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ABSTRACT

School of Graduate Studies
The University of Alabama in Huntsville

Degree Masters of Science College/Dept. Engineering/Mechanical and
in Engineering Aerospace Engineering

Name of Candidate: Shreyas Lakshmipuram Raghu

Title: Kinematic analysis of gait in an aquatic treadmill using land based motion capture
cameras

While the capabilities of land-based motion capture systems in biomechanics
applications have been previously reported, the possibility of using external optical motion
tracking systems to reconstruct markers submerged inside an aquatic environment has been
underexplored. The use of optical motion tracking system can especially be suited for
applications within constrained aquatic environments such as an underwater treadmill that
restrict the ability to use conventional aquatic motion capture systems. This study assesses
the ability of a land-based motion capture system, arranged externally, to track a set of
retro-reflective markers inside an aquatic environment. First, customized reflective marker
was developed such that the reflective properties could be sustained underwater. The
motion capture cameras were then tested for accuracy in marker reconstruction under
water. Finally, experiments were conducted where healthy individuals walked in an aquatic
treadmill at different speeds for kinematic assessments. This helps in quantifying the
benefits of walking in the presence of water (condition 2), as opposed to conventional dry-

land treadmill walking for rehabilitation (condition 1). The results suggest that there is no
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significant influence of the presence of water on the accuracy outcomes (trueness and
precision) of the marker center distances when markers were made of SOLAS grade
reflective tape. Further, the kinematic analysis revealed greater peak knee and ankle angles
with the gait speed, whereas the time taken to achieve these peaks reduced in both
conditions. There is a statistically significant influence of the medium in time measures. In
contrast, the angle measures, knee and ankle angles, were not seen to be statistically

significantly different.

Abstract Approval: Committee Chair

Dr. Chang;Mon Kang

Department Chair
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CHAPTER 1

INTRODUCTION

1.1  Background and Motivation

Recent studies in clinical rehabilitation have demonstrated the potential benefits of
aquatic-based therapies, including exercise in an underwater treadmill [ 1-3], in comparison
to land-based therapies [1,4,5]. Factors like density, specific gravity, buoyancy, and other
physical principles of water contribute to the advantages of performing physical exercises
in an aquatic environment [5]. Rehabilitation scenarios have progressed towards trying to
evaluate the patterns of locomotion while underwater [6,7]. However, in order to quantify

these effects, it is important to understand human locomotion in an aquatic environment.

Motion capture (mo-cap) is one of the most common methodologies used in
biomechanical analysis [8,9]. While this instrumentation plays a vital role in areas such as
clinical gait analysis to improve treatment of injuries and medical conditions such as lower
limb amputation, it can also be used to address other clinical problems, such as treatment

of neuromuscular disorders and cerebral palsy [10]. Mo-cap systems use different



methodologies to collect and analyze human locomotion [11]. The reliability and validity
of data from such mo-cap systems has continued to be an area of interest among the
scientific community [12—15]. In the past decade the assessments of mo-cap systems for
validity have been predominantly performed on systems that utilize the tracking of retro-

reflective marker positions in three-dimensional (3-D) space [14,15].

The aforementioned studies have been limited to land-based applications.
Conducting mo-cap underwater can be a challenge because the default retro-reflective
markers provided by the system manufacturers lose their retro-reflective properties
immediately after they are submerged and wetted. This necessitates identifying a potential
material that could retain its retro-reflectivity when submerged in water for aquatic

applications.

1.2 Research Objectives

The overall objective of this study is to realize a methodology to quantify lower
limb kinematics during an aquatic treadmill session using a land-based mo-cap system. As
emphasized in the literature review (Chapter 2), there is a need to understand the effect of
aquatic environment on the lower limb motion, known as gait. Consequently, kinematics
of lower limb motion were studied while walking on a treadmill in the presence of water

in comparison to kinematic outcomes while walking on a treadmill without water.

The specific objectives of the research are as follows:

e To choose a retro-reflective marker material capable of preserving the retro-

reflective capabilities when submerged. We evaluate the implications of static



accuracy of a Vicon T40s mo-cap system in reconstruction of marker distances in
an aquatic environment weighed against similar measurements without water.

e To assess the walking kinematics from a biomechanics stand-point, by processing
the motion data to obtain gait angles (knee and ankle) in the sagittal plane. We make
observations of differences in gait patterns over land and in water and analyze its
implications.

e To quantify resistive effects by estimating total fluid dynamic force in water. We
model the total fluid dynamic force by estimating the viscous drag and the added

mass assuming the calf of the leg to be a 2-D cylinder.

The approach used to meet the objectives of this thesis is as follows. Accuracy
outcomes were studied by arranging the mo-cap cameras in front of a glass tank. A
measurement template was created using retro-reflective markers and placed in the tank.
Marker center distances were recorded both with and without the presence of water in the
glass tank. For kinematic assessments, thirteen participants were recruited based on
Institutional Review Board (IRB) protocols for utilization of human subjects in this study.
The participants were requested to walk at 1, 2 and 3 mph and their motion data were
captured both in a treadmill session without water and with water. Furthermore, effects of
the presence of water on the motion were analyzed and interpreted using statistical analysis
using parametric testing procedures: Repeated Measures Analysis of Variance
(RMANOVA) and Paired t-tests. Friedman ANOVA was used as the non-parametric
testing procedure. The total fluid dynamic forces were estimated in terms of viscous drag
and added mass to interpret the greater time required to complete a gait cycle in water in

comparison to in air.



1.3 Thesis Outline

The organization of this thesis is as follows. In Chapter 2, an extended literature
review is presented addressing the importance and relevance of this study. In Chapter 3,
the materials and methodology used to conduct this investigation are introduced by
describing the arrangement of cameras, calibration and mo-cap data processing, the method
of analysis with appropriate equations used, and the experimental methodology used for
kinematic assessments on the treadmill. Results and discussions are shown in Chapter 4,
where the analysis of gait patterns are reported along with the outcomes of the accuracy
analysis. Chapter 5 provides the conclusions and future work based on the results and

discussions.

1.4 Content Disclaimer

Part of the contents and figures pertaining to accuracy analysis in this thesis are

taken from the following reference, co-authored by the author of this thesis.

e Raghu, S. L., Kang, C., Whitehead, P., Takeyama, A., and Conners, R., “Static
accuracy analysis of Vicon T40s motion capture cameras arranged externally

kL]

for motion capture in constrained aquatic environments,” Journal of
Biomechanics, vol. 89, May 2019, pp. 139-142.
The author of this thesis has the right to reproduce the figures and text from the above

publication with appropriate citations.



1.5 Human Subjects Research

This study was approved by the IRB of The University of Alabama in Huntsville.
The subjects were informed about all the procedures and potential risks prior to
participation in this study after which a written informed consent was obtained according

to IRB protocols. The IRB approval is attached in Appendix A.



