithe University

of Ottawa. Tape markings were placed on the laboratory fladetdify a 10 m walkway.

9.2.2 Methodology

wi tF

PHP functionality was evaluated for level gait. The three participants walked 10 m one

way then turned around and walked 10 m backecond volunteer walked beside the participant

with a camera to record the trials. The video footage was later analyzed to evaluate gait parameters

such as range of motion and step time. All three participants had previously used the simulator to

walk with the Helix3D hip join{82]. Subjective feedback comparing the PHP with the Helix3D

was also obtained. The participants were given one training session to get accustomed to walking

with the PHP on the simulator and one testing session whedatthevas recorded.

9.2.2.1 Participants

Three male volunteetsetween the ages of 25 andpBtticipated in the functional testing

with the simulator Table9-1). Only healthy participants with two intact legs were considered for

this study.Participant heights ranged from 175 cm to 180 cm and weights ranged from 95 kg to

98 kg.Participant A use one walking cane during testing and participants B and Ctused

Table9-1 Functional testing péicipant demographics

Participant A Participant B Participant C
Sex Male Male Male
Age (years) 44 28 25
Height (cm) 178 180 175
Weight (kg) 95 95 98
Number of Walking
Canes Used 1 2 2
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9.2.2.2 Control System

At the time of testing, the PHP control system was still udégelopmentTherefore a
repeated gait cycle was usdtigure9-4). The hip angle bemp at40° flexion at heel strike, then
extenedto a 20° maximum extension. The hip then fék@ 44° maximum flexion and slowly
returredto 40° flexion.A 2.5 s stride time was used to ensure all participants would be able to

keep up with the walking pace.
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Figure9-4 Functional testing controls hip angle profile
9.2.3 Resultsand Discussion
The functional testing video footage was analyzed usiadginoveavideo annotation tool
[83]. Five consecutive strides were examined for each participant to determine average ranges of

motion and step times. The five strides were selected where there wargastumblesand the
participant did not put their prosthesae natural foot down.

The hip angle was measured between the line along the torso and the line from the hip joint
to the knee jointKigure9-5). This angle was tracked throughout the five striffegufe9-6).
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Figure9-5 Participant C 42.2° maximum hip flexion (left) and participant C 19.8° maximum hip
extension (right)
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Figure9-6 PHP hip flexion angle vs time across 5 striftegarticipant A (blue), participant B (red), and
participant C (green)

Participant A6s gait cycle appears.TBihi fted
is because participant A placed his prosthetic foot down (initial contact) at an earlier point in the
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predetermined gait profile than the other two participdris was a result of personal preference

in walking with the simulator.

The maximum angles for each participant are identifiethainle9-2. The average range
of motion was 55.7°Thiswas8.3° less than the programmed 64° range of moGue factor
that may contribute to the discrepancy is that the camera wabnayts perfectly square to the
PHP. Therefore, when the video was analyzed int@®angleelative to the camenmaould
affect the measured hip angkurthermore, markers were not used to measure the angles. The
software had a difficult time tracking the angles andetidpoints had to be manually adjusted
frame by frameMarkers would have helped maintain consistent reference points and produced
more accurate angle measuremenke gait controlsystemcould have undershot the target

angle

Table9-2 Functional testing range of motion

Participant | Maximum Flexion (°) | Maximum Extension (°) | Range of Motion (°)
A 26.9 214 48.3
B 447 12.0 56.7
C 42.2 19.8 62.1
Average 37.9+79 17.7+4.1 55.7+£5.7

Kinovea was also used to identifyitial contact and to®ff moments for both feethese
initial contact and to®ff moments were usetb calculatethe average step times across the 5
strides(Table9-3). The prosthetic step time (from initial contact to toe off) was on average 0.63
times the intact step timemeaningthat the gait was agmmetrical and theparticipantswere
spending more time on their healthy side than on the prostheticTsideaymmetry was likely
due to the participants feeling less stable on the prosthetic sideswinging their intact leg
quickly to return the more stable leg to the grouRge intact leg swing time was on average
0.29s, while the prosthetic leg swing time was on averagesl @hfirming thatthe participants

were swinging the intact leg faster than the prosthetic leg was programmed to swing.
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Table9-3 Functional testing gait parametevih percentagesf average stride time

