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Abstract

Lower limb motions are vital for human to maintain their everyday life. However, ability 
of the lower limb movements can be affected by different problems. Due to many reasons there 

large numbers of the population live with various lower limb disabilities. For these people, 
sometimes it is not an easy task to perform their normal daily life activities. On the other hand, 
as potential solutions, lower limb prosthetics have been proposed for lower limb amputees and 
lower limb exoskeletons have been proposed for assisting and rehabilitation processes for the 
lower limb disabled individuals. However, design and development of the control techniques 
for such bio-robotics devices is not a straight forward task. Often study and analysis of lower 
limb motions are important for design and development of the control techniques. Among 
several methods of studying lower limb motions, Inertial Measurement Units (IMU) based 
methods have been able to gain lots of attention due several advantages over other methods. 
Moreover, IMUs can be used in control approaches of bio-robotics applications such as pros­
thetics or exoskeletons as potential input sources. In this context, the objective of this thesis 

to study about the lower limb motions using IMUs and investigate the potentials of IMUs 
to be used in control approaches of bio-robotics applications such as lower-limb prosthetics 
and exoskeletons.

First half of this thesis focused on analyzing the human lower-limb motions using IMU sen­
sors mounted over the thigh, shank and foot of subjects. IMU sensor data were recorded during 
walk on horizontal floor, stair ascending and stair descending motions. Comprehensive anal­
yses of lower limb motions were conducted based on recorded accelerometer, gyroscope data 
of IMUs and sensor fused data. Furthermore, signals from the accelerometer which mounted 
over the foot were used to detect the heel strike event of the lower limb motions. Based on this 
heel strike recognition, recorded data were segmented and analyze between each gait cycle.

The second half of this thesis, mainly attempted on classification/prediction of walking 
mode (i.e walk vs stair ascending vs stair descending)and continuous estimation of the impaired 
leg’s foot motions using an IMU mounted over the sound leg’s foot to be used in control 
approaches of bio-robotics applications such as ankle exoskeletons and lower-limb prosthetics. 
All the proposed methods were experimentally validated and results highlighted the potential 
use of IMUs in lower limb motion capturing and control approaches of bio-robotics.

are

was

n



Dedication

To my loving parents.

iii



Acknowledgements

I would never have been able to finish my dissertation without the guidance of my 

advisor, committee members, help from friends, and support and motivation from my 

family and wife.

First of ail, I would like to express my deepest gratitude to my advisor, Prof. Rohan 

Munasinghe, for his excellent guidance, caring, patience, and providing me with an 

excellent atmosphere for doing research. I would also like to thank Dr. Chandima 

Pathirana and Dr. Jayathu Samarawickrama, who were willing to participate in my 

final defense committee.

I would like to thank, Dr.Ajith Pasqual, the head of the department of Electronics and 

Telecommunication Engineering, University of Moratuwa. Also, I would like to give a 

special thank to Dr.Ruwan Gopura, who as a senior and also a good friend, was always 

willing to help and give his best suggestions.

I would also like to thank my parents and younger brother. They were always support­
ing me and encouraging me with their best wishes. Finally, I would like to thank my 

wife, Senali Lokubalasooriya. She was always there cheering me up and stood by me 

through the good times and bad.

iv



TABLE OF CONTENTS

iDeclaration...........
Abstract.................
Dedication..............
Acknowledgements . 
Table of Contents . . 
List of Figures . . . . 
List of Tables . . . . 
List of Abbreviations

11

111

IV

v
VII

xi

Xll

11 Introduction
1.1 Contribution of Thesis
1.2 Overview of Thesis .

2
3

42 Background
2.1 Lower Limb Motions and Mobility Problems ...................................
2.2 Motion Capture Methods for Lower Limbs.........................................
2.3 IMU..................................................................................................
2.4 IMU Sensors Based Lower Limb Analysis.........................................
2.5 IMU Sensors Based Studies in Control Methods of Bio-robotics Ap­

plications ..........................................................................................

4
5
7
7

8

103 Sensors in IMU: Individual Sensor Calibration, Reading and Fusion
3.1 IMU Sensor.......................................................................................
3.2 Experiment With Calibrating and Reading Sensors.............................

3.2.1 Calibrating accelerometer.......................................................
3.2.2 Measuring tilt angle using acclerometer...............................
3.2.3 Calibrating gyroscope............................................................
3.2.4 Measuring tilt angle using gyroscope.....................................
3.2.5 Gyroscope drift.....................................................................

3.3 Sensors Fusion: Accelerometer and Gyroscope Sensor Fusion Using
Kalman Filter....................................................................................
3.3.1 Results .................................................................................