CHAPTER 2

LITERATURE REVIEW

2.1 Motion Capture and Human Locomotion

Motion capture has been proven to be useful in many applications such as
entertainment [16], biomechanics [17] and sports [18]. Mo-cap has played a vital role in
evaluation of human locomotion. Marey [19] and Muybridge [20] were pioneers who
quantified human locomotion by analyzing series of photographs taken at different
instances of locomotion. Over time, the advent of new instruments and technologies has

enabled development of different mo-cap methodologies.

Traditionally, mo-cap can be divided into two categories: Optical mo-cap (OMC)
and Inertial mo-cap (IMC) (see Figure 2-1). Typically, OMC is used in a laboratory context

while an IMC is used in an ambulatory context [21].



Motion-capture (Mo-cap)

I I
Optical (Marker based) Inertial (Marker less)

Passive markers Active markers
(Retro-reflective) (Light emitting diodes [LEDs])

Inertial Measurement Units (IMU)
(Accelerometers, Magnetometers and Gyroscopes)

Figure 2-1: Classification of important motion capture methods.

OMC technology typically uses infrared (IR) cameras and markers to perceive
human movement in 3-D [22]. This approach uses either active markers (LEDs) or passive
markers (retro-reflective markers). Markers are strategically placed at anatomical regions

of interest.

IMC technology use Inertial Measurement Units (IMU) to perceive human
movement [23] that generally comprises of accelerometers, magnetometers and gyroscopes
to record kinematic data. The key challenge in IMC is to obtain the position of the subject
with respect to a fixed frame [21]. In addition, IMC is not widely used in clinical gait
analysis because the technologies are not well developed and their accuracy is doubtful
[24]. On the other hand, OMC systems are known to have sub-millimeter accuracy making
them the preferred systems to evaluate human locomotion [14,25]. This study utilizes a
Vicon OMC system composed of T40s cameras (Vicon Motion Systems, LA, USA) and
software which record the motion of the passive markers (retro-reflective) placed on the
anatomical regions of interest such as the bony landmarks for lower limb (mid-thigh, lateral
joint line — knee, mid-fibula — calf, calcaneus — heel, lateral malleolus — ankle, and second

metatarsal — toe) and produce a 3-D trajectory.

’



2.2 Analysis of Human Locomotion

Biomechanics of human movement forms the fundamental baseline for the analysis
of human locomotion [26]. The biomechanics of human movement can be analyzed from
two perspectives: kinematics or kinetics [21]. The kinematics describe the movement of
body segments neglecting the masses. The kinematic quantities can be a combination of
both linear components (position, linear velocity, and linear acceleration) and angular
components (orientation, angular velocity, and angular acceleration). On the other hand,

kinetics deals with the measurement of linear forces and angular moments.

Sagittal Plane
Frontal Plane

: $T raversal Plane

Figure 2-2: Anatomical planes of the body [27].

The systematic evaluation of human locomotion is also referred to as gait analysis
[28]. Gait is defined as an individual’s manner of walking and is described in terms of three
planes: sagittal, frontal, and transverse plane [29] (see Figure 2-2). Gait analysis forms one
of the basic assessment techniques to determine functional independence of a human
subject [30]. The main purpose of 3-D motion capture is to determine, and preferably

8



quantify, this functional independence of a human subject. Gait analysis also plays a vital
role in addressing various clinical problems such as treatment of injuries and conditions of
the musculoskeletal system, treatment of neuromuscular disorders and cerebral palsy [10].
The gait information in the sagittal plane has been the focus of most human movement
studies [31-34]. Figure 2-3 illustrates the events during a complete gait cycle. A gait cycle
is characterized by two phases; the stance phase and the swing phase. Stance phase refers
to the interval of time feet remain on ground which normally corresponds to 60% of the
gait cycle. The remainder of 40% (toe-off to successive heel strike) corresponds to the
swing phase of the gait cycle [35]. In this study, gait analysis in the sagittal plane also

forms the basis of all the reported kinematic results and discussion.

heel foot mid- push  acceleration mid-  deceleration
strike flat stance off swing

/N

Stance phase (60% gait cycle) Swing phase (40% gait cycle)

Figure 2-3: Illustration of a complete gait cycle and gait events.

2.3  Human Locomotion in Water and Aquatic Rehabilitation

Recently, locomotion in water has become the preferred medium for exercise

routines by clinicians and trainers in clinical rehabilitation programs [5,36-38]. Fluid



mechanical properties such as buoyancy and drag play a decisive role in this choice. The
buoyancy force counteracts the force due to gravity while the drag is the resistive force
opposing the movement of the limb through the water. While, buoyancy helps in offloading
the full load of the body, the resistive force (drag) helps in enhanced control of the
movement of the limb [5,36].These unique characteristics form the fundamental baseline

and motivation of aquatic therapy or clinical rehabilitation using a water medium.

The drag and buoyancy forces are affected by density, specific gravity, hydrostatic
pressure, and thermodynamics [5].Water is nearly 800 times denser than air, therefore, the
drag magnitude in water is 800 times more than in air. On the other hand, the
thermodynamic properties of water make it a unique exercise medium compared to air.
While water has the ability to retain heat, it can also more effectively transfer heat energy.

For this reason, water constitutes a natural therapeutic medium for rehabilitation [5].

The water environment for rehabilitation can be provided by two means: walking
in a swimming pool or in a self-contained unit such as an underwater treadmill. It is difficult
to fix physical and physiological intensity while walking/running in a swimming pool [39].
On the other hand, in a self-contained unit such as, a treadmill in a tank of water, the speed
of the walking can be controlled. Additionally, use of an aquatic treadmill enables
functional improvements such as additional water jets to add more resistance during a
rehabilitation program [38]. Therefore, an aquatic treadmill is an effective exercise unit as
it offers better control over locomotion that can also be customized according to

requirement of a participant undergoing rehabilitation.

10



The emergence of aquatic based approaches for rehabilitation establishes the need
for researchers to quantify its effects and maximize the benefits of a structured
rehabilitation program. This necessitates analysis and understanding of locomotion in
water from two important perspectives: the medical standpoint (psychological, metabolic,
cardiorespiratory, neurological, muscular etc.,) and the biomechanical standpoint

(kinematics and kinetics) [10,37].

From a medical standpoint, psychological [40], cardiorespiratory [41,42],
metabolic [2,3], muscular [37] and neurological [2] effects of a water environment for
clinical rehabilitation have been previously reported. This has helped researchers in
establishing clinical relevance of aquatic therapy for rehabilitation programs. Aquatic
therapy not only helps older adults with medical conditions, it has also gained popularity
among younger groups of people and athletes for recovery from lower limb injuries and

strength training [32].

