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Abstract

Transtibial amputees come across various stress related issues. Gait cycle of these amputees
vary from a healthy human being due to deviation in stresses primarily related to human ankle.
Human ankle biomechanics provides a control platform to analyze these stresses. Deviation in
human ankle angles, required torque and positive work done required in various phases of a gait
cycle thus becomes a focal point for understanding. Passive ankle foot prosthesis doesn’t provide
required work done for the amputee during powered plantar flexion phase of gait cycle since the
energy stored doesn’t suffice for the desired outputs therefore a more viable option is the use of
powered active ankle foot prosthesis. To design a robust control mechanism for this powered
ankle foot prosthesis is of utmost importance since it ensures mimicking human ankle
biomechanics of a healthy human being for an amputee as well. Input to this control mechanism
rests in understanding the amputee’s intent through neuromuscular EMG (Electromyography)
signals. This research thus focuses on simulating a control system for powered ankle foot
prosthesis along with neuromuscular control which will result in a natural gait cycle and

reduction of metabolic cost of transport (COT) of a transtibial amputee.

Key Words: Amputee, Gait Cycle, Intent, Metabolic Cost of Transport, Neuromuscular,

Prosthesis, Transtibial.

Vi



Table of Contents

LT 0 L 1)
Language Correctness Certificate........oocvveiieiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieiiertiiircerceessnccnne
O01] 1) 729 Fed 11T 711 11 1)1 e
ACKNOWICAZEIMENES. c.uuiutiiiiiiiiiiiiiiieiiiiiiiietietieeietieteiecieciseessssacssecsscsscssscsscssscssssssssecnsns
N ] 1 T N
Table 0f COMtENES...cuvieiiiiiiiiiieiiiiiiiiiiiiiieiitietietieititttietietstietsesacsesscsacsssssencsssscsssssensns
I T 0 T
List 0f TabIeS....uiuiiniieiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiititietttiettettietattatistaetstsscascnssscassssnscnsnns
CHAPTER 1: INTRODUCTION
00 R 5 Te) <2 (o 13 T
1.2 ANAtOMICAI PLANES. . ...ttt
1.2.1  Anatomical Movements for Lower Limb....... ..o,
12.1.1 Sagittal Plane MOVEMENLS. ........viuitit ittt eeaeaeeees
1.2.1.2 Other FOOt MOVEMENLS. ...ttt
1.3 Gt CyCle. .ottt e
131 Stance Phase.....c.oieie e
1,32 SWING PRaSC. . vttt e
1.4 Transtibial ProsthetiCs. ... ......oouiuiitii e
R T o117 4 Pt
CHAPTER 2: LITERATURE REVIEW

2.1 Human Ankle BiomMEChaNICS. ...
2.1.1 Parameters — Human Ankle BiomechaniCs............couiiiiiiii i

2.1.2 Gait Cycle Sub Division according to Ankle biomechanics..................cocviiiiiiiiinn.
2121 Sub Phases Of Stance Phase. .........ouiniiii e

2122 Sub Phases of SWING Phase..........ooiuiiiii e

2.2 Electromyogram (EMG).......oouiuiitiit ittt et ettt et ettt et et et

2.2. 1 SKeEletal IMUSCIES. ..ttt ettt et s

2.2.2  Lower Limb Skeletal Muscles for EMG Signal...............ccooiiiiiiiiiiiiiiiiiiieeeen,
2.3 Neuromuscular Control for Lower Limb Prosthesis. ..o
B 1 1411 0 3 oy
CHAPTER 3: SURFACE ELECTROMYOGRAPHY (SEMG) FOR LOWER LIMB
PROSTHESIS NEUROMUSCULAR CONTROL

3.1 Surface Electromyography (SEMG)........oooiiiiiiiiii i e
3.1.1  Factors Affecting SEMG Signal ACqUISItION.........o.ouiuiiiiiitiniiiiiiiiinieeieenn.
3.1.2 INNEIENE INOISE. . ..ottt e e e e
3.1.3 MOtION ATTTACTS . ..ottt e
314 Depthof the MUSCIE. .. ..o
315  Spacing Of EIeCtrode. ... ..o
3.2 Intent Based Neuromuscular CONrol......... ..ot
321  SYNthetiC EMG Data. ......vvieiiiit it e

Vii

© O o O o1 W W N P Pk X

e e I e e
O U1 W N P

N P =
= ©



Table of Contents (cont)

3.2.2 Real Time EMG Data Recording.........c.ooiviuiniiri e
BT B 1 4108 1y

CHAPTER 4: CONTROL SYSTEM FOR POWERED LOWER LIMB PROSTHESIS

R UV (o e L o7 o s U
4.1.1 Prosthesis for Control SYSteM..........ouiniiiiii e

4.1.2 Reference Trajectories for Control SYStem...........oviiiiiiiiiii e,

O O 01 0] Y1 - 1 PPt
421 SIMULINK MOGEL. .....onitii e e e
4.2.1.1 Trajectory Generation BIOCK.............coiiuiiiiiiiiiii e

