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ABSTRACT

The goal of this research is to develop a simple and cost-effective gait analysis
system to compute the joint moments of lower extremities in the sagittal plane
with available tools and software. The proposed gait analysis system involves
three devices which are a digital camera, a split-belt instrumented treadmill
(H/P Cosmos™ Instrumented Treadmill) and a personal computer equipped
with Gaitway software and SkillSpector software. The digital camera and
SkillSpector software were used as a motion capture system to acquire the
trajectories of the markers and perform kinematic analysis to obtain linear and
angular kinematic parameters. The coordinates of the markers obtained from
SkillSpector together with the force data obtained from the treadmill and
Gaitway software were then used as input to perform inverse dynamics
analysis to obtain joint moment in the Microsoft Excel spread sheet. Two
subjects (one male and one female) were recruited to test the system and the
outputs of the system were then validated against existing data. In overall, the
system produces reliable kinematic and Kkinetic results comparable to those

experimental results.
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CHAPTER 1

INTRODUCTION

1.1 General Introduction

Human gait is a pattern of locomotion associated with their posture, and gait
analysis refers to research related to human walking. It is a way to disclose
how human walk by evaluating factors that controls the performance of the
lower extremities.

Gait studies have two main tracks: clinical gait analysis and biometric
goal of human gait analysis. Clinical gait analysis depends on data acquisition
in controlled environment (Katiyar, Pathak and Kumar, 2010) while biometric
goal of human gait analysis performs data acquisition in different areas and
scenario (Nandy, et al., 2014). Clinical gait analysis includes five elements:
videotape examination, temporal-spatial analysis, kinematic analysis, kinetic
analysis and electromyography (Fandakli, Okumus and Oztiirk, 2018).
Temporal-spatial analysis identifies the parameters such as step length, stride
length, cadence, walking speed etc. Kinematic analysis describes the motion of
the joints in the lower limb without any reference to forces (Nikravesh, 1988)
and kinetic analysis determines the power and moment exerted by the joints
while walking (Pfister, et al., 2014).

In recent years, numerous gait models have been developed to study the
behaviour of human locomotion. The major reason behind this development is
due to the possibility of quantitative prediction, hypothesis testing and
estimation of dynamic parameters such as forces and moments of the joints
that are not directly measurable (Siegler, Selikta and Hyman, 1982). These
models are being widely used in different application such as biomechanics
research, ergonomics, sport biomechanics, medical device design and
orthopaedics (Liu, et al., 2008; Thomas, et al., 2014; Debaere, et al., 2015;
Abad, et al., 2018; Fandakli, Okumus and Oztiirk, 2018).



1.2 Importance of the Study

Joint forces and moments are important parameters commonly used in gait
analysis for biomechanics research, ergonomics, sport biomechanics, medical
device design or orthopaedics. The system proposed in this research aims to
provide reliable quantitative kinematics and kinetic information of human gait
using simple and affordable tools. The proposed system can assist in future
research in better understanding of the experimental subject’s gait pathology

and the activity occurred at the joint during gait.

1.3 Problem Statement

In order to monitor and analyse gait movement in detail, assistance of software
systems is required as some parameters such as forces and moments of the
joints that are not directly measurable. Software systems that allows
biomechanics researchers to create own models and perform analyses is
widely available nowadays. However, most of the source code of available
software is not accessible by public (Delp, et al., 2007) and users need to
purchase the complete code in order to perform biomedical analysis. In
addition, most of the software systems available require certain level of
technical expertise to operate, controlled environment and expensive tools
such as motion capture systems to obtain the input parameters. In response to
this problem, this research aims to propose a simple way of performing gait
analysis on the lower limb with available or affordable tools.

14 Aim and Objectives
This project aims to propose a simple and cost-effective gait analysis system
with available tools and software.
The specific objectives of this project include:
1. Build a human kinematic model to compute the joint moments of lower
extremities using available software.

2. Validate the modelling results with existing experimental data.



15 Scope and Limitation of the Study

This study mainly focuses on performing gait analysis on sagittal plane of
lower limb using a single digital camera together with a treadmill (H/P
Cosmos™ Instrumented Treadmill).

Motion capture activity is required to be carried out at a large empty
room equipped with six or more motion capture cameras to capture the motion
of the subject in three-dimensional (3D). However, due to limitation of
resources, it is not realistic. Furthermore, the motion capture analysis software
is costly. Hence, this study proposed to use a video captured by a single digital
camera from the sagittal plane for analysis of human movement. Although
analysis performed in sagittal plane may cause loss of movement
characteristics in other planes (Umberger and Martin, 2001), it does provide an
easy way to obtain a valid data with lower cost. Kinetic analysis in sagittal
plane can be a useful tool to perform gait analysis (Olney, et al., 1991).

In order to perform inverse dynamics to determine joint moment, 3D
inputs from the force platform are required. However, the treadmill that was
used can only provide two-dimensional (2D) data which is the vertical ground
reaction force (VGRF). Hence, in the calculation of joint reaction force and
joint moment, only VGRF was considered while the horizontal ground
reaction force was not taken into consideration. Horizontal ground reaction
force is the shear forces acting on the surface of platform and can be classified
into the anteroposterior (Fx) and mediolateral (Fz) ground reaction force,
where anteroposterior is the shear force acting on the toe-heel axis while
mediolateral force is the shear force acting on left-right axis of the foot.
Mediolateral force is small when walking straight forward due to very little
side-to-side movement of body (Watkins, 2010).
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Figure 1.1: Anteroposterior, Vertical and Mediolateral Components of Ground
Reaction Force (Watkins, 2010).

In addition, few assumptions were being made while adopting the
inverse dynamics technique. First of all, friction caused by the split-belt is
assumed to be zero. Friction at the joint is also assumed to be negligible; the
resultant bone-to-bone contact forces are very close to the geometrical axis of
the and hence its contribution to net moment is assumed to be negligible
(Camomilla, et al., 2017). Next, the anthropometric parameters are estimations
and are generalized, this approach neglects the contribution of gravitational
forces and segment inertial, assuming the mass distribution in a segment is
concentrated at one point. Since the anthropometric parameters are generalized,
the model may not work well with under or overweight subjects, children and
patients with wasted legs.