Clinical relevance of aquatic rehabilitation has motivated researchers towards
trying to understand the locomotion of legs in an aquatic environment from a
biomechanical standpoint. Although the clinical relevance of biomechanical parameters of
human locomotion in water has not yet been established, there is a growing body of

literature in this area of research [26,36-38] .

The biomechanical standpoint involves both the aspects of kinematics and kinetics
as discussed in section 2.2. As discussed in section 2.1, mo-cap has been often used in

biomechanics but for in air applications (over the land) [31,34,43,44]. However, evaluating
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biomechanics in water is challenging as most instruments are not built to operate in an

aquatic environment [36].

Efforts have been made to develop a systematic framework for 3-D motion analysis
underwater [6,7]. However, the reliability of such systems has not been demonstrated for
clinical applications such as gait analysis. There are state-of-the-art mo-cap systems that
are specifically suited for underwater water purposes such as Oqus cameras (Qualisys,
Goteberg, Sweden) [32]. However, such systems may not be well suited for all the aquatic
applications as the cameras are too large to be housed in smaller capture volumes. In
addition, use of underwater cameras in smaller capture volumes restricts the viewing angles
for accurate mo-cap. For example, it would be easier to use an extensive underwater system
if the trials are based in a swimming pool with a large volume. On the other hand, self-
contained units like an aquatic treadmill have a smaller volume restricting the use of

underwater motion capture systems.

There are only two studies [32,45] that have measured the kinematic aspects of gait
in water in comparison to air. Jabbar et al. [32] used Oqus cameras in a large swimming
pool, whereas Barela er al. [45] used digital cameras and digitization techniques to decipher
locomotion in water. The possibility of using OMC systems to reconstruct markers
submerged inside an aquatic environment has not been explored. Additionally, the
evaluation of the accuracy of mo-cap systems is a developing area of research [14,15,46]
that often depends on a laboratory context and is application specific. Hence, usage of land-
based mo-cap systems for aquatic applications also necessitates the requirement to evaluate

the accuracy in reconstruction of markers in a submerged environment.
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This study taps this underexplored area of research by using a Vicon OMC (Vicon
Motion Systems, LA, USA) with T40s cameras to reconstruct markers in an aquatic
environment (underwater treadmill). The accuracy of the OMC system is systematically

evaluated for the lower limb gait analysis.
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CHAPTER 3

MATERIALS AND METHODS

3.1 Accuracy Analysis

3.1.1 Cameras, Markers, and Template

The tests were performed using five stand-mounted Vicon T40s cameras. The
potential material that could retain its retro-reflectivity when submerged in water was
found to be 3M™ Scotchlite™ Reflective tape, Safety of Life at Sea (SOLAS) Grade 3150
— A. This commercially available tape was cut in the form of equally sized petals and
wound around each spherical marker of 14 mm diameter (dm; [Figure 3-1A]). A small patch
of SOLAS tape was adhered to conceal the uncovered portions of the top surface of the
marker. A template was created by attaching five custom-made markers in a mirrored L-
shape. Four markers (Mr, M1, M, and M3) were used for the evaluation of static distances
(Figure 3-1B). The fifth marker was not used to avoid repetition of similar distances. The
static accuracy analysis was based on three static distances (d1,d2, and d3) between the

marker centers as perceived by the Vicon T40s cameras (Figure 3-1B). The distances
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between these markers were measured with Vernier calipers to provide the reference values

in the static accuracy analysis: (d1)rey= 27 mm, (d2)rer= 52 mm and (d3)rer = 73 mm.

(B) Reference Template

Spher?cal Marker

Figure 3-1: Marker creation and reference template for static measurements. (A) SOLAS
reflective tape cut into petals of equal sizes wound around a spherical marker (length, 1 =
ndm = 43.98 mm). (B) Static reference template used for analysis with measured distances
between marker centers; (di: Distance between markers M; and Mi; da: Distance between
markers M; and M»; d3: Distance between markers M; and M3).

3.1.2 Calibration, Setup, and Processing

The system calibration was performed using a Vicon wand (Figure 3-2) with all
five cameras arranged in a curved row (Figure 3-3A & 3-3B). The Vicon wand is a T-
shaped tool with five precisely spaced retro-reflective markers provided for routine
calibration. The calibration was performed by waving the wand in the field of view of the
cameras in air medium. This was since the available capture volume (glass tank) for
calibration is small, which restricts the movement of the calibration wand in the capture

volume.
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Figure 3-2: Vicon wand with five precisely spaced markers.

Following camera calibration, an origin was set using the same wand on a table
aside the glass tank for further assessments (Figure 3-3B and 3-3C). This origin acts as a
reference frame for position data. A glass tank with dimensions of 610 x 300 x 410 mm?®
and glass thickness of 4.90 mm was placed on a table facing the cameras. The static
reference template was attached to metallic bars in the shape of a T and mounted on top of
the tank (Figure 3-3C). The Nexus software was used for calibration and collect marker
position data. Analysis of the position data was performed with MATLAB (Version

R2016b).
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(A)

(B)

Glass;Tank

610 mm

Figure 3-3: Experimental setup and test schematic. (A) Cameras C1-C5 setup in front of
the glass tank. (B) Top-view schematic of the setup with cameras C1-C5 in front of the
glass tank with water. (C) The template attached to the T shaped bar and placed in the glass
tank with water as viewed by cameras. (D) Front-view schematic of the glass tank setup
with template attached to T-shaped bar moved at different stations S1,S2 and Ss
sequentially.

3.1.3 Procedure

The aim of the first series of test was to evaluate the static distances between the
marker centers on the template in three scenarios: in air (air), in the glass tank without
water (glass), and in the glass tank filled with water (water). Three stations Si, Sz and S3
were marked at different lateral locations across the glass tank (Figure 3-3D). The static
reference template was sequentially placed at these stations and the data was recorded at a

sampling rate of 200 Hz [14]. The data was first recorded by placing the reference template
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in air outside the glass tank (air) at all three stations. The template was next placed inside
the tank without water (gl/ass) and moved to all three stations. Finally, the tank was filled
with water, and the template was again placed at all three stations (water). At each station,
the position data (x, y and z) was recorded during three trials lasting one second per trial.
The recorded data was then processed using pipeline operations in Nexus to yield the

position data with respect to the set origin as a comma separated value (CSV) file.

3.1.4 Method of Analysis

The coordinates of the marker centers in the CSV file were processed using a
MATLAB script to calculate the Euclidean distances. The Euclidean distances d) at each

station S, between the marker centers were calculated by Eq. 3-1

d, =\/ i X 0, =) # @ 2, - (3-1)

Here, p and g represent the marker distance index and station index respectively.
Also, subscript i represents the marker index with i = 1, 2, and 3; X, ¥ and Z represent the

average value of coordinates of the marker centers obtained through Vicon in one second

(200 frames).