3.4 Discussion.......................................................................................

10
11
11
12
13
14
15

16
16
17

v



194 Analysis of lower limb motions using IMUs
4.1 Methods.............................................................

4.1.1 Lower limb model and angle definitions .
4.1.2 Experimental setup and data acquisition .
4.1.3 Estimation methods of lower limb motions

4.2 Experiments.......................................................
4.2.1 Walk on a horizontal flat floor...............
4.2.2 Stair ascending.....................................
4.2.3 Stair descending.....................................

4.3 Results and Analysis........................................
4.3.1 Walk on a horizontal flat floor..............
4.3.2 Stair ascending.....................................
4.3.3 Stair descending.....................................
4.3.4 Detection of gait cycle..........................
4.3.5 Results of detected heel strike using implemented algorithm . 31
4.3.6 Segmentation of the gait cycle

4.4 Discussion.....................................

19
19
20
21
21
21
22
22
23
23
23
26
28

32
32

375 Classification of the walking mode using foot mounted IMU of sound leg
5.1 Methods.......................................................................................

5.1.1 Feature extraction..........................................................
5.1.2 Classifiers: Support Vector Machine (SVM) ..................
5.1.3 Cross-validation.............................................................
5.1.4 Experiments.....................................................................

5.2 Results and Discussion................................................................

39
39
41
42
42
43

6 Continuous estimation of impaired leg’s foot motion using foot mounted 

IMU of sound leg
6.1 Experimental Setup and Procedure....................................................
6.2 Methods............................................................................................
6.3 Results and Discussion.....................................................................

45
45
45
48

527 Conclusion

References 54

vi



LIST OF FIGURES

4Figure.2.1 Trends in aging society [13] . .
Figure.2.2 VICON motion capture system [3] 6

10Figure.3.1 Basic structure and physical view of an IMU sensor....................
Figure.3.2 Accelerometer readings and zero-offset calibration results............
Figure.3.3 Measured results of roll angle using accelerometer.......................
Figure.3.4 Measured results of pitch angle using accelerometer....................
Figure.3.5 Gyroscope readings and zero-offset calibration results..................
Figure.3.6 Measured results of roll angle using gyroscope.............................
Figure.3.7 Gyroscope drift over time.............................................................
Figure.3.8 Comparison of the tilt angle results estimated using only ac­

celerometer,only gyroscope and sensor fusion with Kalman filter............
Figure.3.9 Comparison of the tilt angle results estimated using only ac­

celerometer and sensor fusion with Kalman filter ...................................
Figure.3.10 Comparison of the tilt angle results estimated using only gyroscope 

and sensor fusion with Kalman filter.......................................................

11
12
13
14
15
15

17

17

18

Figure.4.1 Sagittal plane representation (taken from wikipedia [ 19]) and lower
limb angle notation used in this study ....................................................

Figure.4.2 Experimental setup.....................................................................
Figure.4.3 During walk on a horizontal fiat floor experiment .......................
Figure.4.4 During stair ascending experiment..............................................
Figure.4.5 During stair descending experiment..............................................
Figure.4.6 Raw acceleration data from three accelerometers.Blue shaded area 

represents an example gait cycle starting from heal strike. Here TO, HS 

are the toe-off and heal strike instance respectively. Bottom plot shows the
magnitude of the acceleration in each sensor. (Subject A).......................

Figure.4.7 Raw angular velocity data from three gyroscopes. Blue shaded area 

represents an example gait cycle starting from heal strike. Red and green 

shaded areas represent the stance and swing phases respectively. Here TO, 
HS and MS are the toe-off, heal strike and mid stance instances respec­
tively. (Subject A) .................................................................................

20
20
22
22
23

24

24

vii



Figure.4.8 Variations of absolute and relative angles of lower during walk­
ing. Blue shaded area represents an example gait cycle starting from heal
strike.(Subject A)...........................................................................

Figure.4.9 Raw acceleration data from three accelerometers.Blue shaded
represents an example gait cycle starting from heal strike. Here TO, HS 

are the toe-off and heal strike instance respectively. Bottom plot shows the
magnitude of the acceleration in each sensor. (Subject B).......................

Figure.4.10 Raw angular velocity data from three gyroscopes. Blue shaded area 

represents an example gait cycle starting from heal strike. Red shaded area 

represents the stance phase of a gait cycle. Here TO, HS and FF are the 

toe-off, heal strike and foot flat instances respectively. (Subject B) .... 

Figure.4.11 Variations of absolute and relative angles of lower during stair as­
cend. Blue shaded area represents an example gait cycle starting from heal
strike.(Subject B)....................................................................................

Figure.4.12 Raw acceleration data from three accelerometers.Blue shaded area 

represents an example gait cycle starting from heal strike. Here TO, HS 

are the toe-off and heal strike instance respectively. Bottom plot shows the
magnitude of the acceleration in each sensor. (Subject A).......................

Figure.4.13 Raw angular velocity data from three gyroscopes. Blue shaded area 

represents an example gait cycle starting from heal strike. Red shaded area 

represents the stance phase of a gait cycle. Here TO, HS and FF are the 

toe-off, heal strike and foot flat instances respectively. (Subject A) .... 