Furthermore, the moment obtained from inverse dynamics can only
indicate which muscle (flexor or extensor) was active, and moment exerted by
that muscle, it cannot distinguish between different muscles. In order to study
each muscle, electromyography (EMG) is required. Hence, due to limitation of

resources, the study of muscles was not carried out.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

With given range of human motion related locomotion, many relevant
techniques and software have been developed to perform human gait
modelling and analysis. This part of the report discusses about the previous
research done on human gait modelling and analysis with techniques and
software available by comparing their specifications and capabilities.

2.2 Literature Review
2.2.1  Comparison of Available Software System

Software-based motion analysis plays an important role in assess motion or
movement in a quicker and more reliable way. In order to achieve this, motion
data needs to be processed, and maps the tracked information to motion
description (Nunes, Moreira and Tavares, 2016).

The earliest musculoskeletal modelling software is known as SIMM
(Software for Interactive Musculoskeletal Modelling), developed by
MusculoGraphics, Inc. (USA). This software system allows researchers to
perform movement analysis on upper and lower extremities (Holzbaur, Murray
and Delp, 2005; Bachynskyi, et al., 2014). Over the years, numerous software
systems such as AnyBody, Kinovea, MSMS, OpenSim, SIMM, SkillSpector
and Visual3D that offer the capability to perform modelling and analysis
gradually emerge in the market.

AnyBody Modeling System tool available at AnyBody Technology
was initially developed at Aalborg University. This software is capable to
perform 3D analysis and stimulation of human movement interacting with
environment (Bajelan and Azghani, 2014). On the other hand, Visual3D is a
tool used for managing, modelling, stimulating and analysing motion data in
2D or 3D (Noehren, et al., 2014). However, similar to SIMM, these two
software systems are not freely available, users need to purchase the full code
in order to install and perform any analysis.



MSMS (Musculoskeletal Modelling Software) developed at the
University of South California is a software that allows motion modelling,
simulations and analysis of neural prostheses systems in 3D (Chauhan and
Vyas, 2013), although it is freely available, it does not provide a complete
source code to public causes biomechanics researches difficult to improve
their capabilities (Delp, et al., 2007). Opensim developed by Delp, et al. (2007)
provides a freely available, open source platform allowing users to acquire
human models to perform simulation and analysis in 3D. It also allows users to
write their own plug-ins for control or analysis. Similar to the four software
systems mentioned above, input of Opensim requires motion data to be
obtained from a 3D motion capture system.

Kinovea is a video-based movement analysis software that allows user
to measure distances and times to follow the trajectories of points (Hisham, et
al., 2017). The major drawback of this software is that only kinematics
parameters can be obtained from this software. Another alternative to Kinovea
is the SkillSpector software developed by Video4coach. This software allows
user to perform offline motion tracking and analysis in 2D or 3D with digital
camera. The main difference between Kinovea and SkillSpector is that
SkillSpector is able to provide more possibilities for movement analysis
(Omorczyk, et al., 2014), it is able to provide limited Kinetic analysis such as
potential and kinetic energy.

The summary of analysis software systems discussed above was
tabulated in Table 2.1.



Table 2.1: Summary of Analysis of Different Software Systems.

Software Availability | Analysis | Simulations | Inputs requirement

AnyBody Commercial | 3D 3D Motion data,
EMG, Force data

Kinovea Free 2D NA Video

MSMS Free 3D 3D Motion data, EMG

OpenSim Free 3D 3D Motion data,
EMG, Force data

SIMM Commercial | 2D or3D | 3D Motion data,
EMG, Force data

SkillSpector | Free 2Dor3D | NA Video

Visual3D Commercial | 3D 2D or 3D Motion data,
EMG, Force data

2.2.2  Inverse Dynamics Model

Inverse dynamics involves working back from the kinematic data to derive the
kinetic output for motion. It is a commonly used method to estimate joint
moments and forces based on extremity movement, anthropometric parameters
and ground reaction force. The procedure of inverse dynamics starts with
measuring ground reaction force, beginning with the segments that are in
contact to the ground, the joint forces and moments of each successive
segment were calculated (Vaughan, Davis and O’connor, 1992; Siegler and
Liu, 1997). Inverse dynamics models are not only useful for walking gait
analysis, it is also useful in assessing other complex movements such as load
carriage (Ren, Jones and Howard, 2005) and balance controls (Robert et al.,
2007).

In inverse dynamics, a link-segment model is defined. A link-segment
model is a model that replaces joints with hinge joints and segments with
masses and moments of inertia about the centre of mass (CoM). The forces
that are acting on the link-segment model include gravitational force, external
force (e.g. ground reaction force), muscle and ligament force, and joint
reaction force. The model can be described using the classical Newton-Euler

equations (Equation 2.1 and Equation 2.2).



Newton (linear): F = ma
Euler (angular): M = I«

where

F =force, N

m = mass, kg

a = acceleration, m/s?

M = moment, N-m

I = mass moment of inertia, kg-m?

a = angular acceleration, rad/s?

C ® Zms

Anatomical Model

Link Segment Model

Figure 2.1: Anatomical Model and Link Segment Model.

The inputs of inverse dynamics are divided into three categories:
anthropometric information, kinematic information and kinetic information.
Each type of inputs is error-prone and uncertain, being kinematic input the
most sensitive. For instance, a misconstruction of body segments or a
disturbance in the application point will strongly affect the quality of result
(Silva and Ambrasio, 2004).

Inverse dynamics were performed on both Newington and Helen
Hayes model to predict the joint moments. Newington group perform inverse
dynamics with anthropometric parameters from Dempter’s work (Dempster,

1955; Dempster, Gabel and Felts, 1959), on the other hand Helen Hayes group

(2.1)
(2.2)



performed inverse dynamics with anthropometric parameters from Hinrichs’s
work (Hinrichs, 1985). The output of both analysis giving similar results,
showing that joint moments are insensitive to anthropometric parameters
(Pearsall and Costigan, 1999; Rao, et al., 2006).