The Trueness 7 for each scenario were calculated using Eq. 3-2 as mean marker
distance error of the three distances measured at all three stations with respect to the

reference values.
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P

ZHZ‘@)S‘, ~(d,),y } (3-2)

1
m p=1 q=1

Here, m = 3 and N = 3 represent the number of marker center distances and number

of stations respectively and dp represents the mean distance obtained between the

appropriate marker centers in three trials.

Precision P were calculated using Eq. 3-3 as mean standard deviation of mean

marker distances measured by Vicon cameras.

(28] ot |

p=1 q=1

where y,, the average marker distance at each station were calculated by Eq. 3-4.

] e
M, = quzl (d,)s, (3-4)

Trueness 7 in Eq. 3-2 and Precision P in Eq. 3-3 for each medium is obtained on

similar lines to Trueness and Precision in Eichelberger ef al. (2016) respectively [14].

Due to the size of the sample, marker distance and accuracy outcomes across
mediums were analyzed using Friedman analysis of variance (ANOVA), a non-parametric
repeated measures testing procedure [47]. This was done in order to assess the influence of
mediums in measurement of distances and accuracy outcomes. The analyses were
performed using the IBM Statistical Package for the Social Sciences (SPSS) Statistics,

Version 25. Level of significance was set at p < 0.05.
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3.2  Kinematic Analysis

3.2.1 Participants

Thirteen college-aged able-bodied individuals (6 males and 7 females) were
recruited based on random sampling. The physical characteristics of participants recruited

in this study are listed in Table 3-1.

Table 3-1: Participant Characteristics.

Age (years) Height (m) Weight (kg)

Male (n =5) 254+39 1.8 +£0.05 76.1 £ 6.8
Female (n = 7) 21.3£2.3 1.7+ 0.05 69.7 £ 13.5

All participants (n = 12) 23.0+3.6 1.7+ 0.08 723+ 113

Each individual walked at speeds of 1 mph, 2 mph, and 3 mph on a Hydro Track
1103 underwater treadmill (HydroTrack ® Conray Inc., Phoenix, AZ, USA). Figure 3-4

shows the treadmill and a schematic of the tank volume.

\
Treadmill |
Volume |

Figure 3-4: The Hydro Track 1103 underwater treadmill with its 34 inches wide view
window on one side and its capture volume of 55 inches x 21 inches x 51.5 inches (/ x b x
h).

20



Participants performed walking in two different conditions: condition 1 - treadmill
runs without water; and condition 2 - treadmill runs with the tank filled with water. For
condition 2, the water level was consistently adjusted to be waist-high for all the
participants. The water temperature for all the trials in condition 2 was maintained at 90
°F. Motion capture data could not be used for one male participant due to operational

difficulties during the aquatic treadmill session.

3.2.2 Cameras, Calibration, Setup and Processing

The experimental setup consisted of five Vicon T40s cameras (Figures 3-5A and
B). As discussed in section 3.1.2, the camera calibration was performed in air for condition
1. Because the conventional wand (Figure 3-5C) is not suited for water, calibration for
condition 2 was performed using a custom wand made by using SOLAS markers (Figure

3-5D). The dimensions of this wand were consistent with the conventional wand.
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@A) B

Figure 3-5: Experimental setup and calibration wands. (A) and (B) shows five cameras
(C1, C2, C3, C4 and C5) arranged in front of the view window of the aquatic treadmill,
(C) Conventional wand provided by Vicon company and (D) Custom wand made for
aquatic calibration.

Six markers were setup on bony landmarks on the lower limb to represent the knee
and ankle angle joints (see Figure 3-6). Five trials were recorded at each speed at a
sampling frequency of 100 Hz [1,43,48] unlike accuracy analysis where trials were
recorded at a sampling frequency of 200 Hz. Trials conducted on all the participants were
processed using Nexus software to yield the position data. For condition 1 (treadmill runs
without water), a woltring quintic spline interpolation [49] was used for no more than five
frames of missing marker data. For condition 2, woltring spline interpolation was used for

no more than ten frames of missing marker data. All marker position data were smoothed
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using a 4™ order Butterworth low-pass filter with cut-off frequency of 6 Hz that is

conventionally used for gait analysis in biomechanics [31,50,51].

Thigh
Mid-thigh
knee angle i
Lateral
Flexion Extension joint line
Tibia Mid-Fibula
Calcaneus
nkl Dorsiflexion Second
guxs \ Metatarsal
Ankle angle
Heel Toe
: Lateral
Plantarflexion Nl ius

Figure 3-6: Representative schematic for knee and ankle angle definitions associated
with the six-marker setup to evaluate lower limb kinematics.

3.2.3 Kinematic and Statistical Analysis

The knee and ankle angles (Figure 3-6) were estimated from the Vicon position
data using a custom built MATLAB script. Three consecutive gait cycles were selected
from the gait time history and time normalised to 101 points per gait cycle [52]. The
normalized gait cycles were further averaged for five trials at each speed of 1, 2 and 3 mph

respectively. The gait events for normalisation (start and end of the gait cycle) are detected

23



based on a velocity based treadmill algorithm [53]. The gait cycle begins at the start of a

heel strike and ends with a successive heel strike.

Figure 3-7 illustrates knee and ankle angle definitions. For clinical interpretation,
the knee angle is measured in terms of flexion and extension and the ankle angle is

measured in terms of dorsiflexion (DF) and plantarflexion (PF).

flexion

N

extension

dorsiflexion

plantarflexion

Figure 3-7: Knee and ankle angle definitions for clinical interpretations [54].

The overall kinematic analyses were based on processed gait information of the
dominant leg of the participant. The dominant leg was assessed using a survey by posing a
question on the foot an individual would prefer to use to kick a football [55]. Most of the
participants preferred to use the right foot except for one female participant who preferred
the left foot. Figures 3-8 and 3-9 illustrate the typical behavior of knee and ankle angles in
a gait cycle and the outcomes of interest in this study. The relative motion of the leg is
illustrated in each Figure to highlight the nature of the leg motion during different intervals

of gait cycle. The gait information for the dominant leg was processed for the knee: peak
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flexion, time to peak flexion and range of motion (ROM); and for the ankle: peak

dorsiflexion (DF), time to peak DF and ROM.

60
) peak flexion
flexion ~ 40
Q
Eo Range of Motion
s 20 r ROM
extension 3 1 ( )
g 2
stance swing
-20 . 1
% galt cycle

Llll}\\

Figure 3-8: Knee angle during one complete gait cycle and outcomes of interest.

107« a0 S peak dorsiflexion
dorsiflexion 1 /\
0 / Range of Motion

(ROM)
1
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>
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Figure 3-9: Ankle angle during one complete gait cycle and outcomes of interest.
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Normality of the gait measures was tested using the Shapiro-Wilk tests [56]. The
normality of data was established by the level of significance p. If p < 0.05, the data is

normally distributed. If p > 0.05, the data is not normally distributed.