Participant A | Participant B | Participant C Average
Stride Time (s) 2.35+0.06 2.38 £ 0.09 2.45 +0.08 2.39 £ 0.05
Prosthetic 1.50 £ 0.09 1.19 +0.05 1.24 £ 0.07 1.31+£0.17
Step (64 %) (50%) (51%) (55%)
Time (s) Intact 2.04 £0.05 2.09 £ 0.02 2.09 £ 0.09 2.07 £0.03
(87%) (88%) (85%) (87%)
_ Prosthetic 0.85 + 0.06 1.18£0.13 1.22 £0.07 1.08 £0.20
Swing (36%) (50%) (50%) (45%)
Time (s) Intact 0.27 £ 0.02 0.27 £ 0.03 0.34 £ 0.05 0.29 £ 0.04
(11 %) (11%) (14%) (12%)
Double Support 0.61 +0.09 0.46 = 0.07 0.45+0.11 0.51 £ 0.09
Time (s) (26%) (19%) (18%) (21%)
Cadence (steps/min) 51.15 50.51 48.94 50.20+1.14
Step Time Ratio 0.74 0.57 0.59 0.63 £ 0.09

All three participants stated that the PHP was easier to walk with than tiEowened
Helix3D. They specifically noted that they no longer felt like they had to swing the prosthesis
around to move it forward, therefore reducing necessary pelvic rot@ibar feedback included
that the extra weight of the PH¥as not noticeablandthat theparticipantsdid not feel like they
were carrying a heavy object when they had to support the prosthetic swingTphasebjective
feedbacksupports continued delepment of thePHP andsuggets potential forthe PHP to be a
successful solution in improving ambulation for hip disarticulation and hemipelvectomy amputees.
More detailed biomechanical testing can confirm any differences in pelvic motion between
Helix3D gait and PHP gait. Gait analysis and subjective feedback from amputees using the PHP

areneeded to fully observe the benefits of adding power to the hip joint.
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Chapter 10: Conclusions and Future Work

In this thesis, a novel microprocessmmtrolled PHP was designed and evaluated for both
strength and function. The pulley and rope power transmission system proved successful in
transmitting the rotational power from the actuator to the hip joint. Tia fiesign meall the
design criteriaincluding mechanical strength tests. The PHP was also tested withoaldéel
participants using a hip disarticulation simulator, where ambulation was successful. Though the
current design achieveubsitiveresults and shows promise as a hip amputee ambulation aid, future

work is still needed to improvend evaluatéhe design.

10.1 Design Criteria

The final PHP met all thdesign criteria outlined i€hapter 3: The final deviceweighed
3.9 kg,as measured with a scale. This put the RH&er thet.0 kg weight limit The functional
testing participantaoted that thi8.9 kgweight did not feel heavy while walkingr noticeably

impede their motion.

The PHP needed to support users up to 100 kg. The PHP successfully supported a 98 kg
user during functional testing, which is close to the required 100 kg. The PHP also successfully
passed ISO mechanical testing designed for users up to 100egtrength requirements outlined
in 1ISO15032:200Qvere to withstand a 2240 N load for 30 s without failure or deformation greater
than 15 mm, withstand a 3360 N load without ductile failure, and withstand 2yxdiés between
50 N and 1330 N without failure. THeHP faced a 3360 N load without failure or deformation
greater than 15 mm. Cyclical testing was not conducted on the PHP; however, calculations and
FEA simulations indicate that the device should be able to withstand fatigue from the cycles
outlined in thdSO standard.

In functional testing, the PHP reached 2le#tension and 447#lexion. Therefore, the
PHP obtained the 2hip extension requirement. The maximum flexion value was due to the gait
pattern controls, not a physical limit of the device itself. When placed in maximum flexion, the
PHP hip angle measured with a protractor W&’ 1successfully surpassing the 13fp flexion

requirement.

The final PHP power transmission gear ratio was 1:1. Therefore, the device should have

the same maximum torque and angular velocity as the actuator. The maximum actuator torque is
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96 Nm andthe maximum angular velocity is 30, reaching the outlined 96 Nm and 1/50
outlined criteria.The actual hip moment was not measured; howewenmentswere enough to
successfullypropel all three functional testing participants forward, allowiegel ground

walking.

Geometric constraints were established to ensure the PHP could fit comfortablyaunder
uses pantsThe first geometric restriction was that the PHP could not protrude more than 20 mm
from the top of the lamination plate. The final device protdutie mm anteriorly, passing the
criterion. The PHP could also not protrude more than 7.99 cm laterally or 4.99 cm medially from
the centre of the lamination plate. 7.2 cm lateral protrusion and 4.7 cm medial protrusion were
measured on the final devicEhe devie length was also controlled to ensure a large population
could use the device. The final PHP length between the motor centre and the hip joint was 86.75
mm, which was under the 96.5 mm maximum value. Therefore, the PH&lIntet geometric

constraints.