Alkjaer, Simonsen and Dyhre-Poulsen (2001) carried out a research to
compare the 2D and a 3D inverse dynamics model. It was found that although
differences were observed in the magnitude of joint moments, the overall time
course pattern of joint moments were almost identical in 2D and 3D. They
concluded that the simpler 2D sagittal plane model is appropriate for human
gait analysis. Ren, Jones and Howard (2008) further reported that inverse
dynamics performed in the sagittal plane were more accurate compared to
other planes due to larger magnitudes in sagittal plane in comparison with the
other planes. Various researches have also proposed numerous techniques to
assess lower limb motion in the sagittal plane and suggest that analysis carried
out at the sagittal plane is capable generating highly reliable data with normal
healthy subjects (Ugbolue, et al., 2013; Castelli, et al., 2015).

2.2.3  Software — SkillSpector

SkillSpector is freely available and user friendly software developed by
Video4coach that provides a simple and practical way of performing offline
motion tracking and analysis in 2D or 3D. SkillSpector is also capable to
combine all video, kinematics data and animation of the movement in one
complete analysis and the progression of the kinematic data and animation can
be visualized by navigating in the video.

In SkillSpector, human body was simplified into model consist of body
points (i.e. toe, ankle, knee etc.) linked together by body segments (foot, shank,
thigh etc.). The analysis of SkillSpector uses Direct Linear Transformation
(DLT) algorithm to calculate the body position from a calibration object with
known size and dimension. From the information of movement of body
position in every frame, the software is able to calculate kinematic information
such as linear and angular velocity, accelerations etc.

SkillSpector software was used by many researchers to perform
kinematic analysis; Silvestre, et al. (2019) to determine kinematic parameters

in the study of analysing changes in gait when weights are used in lower limbs;
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Chagas, et al. (2013) to determine kinematic parameters of gait of Brazilian
children; Nemtsev and Nemtseva (2017) to compare kinematics parameters of
athletes' movement at the resistance and release instances of sprint running at
maximum speed; Mirmoezzi, et al. (2015) to obtain kinematic data of free
throws and jump shot; Nemtsev, et al. (2015) to perform 2D evaluation on
take-off characteristics in long jump.

Furthermore, SkillSpector is also able to perform limited kinetic
analysis. Hirunrat and Ingkatecha (2015) performed kinematics and Kinetic
analysis on jumping serve of volleyball players in Thailand with SkillSpector.
The kinetic parameters selected were potential and kinetic energy during ball
contact.

Omorczyk, et al. (2014) used Kinovea software in assessing artistic
gymnastics technique carried out by a champion class artistic gymnast, and
SkillSpector software was used to perform frame by frame video analysis to
validate the result from Kinovea software and perform kinematic analysis.
They found that same result can be generated from Kinovea and SkillSpector
software although SkillSpector software is more complex, but it is able to
perform more kinematic analysis.

Various researches have also used SkillSpector as a low-cost motion
capture system to obtain trajectories of the markers attached on the subject.
Abass and Faihan (2015) used SkillSpector software to obtain the 2D sagittal
plane trajectories of reflective markers, the marker data were then used in
MATLAB software to perform inverse dynamics and obtain Pedotti diagram
for normal and abnormal subject. Similar to Abass and Faihan’s (2015) work,
Hamandi, Azzawi and Abdulwahed (2018) performed gait analysis with
inverse dynamics in MATLAB software with marker data obtained from
SkillSpector for patients that underwent a total hip replacement surgery.
Karsai, Conceigdo and Také&cs (2019) analysed the reliability 3D underwater
motion analysis system using three pieces of SJ4000 sports camera and
SkillSpector software. The data series obtained from SkillSpector was
exported to Microsoft Excel for further analysis. The result of this study
showed that the system was suitable for practical 3D analysis of swimmer

underwater.
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2.2.4  Marker Placement for two-dimensional gait analysis

A 2D and 3D full body kinematics marker set were developed by Hickox
(2014). The 3D model marker set was designed with reference of Ren, et al.’s
(2008) work and recommendation by the International Society of
Biomechanics (ISB) while the 2D model marker set was developed to match
as closely as possible with the 3D model. The 2D link segment model
developed by Hickox (2014) consists of seven segments linked together by
eight markers located at the fifth metatarsophalangeal (MTP5), ankle, knee,

hip, lower back, shoulder, elbow and wrist, as illustrated in Figure 2.2.

Shoulder
Upper arm
Trunk w
Forearm
Lower back Elbow Wrist
Pelvis
Hip
Thigh
Knee
Shank
Ankle Foot
MTPS5

Figure 2.2: 2D Model Marker Placement (Hickox, 2014).

The inverse dynamics results of the study shows that the 2D and 3D
methods in lower extremities were almost similar, proving the validity of the
2D model.



12

2.3 Summary

In this part of the report, human gait modelling and analysis research has been

briefly reviewed and summarized as follow:

1. Software-based motion analysis plays a crucial role in increasing speed
and reliability of motion analysis. Therefore, research has been carried out
to select the most suitable software taking into considerations of
availability of resources and research interest. SkillSpector software was
selected.

2. The fact that SkillSpector software have been used by many other
researches to perform kinematic analysis and used as a low-cost motion
capture system have proven its reliability. Since SkillSpector software is
not capable to calculate joint moments, Microsoft Excel will be
incorporated to perform inverse dynamics.

3. Inverse dynamics is a popular approach to calculate joint moments.
Previous researches done with inverse dynamics models were studied and
the reliability of performing inverse dynamic in 2D sagittal plane and the
insensitivity of different set of anthropometric parameters were confirmed.
However, it was clearly stated that error in determining the kinematic
information will strong affect the result, hence extra care must be taken
while processing the kinematic input.