Repeated measures analysis of variance (RMANOVA) [57] were conducted on
peak flexion, time to peak flexion and ROM for the knee and on peak DF, time to peak DF
and ROM for the ankle at treadmill speeds of 1, 2 and 3 mph, respectively. This allowed
us to identify significant differences for normally distributed data [56]. Typically, the
statistical results of RMANOVA is represented in terms of the F statistic value, degrees of
freedom df and the level of significance p. The F statistic value helps to determine the
validity of the null hypothesis (there is no effect of treadmill speed on the knee and ankle
kinematic outcomes). If the null hypothesis is true, F is likely to be closer to 1.0. If the null
hypothesis is false, then the value of F is likely to be greater than 1.0. The number of
degrees of freedom (df) is the number of independent ways that the dynamic nature of
outcomes can move, without violating the constraint imposed on it. The level of
significance p < 0.05 indicates statistically significant differences in the outcomes while p
> (.05 indicates no statistically significant difference. If data were not normally distributed,
a Friedman ANOVA [57] was utilized. Pairwise comparisons were utilized to further

analyze significant differences across the three speeds.

To analyze the significant influences of the exercise medium at all three treadmill
speeds, paired sample 7-tests [58] were used with the three dependent measures for the knee
(peak flexion, time to peak flexion and ROM) and the ankle joint (peak DF, time to peak
DF and ROM) for both condition 1 (treadmill runs without water - air) and condition 2
(treadmill runs with water - water).
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The statistical results of paired sample r-tests are represented in the same way as
RMAOVA except for T statistic value in lieu of F statistic value. The 7 statistic value
compares the means of two populations while the F statistic value compares the variances

of two different populations (air vs. water).
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Accuracy Analysis

4.1.1 Calibration: Marker Distance Qutcomes

The mo-cap system calibration procedure was described in section 3.1.2. A glass
tank was used along with an L-shaped template with attached retro-reflective markers
mounted at known relative distances. Table 4-1 shows the median marker distances and
associated interquartile ranges perceived by Vicon T40 cameras with the template placed
in the three mediums of air (outside the glass tank), glass (inside the glass tank without
water), and water (inside the glass tank with water) with respect to the reference distances
(d)ref = 27.00 mm, (d2)rer = 52.00 mm, and (d3)rer = 73.00 mm (section 3.1.1). The
difference in the marker distances for all three mediums is less than 1 mm. Furthermore,
Friedman ANOVA revealed no significant difference in three mediums with marker

distances: di (p = 0.368), d> (p = 0.264), and ds (p = 0.264) (see Table 4-1).
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Table 4-1: Medians of each marker distance in the three mediums.

Interquartile range (IQR)

Distance Medium Median 55® =h p - value
percentile percentile

air 26.790 26.783 26.836

d glass  26.751 26.745 26.752 0.368
(mm) water 27120 26.683 27.179
air 51.722 51.689 51.727

b glass  51.685 51.618 51.757 0.264
et Water - 517258 5678 52.460
air 72.645 72.608 72.775

d glass  72.778 72.670 72.930 0.264

(mm)

water  72.751 72.595 73.317

4.1.2 Accuracy Outcomes

The accuracy outcomes for the three marker distances in the three mediums are
listed in Table 4-2. The overall trueness (7) and precision (P) are calculated as the mean
trueness and precision of the three marker distances listed in Table 4-2 for each medium.
The mean values of 7 for air (0.270 + 0.074 mm), glass (0.257 + 0.087 mm), and water
(0.290 £ 0.106 mm) are based on Eq. 3-2, and the means of P for air (0.046 £+ 0.036 mm),
glass (0.068 + 0.063 mm), and water (0.360 + 0.081 mm) are based on Eq. 3-3 and Eq. 3-
4. The Friedman ANOVA on trueness outcomes revealed no significant difference for d
(p = 0.264), d>» (p = 0.717), and d3(p = 0.264) in each medium. Therefore, the resultant

mean precision calculated as the mean standard deviation of the mean marker distances at
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different locations varied between 0.046 mm and 0.360 mm in the three mediums (Table

4-2).

Table 4-2: Accuracy outcomes across the three mediums.

Distance Medium Trueness (mm)  Precision (mm) p-value
air 0.197 0.029

d glass 0.251 0.004 0.264
water 0.205 0.271
air 0.288 0.021

d> glass 0.313 0.069 0.717
water 0.341 0.430
air 0.324 0.088

d3 glass 0.208 0.131 0.264
water 0.324 0.380

The results of the accuracy analysis reveal the highest magnitude of error for the
underwater scenario (e.g., the water medium in Table 4-2), which is in line with previous
findings [46,59] that suggested these increased errors could be due to light refraction.
However, the results in the present study reveal that there is no significant influence from
the medium. Hence, there is a potential for using a land-based mo-cap system arranged

externally to perform human locomotion analysis in constrained aquatic environments.

Previous findings based on accuracy analyses of land-based mo-cap systems
indicate the errors should be estimated in a laboratory or application-specific manner to
obtain high-quality research data [14,15]. Following recommendations from these studies,

dynamic and static error assessments were performed during an underwater treadmill
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exercise with SOLAS reflective markers placed on human subjects at anatomical regions

of interest.

The results of this accuracy study offer initial insights to outweigh the minimal
threat of inaccuracy in mo-cap for the static error assessments. In agreement with previous
findings [46,59], small instrumental errors (< 1 mm) may not seem relevant for
biomechanical assessments with large ranges of motion. Hence, this understanding helps
quantify the ability and reliability of mo-cap systems in real-time biomechanical

assessments of aquatic rehabilitation against conventional pre- and post-assessments [1].

4.2 Kinematic Analysis

4.2.1 Influence of the Speed of the Treadmill

As detailed in section 3.2.3, RMANOVA and Friedman ANOVA determined
significant influences of the speed of the treadmill for condition 1 (air - treadmill runs
without water) and condition 2 (water - treadmill runs with water). The outcomes tested
are the peak flexion, time to peak flexion, and ROM for the knee as well as the peak DF,
time to peak DF, and ROM for the ankle. The RMANOVA results revealed a significant
influence of the speed of the treadmill for air and water. Friedman ANOVA was utilized
on the ankle’s time to peak flexion for air as it was not normally distributed. The results of

the kinematic analysis and statistical significances are listed in Table 4-3.
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Table 4-3: Kinematic parameters (mean + SD) of the gait collected at 1, 2, and 3 mph and
the associated results of the statistical analysis to determine the influence of speed for
condition 1 and condition 2.