4.2.1.2 Conversion BIOCK. ..........ooiiiiiii i

4.2.1.3 Controller BIOCK. .........oviriii i

4.2.1.4 OUPUL BIOCK. ...

e T 11 1 0 Y

CHAPTER 5: RESULTS AND DISCUSSION
5.1 Results— SIMULINK MATLAB

CHAPTER 6: CONCLUSION AND FUTURE WORK
APPENDIX A
REFERENCES

viii

5.1.1 Initial Results for Ankle Angles during Gait Cycle................oooiviiiiiiiiiiniennn.
512  FINal RESUIS. ..ot
5.2 DHSCUSSION. .. ettt ittt et et ettt et e e e et et e e e e e e e e e
S TRC T 133V



List of Figures

Figure 1.1: Common levels of lower limb amputations..............c.oeuiuirireriiiintererieeiiinieenenennnn
Figure 1.2: Anatomical Planes for human body’s description...............o.vvviiiiiiniiiiiiiiniieiannns
Figure 1.3: (a) Extension & Flexion (b) Plantar flexion & dorsiflexion (c) Inversion & Eversion........
Figure 1.4: Natural Gait Cycle starting with Heel Strike and ending at Deceleration........................
Figure 1.5: Phases of NOrmal Gait CyCle.........vuiuiririeiieiiii e
Figure 1.6: (a) Endoskeletal System (b) Exoskeletal System.............cociiiiiiii i
Figure 1.7:  (2) SACH FOOt (PaSSIVE).......ouieiit i e
Figure 1.7: (b) Powered Ankle Foot (Active) (c) CEME Developed FOOt...............coooviiiiiiiinn...
Figure 2.1: Human ankle biomechanics during natural gait cycle for level ground walking.................
Figure 2.2: Human ankle biomechanics during natural gait cycle for stair descent walking................. 13

Kowo~vwoo hwiN

Figure 2.3: (a) Human ankle biomechanics during natural gait cycle level walking gait..................... 14
Figure 2.3: (b) Ankle Angle vs. Ankle Torque for Ankle..........ooiiiiiii 15
Figure 2.4: (a) Motor Neurons from Brain to Muscle activation...................cocooiiiiiiiiiinie, 16
Figure 2.4: (b) Schematic 0f @ NBUION. ... ... ..ot e 17
Figure 2.5: EMG Signal DeCOMPOSItION. ......o.oitit i e e e, 18
Figure 2.6: Structure of a Skeletal MUSCIE. ....... ..., 19
Figure 2.7: Lower Limb Skeletal Muscles for Movement of Footand Toe..................oceviiiiinnnn. 20
Figure 2.8: Raw and Filtered EMG Data............c.ouiiiiriiniiiiit e 21
Figure 2.9: Control Architecture for Lower Limb Prosthesis..............ccoooiiiiiiiiiii e, 22
Figure 2.10: Mimicking Results for level ground walking...............cooiiiiiiiiiii e, 22
Figure 2.11: Control system for Eilenberg et al. [19] including a neuromuscular model.................... 23
Figure 3.1: Surface activity and Depth of muscle............coooiiii e, 25
Figure 3.2: Effect of electrode SPacing...........o.ouiniiirini 26
Figure 3.3: System model for real time EMG signal recording.................ooviiiiiiiiiiiiiiiiieea, 29
Figure 3.4: (a) Filtered EMG signal from Tibialis Anterior Muscle (b) Filtered EMG signal from 31
GaStrOCNEMIUS IMIUSCIE ... ..ttt et e e et et e e

Figure 4.1: Flow chart of the Control SYStem....... ..., 35
Figure 4.2: Trajectory Generation BIoCk — SIMULINK ..........ccccooiiiiiiiiici e 36
Figure 4.3: (a) Conversion Block Ankle to Motor (b) Motor to Ankle Angles ...............ccooeivinnn. 37
Figure 4.4: Pl Controller — SIMULINK ... e, 40
Figure 4.5: Control scheme for Motor Control ..., 41
Figure 4.6: Output Comparison Block — SIMULINK ... .. ..o, 42
Figure 4.7: SIMULINK Model for the Control System..............coooiiiiiiiiiiii e, 43
Figure 5.1: Step response 0f the OULPUL. ..........ooitiiiii e 44
Figure 5.2: Ankle Angle trajectory for level ground walking................ccooooiiiiiiii i, 46
Figure 5.3: Comparison of reference ankle angle trajectory to ankle angles - Initial control system....... 46
Figure 5.4: Flowchart for initial control SYStem........ ..o 47
Figure 5.5: Final results achieved from the controller for powered lower limb prosthesis.................. 48
Figure 5.6: Results for Ankle Angle and Ankle Torque by S. Auetal. [7]..........ccooiiiiiiii. 50
Figure 5.7: a) Results for Ankle Torque and (b) Ankle Torque by M. Eilenberg et al. [19]................ 51



Table 3-1: Synthetic EMG and sensors data for level ground walking having 3 states for each

List of Tables

MUSCIE TNPUL L. e e et et e et e e e eeas

Table 4-1:
Table 4-2:
Table 5-1:
Table 5-2:

Data of the Subject 5 (FJI) for Reference Trajectories...................coooevene.

Motor and Controller Parameters. .........c.uoeiieii i

Design Requirements for the Closed Loop Control System and Controller Outputs.........

Parameters for Closed Loop Control System for Ankle Angle Control Initially

28

34
38
45
45