4. The marker placement of a 2D model was also studied. Since this project
only focus on lower extremities, therefore only markers located at MTP5,
ankle joint, knee joint and hip joint will be used in performing lower

extremities kinematic and Kinetic analysis.
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CHAPTER 3

METHODOLOGY AND WORK PLAN

3.1 Introduction

Two young (between age of 20 to 25) and healthy subjects were recruited in
the experiment. One female subject (height of 163 cm and mass of 49.0 kg)
and one male subject (height of 170 cm and mass of 58.3 kg). In order to
perform inverse dynamic analysis, kinematic and Kkinetic data of the subject
must be gathered. Kinematic data acquisition was done by using simple
arrangement which consists of a digital camera, sticker markers and a
computer equipped with SkillSpector software. On the other hand, the Kinetic
data were obtained using treadmill (H/P Cosmos™ Instrumented Treadmill)
and a personal computer equipped with Gaitway software which records
VGREF acting on the feet. SkillSpector software and Microsoft Excel were then

used to perform the analysis of gait parameters.

‘ Recruitment of subject ‘

‘ Measure body mass ‘

!

‘ Placement of markers ‘

!

‘ Subject perform test on treadmill ‘
I

v s
‘ Video recording ‘ ‘ Acquire force data ‘
_\L SkillSpector
i AR ——
1

Video as input of SkilllSpector

!

]
1
1
1
1
]
i ‘ Track marker trajectories ‘
1
1
1
]
1
1
1

N

‘ Kinematic analysis ‘

Figure 3.1: The Flowchart of Methodology.
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3.2 Data Acquisition

Before the experiment, the weight of subjects was measured by the force plate
embedded in the treadmill. Then, the coordinate of MTP5, ankle joint, knee
joint and hip joint were marked by using four sticker markers, as shown in
Figure 3.2. After the placement of the markers, the subject was instructed to
walk at his or her own preferable speed (2.5 km/h for female subject 3.2 km/h
for male subject) on the treadmill with a belt surface 0.5 m wide and 1.50 m
long for 30 seconds. The paths of the markers were then recorded through a
digital camera located at a distance of 1.0 m away from the treadmill providing
a sagittal view of the subject, as illustrated in Figure 3.3. At the same time, the
force data were acquired using the Gaitway software. After the collection of

data, the data were then exported to perform analysis.

Hip

Knee

Ankle

MTP5

Figure 3.2: Marker Placement.

1.5m

AN

0.5m Treadmill

y Computer
AN ’
\ P

0y o o ,/
. Field of view
\ ’
;

\ /
\ p
L Camera

Figure 3.3: Top View of Setup for Data Acquisition.

1.0m
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3.3 Data Analysis

Data analysis was done using two different software. SkillSpector software
was used as a motion capture system to acquire the trajectories of the markers
and perform kinematic analysis to obtain linear and angular kinematic
parameters such as joint angle, velocity, acceleration etc. The coordinates of
the markers obtained from SkillSpector together with the force data obtained
from Gaitway software were then used as input to perform kinetic analysis to

obtain joint moment in the Microsoft Excel spread sheet.

3.3.1 Kinematic Analysis

In this analysis, the duration of analysis was defined as a complete gait cycle
performed by the subject. Several gait cycles were captured during the 30
seconds of acquisition and only three gait cycle from each subject were
selected for analysis. The video that contains walking movement was trimmed
to contain only one gait cycle before being use in SkillSpector software for
each time of analysis.

The SkillSpector software was downloaded from the Video4coach
website. After opening the software, the first step is to define the human model
and calibration object in the model wizard. In the window of defining a
human model, the number of points to be digitized is the number of markers
attached on the subject (Figure 3.4), while the assignations of point (Figure 3.5)
and segment (Figure 3.6) names were done in the following windows. The
magnitude of 2D calibration object was defined by numerous points (Figure
3.7) in the calibration wizard. After defining the model and calibration object,
the next step is to digitize the model (Figure 3.8) and the calibration object
(Figure 3.9) in video sequence. After digitizing was done, the image
coordinates were transformed into real world coordinate with the DLT

algorithm and kinematic parameters were calculated.



Model Wizard - Defining number of Points to be digitized X

The Digitizing Model define the object/human to be digitized. By
using a small database it is possible to reuse/modify previously
created models

Model Profile Name |54 g -

Remove From List

The number points to be digitized: 4

Next > Cancel | Help ‘

Figure 3.4: Defining Number of Points to be Digitized.

Model Wizard - Assigning of Point names and side tags X

Side ID Point Name:
Right Toe
Right Ankle
Right Knee
Right Hips

Remove
Add

Apply names and side tags for each point.

< Back Next > Cancel | Help

Figure 3.5: Assigning Point Names.

Model Wizard - Segment Definition *
Base Point Anchor Point Name
R. Toe R. Ankle Foot
R. Ankle R. Knee Shank
R. Knee R. Hips [ Thigh

Add Remove

Define the segments that interconnect the digtized point

< Back Next > Cancel | Help

Figure 3.6: Defining Segments.
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Calibration Wizard - 2D/3D Calibration Frame 4
Enter the calibration point posttions.
X [y
0.000 0.000
0.50 0.000
0.000 0.320
03
Add | Remove |
< Back Next > Concel | Hep |

Figure 3.7: Defining Calibration Points.

STt =

Figure 3.9: Digitizing Calibration.
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The next step is to perform filtering on the raw kinematic data (Figure
3.10). Due to the presence of noise mainly caused by skin movement artefacts
and improper digitization of markers (Winter et al., 1974), the kinematic data
must be low pass filtered prior to performing further analysis. The
conventional practice is that kinematic data are filtered at cut-off frequency of
6 Hz (Krupenevich, n.d.). Therefore, in this work the raw kinematic data was

filtered at cut-off frequency of 6 Hz.