Kinematic Speed (mph) Pairw}se
p-value  comparisons
parameters 1 2 3 (p < 0.05)
air
Knee
Peak
T e 48.14+7.18 53.32+5.65 55.16+5.43 <0.001 a,b,c
flexion (°)
Time to
Peak 01.32+0.14 00.88+0.06 00.73+0.04 <0.001 a, b, c
flexion (s)
ROM (®°) | 47.89+543 52.61+4.93 53.53+3.22 <0.001 a,b
Ankle
Peak DF (°) | 07.71 +£3.32 06.81 £3.31 05.07+3.23 <0.001 bt
Timpe'to 0.89* 0.60* 0.41*  <0.001 a,b,c
Peak DF (s) ’ ‘ ) ' 4”3
ROM (°) 21.04 £5.17 2551+£5.11 27.69+6.38 0.003 b
water
Knee
Peak
flexion (°) 49.07+7.46 53.53+7.39 57.06+8.69 0.003 a,b
Time to
Peak 01.50+0.26 01.05+0.15 00.85+0.15 <0.001 a, b, c
flexion (s)
ROM (°) | 49.53+7.50 50.81+8.29 5133+897 0.702 -
Ankle
Peak DF (°) | 05.71+3.93 06.01 £4.80 09.76+7.16 0.016 S
P;Lmsgo(s) 01.01+£0.20 00.83+0.23 00.61+0.29 <0.001 a,b,c
ROM (°) 19.16 £4.02 2493+7.70 35.85+893 <0.001 b, c

*indicates that the reported value is a median as the data pertaining to 1 mph was not normally distributed.
Also, Wilcoxon test was utilized for pairwise comparisons.

Figure 4-1 illustrates the changes in the knee angles in a gait cycle at treadmill

speeds of 1, 2, and 3 mph for air and water. The peak flexion and the ROM for the knee

32



increase with an increase in the speed of the treadmill for each medium (Figure 4-1A and
B). In contrast, the time to peak flexion decreases with an increase in the speed of the
treadmill (Table 4-3). This relationship indicates that the time to complete a gait cycle

decreases with an increase in the speed of walking, as expected.

Statistically significant differences exist for knee peak flexion (F = 29.866, df =
1.351, p < 0.001), time to peak flexion (F = 253.137, df=1.074, p <0.001), and ROM (F
=12.103, df= 2, p < 0.001) at the considered treadmill speeds in air (Table 4-3). For the
knee angles in water, significant differences are observed for peak flexion (= 8.001, df=
2, p=0.003) and time to peak flexion (F=112.353, df=1.071, p <0.001) with the increase
in the speed of the treadmill. On the other hand, no significant differences are observed for

knee ROM (F'=0.361, df =2, p = 0.702) in water-.

For the ankle in air, the peak ankle DF decreases with an increase in the speed of
the treadmill in comparison to an increase in water (Figure 4-1C and D). The ankle ROM

increases for both air and water with an increase in the speed of the treadmill (Table 4-3).

Significant differences are observed for peak DF (F = 13.801, df = 2, p < 0.001),
time to peak DF (df =2, p <0.001), and ROM (F = 7.559, df =2, p = 0.003) in air (Table
4-3). Additionally, for the ankle in water significant differences are observed for peak DF
(F=5.207,df=2, p=0.016), time to peak DF (¥ =19.415, df=2, p <0.001), and ROM

(F=29.037, df=2, p < 0.001).

The changes in the gait angles with changes in the speed of the treadmill can be

ascribed to the need for individuals to walk at the prescribed speeds of the treadmill as
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opposed to self-selected speeds. This behavior restricts the available options for the

coordination of limb movements, so the gait cycle becomes increasingly constrained [33].
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Figure 4-1: The mean knee and ankle angles for treadmill speeds of 1 (solid lines), 2
(dashed lines) and 3 (dotted lines) mph. (A) and (B) represent the mean knee angles for
condition 1 and condition 2, respectively. (C) and (D) represent the mean ankle angles for
condition 1 and condition 2, respectively.

Previously, Jordan ef al. [33] observed a strong correlation between knee and ankle

angles with walking speed for condition 1 (in air). They did not consider the second
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condition. Their research based these findings on outcomes such as stride length, stride
intervals, step length, step intervals, and impulse. The kinematic assessments to ascertain
the influence of speed in our study is qualitatively in consensus with this previous finding

in terms of variability of gait kinematics with speed.

4.2.2  Air versus Water Conditions

As detailed in section 3.2.4, paired sample #-tests were used to assess statistically
significant differences between walking in air and water. The corresponding outcomes of
kinematic analyses and statistical significances for the two conditions are listed in Table 4-
4. Figure 4-2 illustrates the changes in knee and ankle angles in a gait cycle between air

and water at treadmill speeds of 1, 2, and 3 mph.
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Table 4-4: The mean kinematic parameters of gait collected at 1, 2 and 3 mph and
associated results of statistical analyses to determine the influence of the treadmill
scenarios of condition 1 versus condition 2.

Kinematic = Speed Medium Number of
parameters  (mph) air water Pdie subjects ()
Knee
Peak 1 46.78 £ 7.35 49.73+7.28 0.280 12
flexion 2 52.34+6.28 53.71+7.03 0.635 11
) 3 54.83+5.26 56,79+ 8.22 0.448 11
Time to 1 131£0.12 1.50 £ 0.25 0.006 12
Peak 2 0.88 £ 0.06 1.06 +0.15 0.002 11
ﬂe(’;‘)"n 3 0.73+0.04  0.84+0.14  0.010 11
ROM 1 47.57+5.01 49.73+7.44 0.410 12
©) 2 52.55+4.68 50.69+ 7.87 0.544 11
3 53.60 +£3.07 50.93 + 8.61 0.330 11
Ankle
1 8.24 +£3.31 561+ 3.71 0.033 12
Pea(l:)DF 2 7.09 + 3.27 6.70 £5.10 0.764 11
3 525+3.13 9.07 +7.18 0.069 11
Time to 1 0.92+0.10 1.07 £0.29 0.074 12
Peak DF 2 0.59 +0.08 0.86 +0.24 0.003 11
(s) 3 0.39 + 0.09 0.59 +0.29 0.037 11
ROM 1 2092 +4.81 18.85+4.47 0.191 12
©) 2 2495+5.19 25.39+7.46 0.861 11
3 27.64+£6.05 34.78+9.19 0.077 11
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Figure 4-2: The variability of the mean knee and ankle angles across a gait cycle in
condition 1 (solid black line) and condition 2 (dashed line). (A), (B), and (C) represent the
mean knee angles at 1, 2, and 3 mph, respectively, and (D), (E), and (F) represent the mean

ankle angles at 1, 2, and 3 mph, respectively.