Finally, the PHP could not have any uncovered finger traps. A cover was designed to go
over the pulley system, where the main finger traps occurred. However, the cover no longer fit
over the pulleys when the steel cables were used for functional téstoger that encompasses
the entire device would also be more successful because there is still potential for a finger to be
caught between the bearing housing and the lamination plate with the current design. Therefore,

this requirement was only partiallget and could be improved upon.

The design criteria results are summarizedable10-1.
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Table10-1 Outlined design criteria with the actual values from the final PHP design

Criteria Outlined Limit Actual Value
Deviceweight Maximum 4.0 kg Measured.9 kg
User weight Maximum 100 kg Tested with 98 kg user
Passed strength tests fbd0 kg
user
Strength Withstand 2240 N load for 30 s witho| Passed static loading tests
failure or deformatio» 15 mm FEA simulations indicated th:
Withstand 3360 N load without ducti| device should pass cyclic
failure loading test

Withstand 2x10 cycles between 50 |
and 1330 N without failure

Range of motion | Minimum 20° hip extension 22° hip extensiorfmeasured with

protractor)
Minimum 130° hip flexion 145° hip flexion (measured with

protractor)

Hip moment Minimum 96 Nm 1:1 gear ratio should provid#
Nm hip moment, not measured

Angular velocity | Minimum 150°/s 1:1 gear ratio should provio
30C°/s angular velocity, no
measured

Anterior Maximum 20 mm from top o 11 mm(measured with ruler)

protrusion lamination plate

Lateral Maximum 7.99 cm from centre (¢ 7.2 cm(measured with ruler)

protrusion lamination plate

Medial Maximum 4.99 cm from centre ¢ 4.7 cm(measured with ruler)

protrusion lamination plate

Device length Maximum 96.5 mm between the mot 86.75 mm(measured with ruler
centre and the hip joint
User safety No uncovered finger traps Cover prevents most finger tray
Cover does not fit over ste
cables

10.2 Future Work

The novel PHRIesignmet the outlined design criteria and proved successful in allowing
ablebodied individualsto walk with a hip disarticulation simulator. However, future work is
needed to improve upon the existing design and to further evaluate the device before it can be

taken to the market.
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10.2.1 Part Optimization

The final PHP met the strength requirements while respecting the geometric and weight
restrictions. Further part optimization could reduce the weight and size of the device further. A
more lightweight prosthesis requires less energy for the user to \wdllg, @more compact design
would improve user comforf.he current PHP design uses relatively simple geometry; however,
toolssuchasSoWlor ks 6 topol ogy optimization can be uUs
optimize the part shapes to provide theuregfl strength with the least weight. The parts can also
be redesigned to improve aesthetics.

10.2.2 Control Systemimplementation

A simple control system with a repeated gait cycle was used for the functional fEséng.
final device will use sensors with a complex control system to identify user gait initiation and
adjust gait parametebmsed on pelvic motion. The control system is currently under development
and will allow users to control PHP gait when it is implemented into the syststead of
following a predetermined cycle

10.2.3 Cable Solution

As noted inChapter 9; the initial splicedVectran ropes used with the pulleys stretched
when the motor was operated, developing slack into the system. Steel cables were used for the
functional testing; however, these cables do not have an adequate tensile strength and must be
crimped in a way thgtrotrudes from the pulleys, prevents the cover from being placed over the
pulleys, and is not aesthetically pleasiAgeparate project has been introduced to investigate the
best solutiorfor the rope to be used with the pulleys. The new solution must not stretch under
tension and must fit neatly with the pulleys. The pulleys may also have to be redesigned to suit the

new cable solution.

10.2.4 Cyclical Testing

The mechanical testing done in this thesis featured only static tests. FEA simulations
indicated that the PHP should be able to withstand the cyclical testing outlined in ISO 15032:2000;
however, to ensure that the PHP will last long term and not failridatigue, the cyclical tests

shouldbe performed on the device.
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10.2.5 Amputee Testing

The PHP showed promise in thiKAF prosthesisimulator functional testingith able
bodied individualsHowever, thegoalis for the device to be used by actual amputees. Therefore,
to ensure that the device is suitable for hip disarticulation and hemipelvectomy antpetees
prototypewill need to be tested by volunteers with these amputations. This sfemuidafter the

other issues have besrsolved
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FigureA-04 Bearing assembly drawing