Sequence Properties X

General | Automatic Search ~ Filtering/Interpolation | Point Configuration | Calibration |

Missing point interpolation (2D) Fitering Parameters
' None " No Fitering
" Linear " Spline Spline Options
" Cubic Spline " Llinear & Quintic

" Cubic " Heptic
Smooth Emror Parameter
stimate Emor

{* Frequency | Frequency Option

Low Pass Cut Off Frequency

[ ok | caneat | | Hep |

Figure 3.10: Setting Filtering Parameters.

The output of the SkillSpector combines the video, animation and
kinematic information in one window, as illustrated in Figure 3.11. The
progression of animation and kinematic information were observed by
navigating the video. The linear and angular data produced in the kinematic

analysis were then export as text file for further analysis.
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A Y ]

Figure 3.11: Output of SkillSpector.

3.3.2  Kinetic Analysis
After obtaining the linear and angular kinematics data from SkillSpector, the
outputs were used as inputs to calculate joint moments by Classical Newton-
Euler methodology of inverse dynamics in the Microsoft Excel spread sheet.
The classical Newton-Euler equation (Equation 2.1 and Equation 2.2)
calculates the moment of the joints starting from the most distal joint and
move inwards along the kinematic chain of an open loop structure. The
classical Newton-Euler methodology only applies for open-loop structures, for
close loop structures, the equation become useless (Oliveira, 2016). Since
walking movement is a closed-loop structure, the equation needs to be
customised in order to include the ground reaction force produced during
contact of the limb to ground. The basic concept of Newton-Euler
methodology in calculating joint moment during walking is illustrated in

Equation 3.1.

joint moment = total moment — ground reaction moment —

joint reaction moment

Newton-Euler equation (Equation 3.2, Equation 3.3, Equation 3.4)
together with the sagittal plane link-segment model combined with free body
diagram (FBD) of the right leg (Figure 3.12) proposed by Kirtley (2006) was

adopted in this work to calculate proximal joint moment. The FBD consists of

(3.1)
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three segments (foot, shank and thigh) linked together by the joints where the
markers were located at the MTP5, ankle, knee and hip.

Ryp = Myay — Ryq (3.2)
Ry, = mya, + my;g — Ry (3.3)

M,y = La, — Myg — Ruy(Yy — Yeom) + Ryp(Xcom = Xp) + Rea(Yoom —
Ya) — Rya(Xq — Xcom) (3.4)

where
m, = segment mass, kg
R =reaction force, N

x = x-direction

y =y-direction
p = proximal
d = distal

*Note that when p = ankle joint, d = force platform
a = acceleration of CoM, m/s?

g =9.81m/s?

M, = joint moment, N-m

I, =segment mass moment of inertia, kg-m?

a, = segment angular acceleration, rad/s?

CoM = Centre of Mass

CoP = Centre of Pressure

X = x-coordinate

Y =y-coordinate
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Ankle
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Mzp "' Rxpm i lzz.ct
Foot ax Ryd
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Figure 3.12: 2D Sagittal Plane FBD (Kirtley, 2006).

mg

For anthropometric parameters estimation such as segment mass,
length, distance of segment CoM to proximal or distal joint used in inverse
dynamics calculation of lower extremity, the information in Table 3.1 formed
by Dempster (1955) and Dempster, Gabel and Felts (1959) was used.
Although estimation methods are more error-prone than functional methods,
they provide an easier way of implementation and eliminate the needs of
recording additional motions (Oliveira, 2016). In addition, some of these

anthropometric parameters are not possible to be measured directly.

Table 3.1: Anthropometric Parameter Estimation.

Segment | Segment | Location of CoM Radius of Gyration/ Segment
Mass (Lratio) Length (pratio)
(Myqtio) | proximal | distal CoM Proximal | Distal
Foot 0.0145M | 0.50 0.50P 0.475 0.69 0.690P
Shank | 0.0465M | 0.433 0.567P | 0.302 0.528 0.643M
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In order to perform inverse dynamics, few parameters such as mass of
segments, location of CoM, gyration radius need to be calculated before the
Newton-Euler equation can be applied. The equations are expressed by
Equation 3.5 to Equation 3.10.

First of all, the segment mass was calculated as Equation 3.5 as a

percentage of total body mass.

m; = Myatio X Meotal (3-5)
where
Myqtio = ratio of segment mass to total body mass

Myorqr = total body mass

From the output of SkillSpector, the marker coordinates represented in
X and Y values were used to calculate the coordinate of CoM of each segment

using Equation 3.6 and Equation 3.7.

Xcom = Xp + Lratio.p X (Xq — Xp) (3.6)
Yeom = Yp - Lratio.p X (Yp — Xq) (3.7)

where

Lyqatiop = ratio of distance of CoM from proximal joint

Equation 3.8, Equation 3.9 and Equation 3.10 show the calculation of
the radius of gyration at the segment CoM.

L= (X, — X0)? + (Y, — Yy)? (3.8)
Pz = Lz X Pratio.com (3.9)
where
L, = length of segment
p, = radius of gyration from CoM to proximal joint

Pratio.com = ratio of gyration radius to total segment length
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The moments of inertia of segments according to their respective CoM
were calculated in Equation 3.10.

I, = m, X p,? (3.10)

After obtaining all the required parameters, the joint reaction forces and
moments were solved following the kinematic chain, starting with the ankle to
knee. From the Newton equation, the horizontal (Equation 3.11 and Equation
3.14) and vertical (Equation 3.12 and Equation 3.15) elements of the joint
reaction force were calculated. From the Euler Equation, the joint moments
were calculated using Equation 3.13 and Equation 3.16. As mentioned earlier,
the treadmill that was used in this research only provides vertical ground
reaction data without horizontal ground reaction data, hence Equation 3.11 and
Equation 3.13 precludes the horizontal ground reaction force. In addition, the
treadmill that was used also did not provide any information on the location of
centre of pressure (CoP) which is required in Equation 3.13, hence
assumptions on the location of CoP as shown in Table 3.2 was made while

performing calculation of ankle joint moment.

Table 3.2: Assumptions Made on Location of CoP.