The knee flexion and extension angles are slightly higher in water compared to air
during the stance phase of the gait cycle for all speeds (Figures 4-2A, B, and C). After the
peak flexion is attained, the extension of the knee during the swing phase of the gait cycle

in water is similar to the extension in air. Larger peak flexion values are consistently
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observed in water compared to air. However, this difference is not statistically significant
(T =-1.135, df = 11, p = 0.280 at 1 mph; T = -0.490, df = 10, p = 0.635 at 2 mph; 7' = -
0.790, df= 10, p = 0.448 at 3 mph). The ROM for the knee is larger in water at 1 mph and
smaller at 2 and 3 mph (Table 4-4). However, again, no significant difference is seen
between air and water for the knee ROM (T = -0.856, df = 11, p = 0.410 at 1 mph; 7' =
0.627, df = 10, p = 0.544 at 2 mph; 7 = 1.024, df = 10, p = 0.330 at 3 mph). The time to
peak flexion is longer in water compared to in air (Table 4-4). This difference is
statistically significant (7= -3.398, df = 11, p = 0.006 at 1 mph; 7'= -4.304, df= 10, p =

0.002 at 2 mph; 7= -3.182, df= 10, p = 0.010 at 3 mph) (Table 4-4).

In contrast to the knee angle, the peak ankle DF is lower in water compared to in
air (Figures 4-2D, E, F) except at a treadmill speed of 3 mph. The peak DF is consistently
attained during the early swing phase in air as opposed to approximately the mid-stance
phase in water for the three speeds. Significant differences are observed for the ankle peak
DF at 1 mph (T = 2.435, df = 11, p = 0.033). However, no significant differences are
observed for the peak DF (7= 0.308, df= 10, p = 0.764 at 2 mph; 7' = -2.040, df= 10, p =
0.069 at 3 mph). The ROM for the ankle in water is smaller at 1 mph as opposed to at 2
and 3 mph (Table 4-4). No significant difference is observed for the ankle ROM (7'=1.392,
df=11,p=0.191 at 1 mph; 7'=-0.179, df= 10, p = 0.861 at 2 mph; 7'=-1.969, df= 10, p
=0.077 at 3 mph) between air and water. Again, the time to peak for the ankle DF is longer
in water compared to air (Table 4-4). No significant difference is observed for the time to
peak DF at 1 mph (T = -1.975, df = 11, p = 0.074) between air and water. However,
significant differences exist between the time to peak DF at 2 mph (7 = -3.970, df = 10, p

=0.003) and 3 mph (7 = -2.406, df = 10, p = 0.037 at 3 mph) between air and water.
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In summary, the knee and ankle angle amplitude measurements reveal no
significant difference between the air and water (p > 0.05) conditions, except for the peak
DF of the ankle at 1 mph (p < 0.05). In contrast, time outcomes for the knee and ankle
kinematics show significant differences between the air and water (p < 0.05) conditions,
except for the ankle time to peak DF at 1 mph (p > 0.05). These results suggest minimal
influences from water on the knee and ankle angle magnitudes in comparison to air.
However, significant differences are observed in the timing of gait outcomes between the

air and water treadmill scenarios (Table 4-4).

The peak knee flexion increases by 7.0° in air and 8.0° in water when the speed
increases from 1 to 3 mph (Table 4-3). The knee ROM for air increases by 5.6° as opposed
to 1.2° in water when the treadmill speed increases from 1 to 3 mph (Table 4-3). These
changes indicate that, in water, the knee flexion during the initial contact is higher than the
knee flexion in air (Figures 4-1 and 4-2), thereby reducing the increase in ROM at higher
speeds for water in comparison to air. The increase in peak flexion in water is consistent
with observations by Jabbar et al. [32]. In contrast to the changes in the peak knee flexion,
the peak ankle DF for air decreases by 2.6° as opposed to an increase of 4.1° in water when
the speed increases from 1 to 3 mph (Table 4-3). Also, the ankle ROM for air increases by

6.7° as opposed to 16.7° in water when the speed increases from 1 to 3 mph.

An explanation for the increase in knee ROM in this study, as opposed to the
decrease reported by Jabbar et al. [32], may stem from the environment of the experiments.
Trials in this study were conducted on an aquatic treadmill (1.4 m long x 0.5 m wide x 1.3
m deep) whereas Jabbar ef al. [32] performed trials in a large volume swimming pool (18
m long x 16 m wide x 1.2 m deep). In constrained aquatic environments, the fluid dynamic
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effects due to sloshing and rebounding may be more significant than those experienced in

a larger volume. Nevertheless, further study is warranted to quantify these effects.

Greater time was required to achieve the knee peak flexion and ankle peak DF in
water than in air with an observed average increase of 0.16 seconds for the peak flexion
and 0.21 seconds for the peak DF for all speeds in water, which is about 20 % of the gait
cycle. This extended time requirement in water can be explained by the presence of fluid
dynamic forces that slow down joint movements and increase the time to achieve control

of limb motion [60] as discussed in section 4.3.

The kinematic analysis in water reveals two key takeaways. First, increased
variability of kinematic outcomes (the knee and ankle angle measures) exists in an aquatic
treadmill as opposed to land treadmill walking. Second, significant differences are required

in the time taken to achieve peak knee and ankle angles.

4.3 Effect of Viscous Drag and Added Mass Forces

The total fluid dynamic force acting on a body submerged in water is modeled by

considering the added mass and viscous drag. As shown in Figure 4-3, the viscous drag per
unit length F(; opposes the direction of the velocity, whereas the added mass force per unit

length F,44ed mass OPPOses the acceleration.
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Figure 4-3: A control volume showing the directions of the velocity and acceleration of a
calf of diameter d along with the directions of the fluid forces acting on the calf.

We model the calf portion of the leg as a 2-D circular cylinder with diameter
d =0.123 m, as estimated from anthropometric reference data [61], corresponding to the
age group 20-29 years to be consistent with the mean age of the participants in this study

of 23.0 £ 3.6 years.
Viscous drag per unit length F(; is calculated by Eq. 4-1 [63],

ol 4-1
Fy= -2—pv2dCd, it

where p is the fluid density, v is velocity, d is the calf diameter, and Cy is the drag
coefficient. The velocity v corresponds to the mean velocity of the tibia marker (Figure 3-
6), normalized to 101 points per gait cycle from the trajectory information in the lateral
direction of motion of the leg for all the participants. The density of air is 1.23 kg/m> at 59
°F, and the density of water is 994.68 kg/m?® at 90 °F. The drag coefficient Cq is estimated

from the Reynolds number Re, which is the ratio of inertial forces to viscous forces as in

Eq. 4-2 [63],
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_pvd (4-2)

where p represents the dynamic viscosity of the fluid. For water, p = 7.61 x 10*#Ns/ m? at
90 °F, and for air, p = 1.79 x 10* Ns/ m?. The values of Cq are estimated as a function of

Re from the logarithmic graph provided in Figure 4-4 [63].
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Figure 4-4: C4 vs. Re for a smooth circular cylinder [63].