102



- 3 2 1

NOTES:

1. REFER TO 3D CAD MODEL 'PO7_BEARING HOUING.STP"
2 MATERIAL: ALUMINUM 2024-T4

3.  FILLETS R1.0 UNLESS OTHERWISE NOTED

4. BREAK ALL SHARP EDGES
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FigureA-05 Bearing housing drawing
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TES:

MATERIAL: 17-4 PH STAINLESS STEEL H?00

B0OTH RETAINING RING GROOVES HAVE SAME DIAMETER AND WIDTH

BREAK ALL SHARP EDGES

NO

1. REFER TO 3D CAD MODEL 'P08_BOTTOM SHAFT.STP'
2.

3.

4.
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Figure A-06 Bottom shaft drawing
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NOTES:

1. REFERTO 3D CAD MOCDEL PO?_CASING BACK.STP”
2. MATERIAL: NYLON

2HOLES
©20.3 THRU

2 HOLES
@ 2.6 THRU_

ey

=) A

27.0

[

13.5

19.1

86.8

29.5

4.0

SOLIDWORKS EdffLational Product. For Instructional Use Only.

+0.1
4.1 0.0
2.0
+0.1
1.1 0.0
_ [
—=Q
DETAILA 2 77 2
AlLa 2 77
SCALE 5:1 -
-1
=
wM
REV
TOLERANCES: (EXCEPT AS NOTED)
1 mﬂ mwudm UNITE: _m__”._um
XX 2005
DESIGH: EELY BRANNEN
CHECK:
APPROVAL

ISOMETRIC VIEW, REF. ONLY

DESCRIFTION

DRAFT

REVISIONS

2021-11-17

TITLE:

mmm DWG. 200 O Q

SCALE: 11

DATE

| casing back

REV

SHEET 1 OF 1

FigureA-07 Casing back drawing
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NOTES:
1.  REFER TO 3D CAD MODEL 'POY_CASING BACK.STP
2. MATERIAL: NYLON
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FigureA-08 Casing bottom drawing
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NOTES:

4

1. REFER TO 3D CAD MODEL 'P11_CASING FRONT.STF
2. MATERIAL: NYLON
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SOLIDWORKS Edtational Product. For Instructional Use Only.
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FigureA-09 Casing front drawing
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NOTES:

1. REFERTO 3D CAD MODEL P12_TOP HINGE.STP"

I, MATERIAL: ALUMINUM 2024-T4

3. ALLALLETS R1.0 mm UNLESS OTHERWISE SPECIFIED
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FigureA-10 Top hinge drawing
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NOTES:

1. REFERTO 3D CAD MODEL P14_MEDIAL ATTACHMENT.STP
2. MATERIAL: ALUMINUM 2024-T4

3.  FILLETS RO.5 UNLESS NOTED OTHERWISE

4. BREAK ALL SHARP EDGES
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FigureA-11 Medial attachment drawing
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NOTES:

1.  REFER TO 3D CAD MODEL P16_PULLEY SIDE PLATE.STP
2. MATERIAL: 17-4 PH STAINLESS STEEL H900

3. BREAK ALL SHARP EDGES
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NOTES:

1. REFERTO 3D CAD MODEL ‘P17_PULLEY STP'
2. MATERIAL: 17-4 PH STAINLESS STEEL HP00

3. ALLFILLETS R1.0 UNLESS OTHERWISE NOTED
4. BREAK ALL SHARP EDGES

1.5

70
8.5

+0.021
$20.0 0.000

2 HOLES

-0.007

¢ 25.0-0.020

©2.0THRU

+0.025
$35.0 0.000

D43

SOLIDWORKS mn&u:oau_ Product. For Instructional Use Only.

+0.060
3.0 +0.020
£008
_ ro 0
o T
-3
go
; T
| DETAIL &
SCALE 4:1
ISOMETRIC VIEW, REF. ONLY
. 100 H?
8 | UPDATED MATERIAL TO H500 [ | 20220118
77 REV | DESCRIPTION | DrRAFT | DAE |

£ . ‘ REVISIONS ‘ ‘

TOLERANCES: (EXCEPT AS NOTED) [TmE:

nie GRSET pulley

OEIGN: | KELLY BRANNEN |27 ,mNm DWE. NO. =
mmo.—._oz A-A oEck: . | w D._ N

Sadiiica | scALE 21 SHEET1 OF 1

2 | 1

FigureA-13 Pulley drawing
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FigureA-14 Attachment ring drawing
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