Gait term Location of CoP
Heel Strike Heel
Flat Foot Location of foot CoM
Midstance Location foot CoM
Heel Off Ball of foot
Ankle:
Rankiex = MfootQAfoot.x (3.11)
Rankiey = MrootAfooty + Mrootd — Rverr (3.12)

Mankle = Ifootafoot - Rankle.x(Yankle - onot.CoM) + Rankle.y (Xfoot.CoM -

Xankle) - RVGRF(Xankle - Xfoot.CoP) (313)
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Knee:

Rknee.x = MgspankAshank.x — Rankle.x (3-14)

Rknee.y = mshankashank.y + Mshankd — Rankle.y (3-15)

Mknee = Ishank%shank — Mankle - Rknee.x(Yknee shank.CoM) +

Rknee.y(Xshank.CoM - anee) + Rankle.x(yshank.CoM - Yankle) -

Rankle.y (Xankle - Xshank.CoM) (3-16)

3.3.3  Statistical Analysis
After obtaining all the outputs from kinematic and kinetic analysis, the mean
and standard deviation of peak values of each parameter of each subject were

calculated with Equation 3.17 and Equation 3.18.

—_—
£== (3.17)

B (x-x%)?
o= /—N (3.18)

where

X =mean

x = value of data

N = number of data

o = standard deviation
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Introduction

The results of gait analysis will be discussed in this chapter. Section 4.2
discussed about the kinematics and kinetic analysis on joint angles and
moments.  Section 4.3 further evaluated the reliability of the output by
comparing the factors that affect the magnitude of the kinematic and kinetic
parameters. In Section 4.4, the difference between CoM and CoP were

discussed to avoid any confusion of the two terms in calculating joint moments.

4.2 Data Validation
This section of the report discussed about the output of analysis. The result
from the kinematic and kinetic analysis will be evaluated by comparing with

results established by other researchers.

4.2.1  Kinematic Parameters

The kinematic analysis of ankle and knee joint from SkillSpector software will
be discussed in this section. The original output from SkillSpector software
provides the joint angle in a relative manner. In order to compare with the
results established by other researches, the relative angles were converted into
absolute angles.

Figure 4.1 shows the how the measurement of ankle joint absolute angle
was done. Figure 4.2 and Figure 4.3 are the graphs of ankle joint angle against
percentage of gait plotted from analysis whereas Figure 4.4 presents graphs of
ankle joint angle in sagittal plane published by other researchers.
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Dorsiflexion Plantarflexion

Figure 4.1: FBD for Measurement of Ankle Joint Angle (Perry and Davids,

1992).
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Figure 4.2: The Graph of Ankle Joint Angle against Percentage of Gait Plotted

from
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Analysis for Female Subject.
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Figure 4.3: The Graph of Ankle Joint Angle against Percentage of Gait Plotted
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Analysis for Male Subject.
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Figure 4.4: (a) Ankle Range of Motion for a Gait Cycle (Perry and Davids,

1992). (b) Ankle Joint Angle Measured using Electrogoniometer against

Percentage of Gait in Sagittal Plane (Moriguchi, Sato and Gil Coury, 2007). (c)
Sagittal Plane Ankle Joint Angle. IC = Initial Contact; HR = Heel Rise; TO =

Toe Off (Musculoskeletal Key, 2016).
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The curve pattern of the graphs in Figure 4.2 and 4.3 shows similar
pattern with figure 4.4; initially the ankle experience plantarflextion and
slowly convert into dorsiflexion until midstance to move body forward.
Maximum dorsiflexion is achieved at the middle of push off period. Although
the magnitude of angles might be different due to age of the subjects, gender
of the subjects and gait speed (Oberg, Karsznia and Oberg, 1994), it is more
important to focus on changes of variables, rather than the absolute values
(Musculoskeletal Key, 2016).

Table 4.1 below shows the mean and standard deviation of the peak
values of ankle joint angle for both female and male subject.

Table 4.1: Peak Values of Ankle Joint Angle.

Variable Mean + Standard Deviation
Female Male

Peak Dorsiflexion 9.61+1.40 9.12+1.48

Peak Plantarflexion 1494 + 0.35 18.48 + 0.68

According to publication by Stauffer, Chao and Brester (1977), normal
healthy subjects have overall walking range of motion in the sagittal plane
between 20 and 31 degree, moving from 6 to 16 degree for dorsiflexion and 13
to 17 degree for plantarflexion. This research had recruited five young (mean
age 29), healthy (no history of complaints related to ankle joint) male
volunteers to walk on a 9-meter walkway in their regular shoes at own
preferable speed. The results obtained from the analysis are within the range
published by this research paper. Although the magnitude of plantarflexion of
the male subject is slightly greater than the range published, it is believed that
it was caused by the difference between barefoot condition and shoe condition.

Figure 4.5 shows the how the measurement of knee joint absolute angle
was done. Figure 4.6 and Figure 4.7 are the graphs of knee joint angle against
percentage of gait plotted from analysis whereas Figure 4.8 presents graphs of

knee joint angle in sagittal plane published by other researchers.
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Figure 4.5: FBD for Measurement of Knee Joint Absolute Angle (Perry and

Davids, 1992).

Graph of Knee Joint Angle vs Gait Cycle

60

50 _
/]\ Flexion
40

30

\L Extension
20

Joint Angle (degree)

10

0 20 40 60

-10 -
Gait Cycle(%)

80

100

Step 1
———Step 2
— Step 3

Figure 4.6: The Graph of Knee Joint Angle against Percentage of Gait Plotted

from Analysis for Female Subject.
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Figure 4.7: The Graph of Knee Joint Angle against Percentage of Gait Plotted
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Figure 4.8: (a) Knee Range of Motion for a Gait Cycle (Perry and Davids,
1992). (b) Changes in Angle of Knee Flexion during Linear Walking (Qiu, et
al., 2017). (c) Sagittal Plane Knee Joint Angle (Musculoskeletal Key, 2016).
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The curve pattern in Figure 4.8 describes the knee joint angle during
where initially the knee joint experience flexion and maximum extension
during at the heel rise. Maximum flexion is achieved during swing phase and
maximum knee extension at second heel strike. All graphs in Figure 4.6,
Figure 4.7 and Figure 4.8 shows maximum knee flexion during swing phase
and maximum knee extension at the second contact of foot with ground.
However, in Figure 4.6, the graph plotted from analysis of female subject does
not show any significant decrease in knee joint angle at heel rise. After
checking the video, it was observed that the straightening of shank of subject
prior to heel rise was not significant, hence the trough occurs during heel rise
at knee joint angle was absent.