Figure.4.14 Variations of absolute and relative angles of lower during stair de­
scend. Blue shaded area represents an example gait cycle starting from
heal strike.(Subject A) ...........................................................................

Figure.4.15 Heel strike detection algorithm based on accelerometer signal . . .
Figure.4.16 Heel strike detection during walk on a level floor..........................
Figure.4.17 Heel strike detection during stair ascending..................................
Figure.4.18 Heel strike detection during stair descending................................
Figure.4.19 Method used for avoiding the multiple spikes during heel strikes . 
Figure.4.20 Variation of mean (thick line) and standard deviation (shaded area) 

of thigh angle during walk on a horizontal flat floor (green), stair ascend­
ing (blue) and descending (red) across 10 gait cycles of Subject A . . . . 

Figure.4.21 Variation of mean (thick line) and standard deviation (shaded area) 

of knee angle during walk on a horizontal flat floor (green), stair ascending 

(blue) and descending (red) across 10 gait cycles of Subject A...............

25
area

25

26

26

27

27

28
29
30
30
31
31

33

33

viii



Figure.4.22 Variation of mean (thick line) and standard deviation (shaded area) 
of ankle angle during walk on a horizontal flat floor (green), stair ascend­
ing (blue) and descending (red) across 10 gait cycles of Subject A . . . . 

Figure.4.23 Variation of mean (thick line) and standard deviation (shaded area) 
of foot angle during walk on a horizontal flat floor (green), stair ascending
(blue) and descending (red) across 10 gait cycles of Subject A ...............

Figure.4.24 Variation of mean (thick line) and standard deviation (shaded area) 
of thigh angular velocity during walk on a horizontal flat floor (green), 
stair ascending (blue) and descending (red) across 10 gait cycles of Subject

34

34

35A
Figure.4.25 Variation of mean (thick line) and standard deviation (shaded area) 

of shank angular velocity during walk on a horizontal flat floor (green), 
stair ascending (blue) and descending (red) across 10 gait cycles of Subject

35A
Figure.4.26 Variation of mean (thick line) and standard deviation (shaded area) 

of foot angular velocity during walk on a horizontal flat floor (green), stair 
ascending (blue) and descending (red) across 10 gait cycles of Subject A . 36

Figure.5.1 Lower limb amputation levels (taken from [20])..........................
Figure.5.2 Variation of mean (thick line) and standard deviation (shaded area) 

of ankle angle during walk on a horizontal flat floor(green), stair ascend­
ing (blue) and descending (red) across 10 gait cycles .............................

Figure.5.3 Variation of mean (thick line) and standard deviation (shaded area) 
of foot angle during walk on a horizontal flat floor (green), stair ascending
(blue) and descending (red) across 10 gait cycles ..................................

Figure.5.4 State transition of walking-ascending-descending and possiable
classifiers...............................................................................................

Figure.5.5 IMU mounted on foot of the sound leg of the transfemoral amputee 40
Figure.5.6 Extracted gyroscope features ( foot angular rate)..........................
Figure.5.7 Feature extraction and classification algorithm.............................

Figure.6.1 ANN learning stage and motion estimation based on ANN............
Figure.6.2 Basic structure of the ANN..........................................................
Figure.6.3 Actual foot angle variations of right and left foot calculated from

IMUs during an experiment session .......................................................
Figure.6.4 Estimated angle variations results using ANN when input features 

selected as in option i..............................................................................

37

38

39

40

41
42

46
47

48

49

ix



Figure.6.5 Estimated angle variations results using ANN when input features
selected as in option 2..............................................................................

Figure.6.6 Estimated angle variations results using ANN when input features
selected as in option 3..............................................................................

Figure.6.7 Estimated angle variations results using ANN when input features 

selected as in option 4..............................................................................

49

50

50

x



LIST OF TABLES

32Table.4.1 FNR and FPR rates for Subject A 

Table.4.2 FNR and FPR rates for Subject B 32

43Table.5.1 Accuracy rates for Classifier 1: Classes (Walk - Descend - Ascend)
Table.5.2 Accuracy rates for Classifier 2: Classes (Ascend - Walk)...............
Table.5.3 Accuracy rates for Classifier 3: Classes (Descend - Walk)............

43
43

47Table.6.1 Different combinations of input features tested for ANN .
Table.6.2 RMSE and r values obtained for each combinations of input features 50

xt



LIST OF ABBREVIATIONS

Abbreviation Description

Artificial Neural Network
Electromyography
False Negative Rate
False Positive Rate
Inertial Measurement Unit
Micro Electrical Mechanical Systems
Root Mean Square Error
Support Vector Machine

ANN
EMG
FNR
FPR
IMU
MEMS
RMSE
SVM

xii