Table 4.2 below shows the mean and standard deviation of the peak

values of knee joint angle for both female and male subject.

Table 4.2: Peak Values of Knee Joint Angle.

Variable Mean + Standard Deviation
Female Male
Maximum Flexion 53.98 +1.28 61.00 £ 2.93

According to a publication by Oberg, Karsznia and Oberg (1994), a
normal healthy male has a knee joint angle within the range of 56.7 to 77.1
degree while a normal healthy female has a knee joint angle within the range
of 51.1 to 74.9 degree during swing phase of walking gait. This research had
recruited 233 subjects (116 male and 117 women), aged 10-79 and subjects
were instructed to walk on a 10-meter walkway with their own preferable
speed. The results obtained from the analysis fall within the range published

by this research paper.

4.2.2  Kinetic Parameters

The kinetic analysis of ankle and knee joint from inverse dynamics model

done in the Microsoft Excel spread sheet will be discussed in this section.
Figure 4.9 shows the convention for ankle joint moment. Figure 4.10 and

Figure 4.11 shows the graphs of ankle joint moment against percentage of gait
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plotted from analysis whereas Figure 4.12 presents graphs of ankle joint

moment in sagittal plane published by other researchers.
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Figure 4.9: Convention for Ankle Joint Moment.
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The curve pattern of the graphs in Figure 4.10 and 4.11 shows similar
pattern with Figure 4.12 except that the curves in Figure 4.10 and Figure 4.11
are less smooth compared to curves in Figure 4.11. This is due to the
assumptions made for location of CoP which was discussed in the Section
3.3.2. From the curve patterns, it was observed that after initial contact, there
is a small ankle dorsiflexion moment due to eccentric contraction of ankle
dorsiflexors to pull the foot towards the shank to avoid foot from slapping onto
the ground. A negative value was used to represent this anticlockwise rotation
dorsiflexion moment. Then followed by ankle plantarflexion moment as the
shank move towards the foot. During toe-off, large ankle plantarflexion
moment was observed. The large ankle plantarflexion moment was due to

concentric contraction of the ankle plantarflexors to push the body upwards.

Table 4.3 below shows the mean and standard deviation of the peak
values of ankle joint moment for both female and male subject.

Table 4.3: Peak Values of Ankle Joint Moment.

Variable Mean + Standard Deviation
Female Male
Peak Plantarflexion 1.36 £ 0.02 1.40 +£0.05

According to a study by Schache and Baker (2007), the mean peak
stance plantarflexion moment for two adult men and seven adult women
walking in their own preferable speed is 1.333 N-m/kg with a standard
deviation of 0.122. The results obtained from the analysis was quite close to
the range published by this research paper. In addition, according to Toda,
Nagano and Luo (2015), young males have greater ankle dorsiflexion and
plantarflexion moment than young females, hence the results from the analysis
are acceptable.

Figure 4.13 shows the convention for knee joint moment. Figure 4.14
and Figure 4.15 are the graphs of knee joint moment against percentage of gait
plotted from analysis whereas Figure 4.16 presents graphs of knee joint

moment in sagittal plane published by other researchers.
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Figure 4.13: Convention for Knee Joint Moment.

Graph of Knee Joint Moment vs Gait Cycle

0.8
0.6 .
Extension

> 0.4 /
=
€ 02
= U 2\
S ) \‘( Step 1
é 02 20 40 0 80 $90 Step 2
o =U. \
% 04 Step 3
=
S -06

0.8 \l/ Flexion

Gait Cycle (%)
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Figure 4.16: (a) Sagittal Plane Internal Joint Moments of Knee during Walking
(Sobhani, Dekker, Postema and Dijkstra, 2012). (b) Moment at the Knee
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Figure 4.14, Figure 4.15 and Figure 4.16 shows similar curve pattern
except that curves in Figure 4.10 and Figure 4.11 are less smooth. From the
curve patterns, it was observed that there are two peaks of knee flexion
moment and two peaks knee extension moment for each gait cycle. After
initial contact, there is a small knee flexion moment which is caused by
eccentric contraction of the quadriceps due to vertical ground reaction. Then
followed by a knee extension moment to allow progression of trunk towards
the leg. During push-off, quadricep contract eccentrically to support the knee
against the contraction of triceps resulting in a peak knee flexion moment and
extends again before the next gait cycle start.

Table 4.2 below shows the mean and standard deviation of the peak

values of knee joint moment for both female and male subject.

Table 4.4: Peak Values of Knee Joint Moment.

Variable Mean + Standard Deviation
Female Male
First Maximum Extension 0.56 + 0.08 0.58 £ 0.04
Maximum Flexion 0.73 £ 0.07 0.78 £ 0.02
Second Maximum Extension | 0.20 + 0.03 0.27 £ 0.001

According to research by Schache and Baker (2007), the mean value for
first maximum extension moment is 0.500 N-m/kg with a standard deviation
of 0.220, maximum flexion moment is 0.215 N-m/kg with a standard deviation
of 0.149 and second maximum extension moment is 0.269 N-m/kg with a
standard deviation of 0.115. This experiment was carried out with two adult
men and seven adult women walking in their own preferable speed. The
results obtained from the analysis was within the range published by this
research paper except that the analysis result shows a lower value of flexion
moment at initial contact and larger value of flexion moment after heel rise.

The fact that the graph plotted from kinematic data obtained from
analysis of SkillSpector software and graph plotted from kinetic data obtained
from analysis of inverse dynamic model are able to reproduce similar curve

pattern of graph established by other researchers have proven the reliability of
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SkillSpector software and inverse dynamic model in performing kinematic and
kinetic analysis. However, assumptions made for location of CoP used in
inverse dynamics calculation need to be further improvised to obtain a better

result.

4.3 Factors Affecting Magnitude of Kinematic and Kinetic Data

This section of the report discusses about the factors affecting magnitude of
the kinematic and kinetic parameters from the analysis. Age, gender, gait
speed and type of footwear are the four most significant factor affecting the
magnitude.

Various studies have showed significant differences in kinematic and
kinetic variables as a function of age and type of footwear (Nigg, Fisher and
Ronsky, 1994; Toda, Nagano and Luo, 2015). However, since the two subjects
recruited for the experiment are about the same age and the experiment was
carried out in barefoot condition, the factor of age and footwear will not be
further reviewed.

According to Nigg, Fisher and Ronsky (1994) research, they had verified
that young females (age of 20-39 years old) have higher ankle range of motion
during compared to young males and according to Oberg, Karsznia and Oberg
(1994) research, male had larger excursions than women during normal gait.
However, the joint angle does not only depend on the gender of the subject, it
is also dependent of gait speed. Oberg, Karsznia and Oberg (1994) further
justified in their research that joint angle and gait speed have directly
proportional relationship. In other words, increase in gait speed results in
increased joint angles in all joints and gait phases.

According to a research by Toda, Nagano and Luo (2015), young males
have greater ankle dorsiflexion and plantarflexion moment and lower knee
flexion and extension moment compared to young females. On the other hand,
a study by Brockett and Chapman (2016) stated that with increasing gait speed,
the kinetic patterns will remain similar but with higher magnitudes.

The results of this paper are reliable when compare with the results of

published paper. With a greater speed (3.2 km/h) the male subject shows a
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larger excursion and greater joint moment in both ankle and knee joint

compared to the female subject with lower speed (2.5 km/h).

4.4 Difference between CoM and CoP

The term center of pressure (CoP) is often misrepresented as center of mass
(CoM). CoM of a body is the net point which the body’s mass is distributed
evenly in all directions, while CoP is totally independent of CoM. CoP is the
net point of the VGRF from a force platform acting on the subject. This force
is dependent on foot placement and neuromuscular control of the ankle joint
muscles. Figure 4.17 shows a record of the CoM and CoP of body swaying
back and forth while standing by Winter (2009). It was observed that CoP
must continuously moving back and forth to regulate the CoM of the body;

thus, the range of CoP must be greater than CoM.

COP, COM in anterior/posterior direction (50% stance width)
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Figure 4.17: Record of CoM and CoP in Anterior Posterior Direction during
Erect Standing (Winter, 2009).

Therefore, it can be deducted that misinterpretation of CoM and CoP can
lead to inaccuracy in biomechanical analysis. The graph below (Figure 4.18)
shows the comparison graph of ankle joint moment against percentage of gait
plotted from analysis for female subject when CoM is misinterpreted as CoP.

The blue line shows the graph plotted when the ankle joint moment was
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calculated using CoP while the red line shows the graph plotted when the
ankle joint moment was calculated using CoM.

Graph of Ankle Joint Moment vs Gait Cycle
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Figure 4.18: The Graph of Ankle Joint Moment against Percentage of Gait

Plotted from Analysis for Female Subject when CoM is Misinterpreted as CoP

(Red Line).

In typical cases, the CoP is measured using force plate when one foot or
both feet are in contact with the ground. However, as mentioned, the treadmill
used in this work was not able to give any information about the location of
CoP, hence assumptions on the location of CoP was made (refer to Table 3.2)

which caused the graph plotted from the analysis to be less smooth.

4.5 Summary
In this part of the report, the performance of the SkillSpector software and
inverse dynamics model was evaluated against the previous literature findings.
It has been observed that the kinetic and kinematic graph plotted from the
analysis shows similar curve pattern with the results established by other
researchers. One of the main reasons that contribute to error is the assumptions
made due to limitations of the treadmill used.

In short, SkillSpector software and inverse dynamic model can cooperate

with each other to provide reliable kinematic and kinetic analysis.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In a nutshell, the system proposed in this paper comprise a digital camera, a
split-belt instrumented treadmill (H/P Cosmos™ Instrumented Treadmill) and
a personal computer equipped with Gaitway software and SkillSpector
Software. Inverse dynamic model was incorporated to perform the kinetic
analysis. Despite of limitations of this project, an alternative for human gait
modelling and analysis using low cost resources was developed. Yet, the
proposed model is able to reproduce reliable outputs that are comparable to the

existing results.

5.2 Recommendation for future work

To obtain a high accuracy analysis output, a 3D analysis on the whole human
body is essential because a 2D analysis can cause loss of movement
characteristics in other planes. In current study, the gait analysis had only been
carried out in the sagittal plane. In future, kinematics and kinetics analysis at the
other planes such as frontal and transverse plane should be incorporated. The
SkillSpector software is capable to perform 3D motion analysis by using more
than one camera to capture the gait movement. However, efforts must be made
to synchronise the cameras to make sure all cameras are capturing videos in
the same instance of time to avoid any errors.

Additionally, force plate that is capable to acquire ground reaction force
in all horizontal and vertical direction is highly recommended. This is because
ground reaction forces information serves as important input of inverse
dynamics model in calculating joints moment. In addition, horizontal ground
reaction force is also important to determine the location of CoP.

Lastly, in order to reduce the errors caused by mistake in determining
joint position, active and passive markers are recommended to replace the

sticker marker. Active and passive markers are very suitable to be used for
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human kinematics measurements as they are easier to be detected in the

motion capture system.
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APPENDICES

APPENDIX A: Graphs

Graph of VGRF vs Gait Cycle
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Graph A-1: The Graph of VGRF against Gait Cycle for Female Subject.
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Graph A-2: The Graph of VGRF against Gait Cycle for Male Subject.