Added mass relates to the reactive effect of the fluid on a body due to its

acceleration. The force per unit length due to added mass (7, ggeq mass) iS calculated by Eq.

4-3 [64],

: , dv (4-3)
Fadded mass Mll E >

where M;; represents the added mass coefficient per unit length. The term dv/d is the
acceleration of the tibia marker normalized to 101 points per gait cycle from the trajectory
information in the lateral direction of motion of the leg for all participants. The value of
Mlll for a cylinder is calculated by Eq. (4-4) [64], such that
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npd’ kg (4-4)

The total fluid dynamic force is the sum of the viscous drag and added mass force
as expressed in Eq. 4-5. Consequently, the power required by the leg to overcome the total

fluid dynamic force is calculated by Eq. 4-6.

F Lotal =F (li +F added mass (4-5)

Powery,, =- Power . =- Ft'otalv (4-6)

fluid

Power and mechanical work imply that actual muscle power and muscle work are
performed [65]. Positive power and work indicate concentric contractions (i.e., muscle
fibers shorten as bony attachments contract) [66] to overcome the fluid dynamic forces
acting on the leg [67]. On the other hand, negative power and mechanical work suggest
that energy is extracted from the surrounding fluid. Hence, to represent the actual work in

air and water, we estimate the positive mechanical work (#") by numerically integrating

the positive power profiles with respect to time at each speed using the trapezoid rule.

Figure 4-5 shows the measured variations of velocity and acceleration of the tibia
marker over a gait cycle in air and water. The time history of the velocity showcases a
nearly symmetric profile in the stance and swing phases of the gait cycle. Peak velocity
magnitudes are observed during mid-stance and mid-swing phases. Peak acceleration
magnitudes are observed during the transition from the stance to swing phase. Peak

velocity and acceleration magnitudes observed in air are higher than water.
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Figure 4-3: Velocity and acceleration of the calf modeled as a circular cylinder during a

gait cycle.

Figure 4-6 illustrates the variation of Féi, F'added inasss and F'total over a gait cycle as
calculated using Egs. 4-1, 4-3, and 4-5, respectively. As expected, fluid dynamic forces are

about three orders of magnitudes higher in water compared to air because the density of

water is 800 times more than that of air.
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Figure 4-4: Estimates of the viscous drag (A), the force due to added mass (B), and total
fluid dynamic force (C) over a gait cycle in condition 1 (air) and condition 2 (water).

Viscous drag (Figure 4-6A) has a nearly symmetric profile in the stance and swing
phases of the gait in air and water as it is proportional to the square of the velocity. In
contrast, the added mass force (Figure 4-6B) is similar to the acceleration profile over the
gait cycle as the added mass force is proportional to the acceleration. Maximum viscous
drag magnitudes are observed approximately at the mid-stance (between 20-30% of the
gait cycle) and the mid-swing phases (between 70-80% of the gait cycle) in air and water.
These peak viscous drag magnitudes are also seen during the transition from flexion to

45



extension of the knee in the stance and swing phases (Figures 4-1A and B). On the other
hand, the maximum viscous drag magnitudes are seen during the transition from
dorsiflexion to plantarflexion of the ankle in the stance and swing phases (Figures 4-1C

and D).

The motion in air and water is also affected by force due to the added mass.
Particularly, the magnitude of forces resulting from the added mass is higher in water,
which is again due to the higher density of water compared to air. In this study, peak added
mass force values in water are observed at the transition from the stance to the swing phase
(between 55-65% of the gait cycle). The acceleration is at the highest during the transition
from stance to swing in a gait cycle. The greater peaks in the added mass forces are
observed at approximately the instance of maximum peak flexion of the knee and
maximum planar flexion of the ankle during the transition from the stance to swing phases

(Figure 4-1).

The total fluid dynamic force estimates show the presence of higher resistive effects
during the beginning and end of the gait cycle as seen in Figure 4-6C, where significant
contribution from added mass is observed. Interestingly, in water, significantly higher
negative total fluid dynamic force is estimated at speeds of 2 and 3 mph during the swing
phase. This suggests that the leg gains significant thrust around the early swing phase in

water.

Figure 4-7 illustrates the power required by the leg to overcome the total fluid
dynamic force during a gait cycle. The power required is high during the early stance and

early swing phases of the gait cycle. The higher magnitude of power required in water
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compared to air can be ascribed to the much higher water density that produces orders of
magnitude larger fluid dynamic forces in water, whereas the gait is similar (Eq. 4-1). As a
consequence, the leg muscles undergo larger muscle contractions in water than in air. This
implies that water is a promising exercise medium that can enhance muscle strengthening
and training during rehabilitation. Short periods of negative power values are also predicted
during the end of the stance and swing phases. This observation suggests that during these

phases of gait, the leg muscles undergo eccentric contractions where the muscle extracts

energy from the water.
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Figure 4-5: Power required to overcome the total fluid dynamic force in a gait cycle.

The positive mechanical work done by the leg to overcome the total fluid dynamic
force in water is estimated at each speed as listed in Table 4-5, which are significantly
larger compared to air. Greater time is required to complete a gait cycle in water than in
air. Larger mechanical work is also required at higher speeds that may maximize the
benefits of strength training for muscles.
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Table 4-5: The average time for a gait cycle and the corresponding positive mechanical
work.

Speed of Average time of a gait cycle Positive Mechanical Work (W)
treadmill (s) (J/m)
(mph) air Water air water
1 1.66 2.03 0.01 4.2
2 1.16 1.45 0.02 16.5
3 0.97 1.5 0.06 32.7

During the mid-swing phase, the right and left legs come in close vicinity. While
the right leg is in its mid-swing phase, the left is in its stance phase and vice versa. In the
mid-swing phase, there is increased fluid activity due to the gait phases of both legs. The
resulting flow dynamics are highly nonlinear with unsteady three-dimensional wake
structures caused by both legs interacting during their gait cycles. These nonlinear effects,

while not modeled in this study, could further increase or decrease the fluid dynamic force

magnitudes in water and air. Further study is warranted to ascertain the implications of

these nonlinear effects.
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CHAPTER 5

CONCLUSION AND FUTURE SCOPE

The aquatic rehabilitation using an aquatic treadmill has been under used since its
inception due to the challenge of quantifying the effects of water on gait kinematics. This
study addresses this challenge by developing the framework to be able to use land-based

mo-cap cameras to record lower limb motion in an aquatic treadmill.

The objectives as established in the introduction (Chapter 1) of this research study

were as follows:

e To choose marker material capable of preserving the retro-reflective capabilities
when submerged.

e To assess the walking kinematics from a biomechanics stand-point, by processing
the motion data to obtain gait angles (knee and ankle) in the sagittal plane.

e To quantify the effect of presence of resistive effects due to fluid dynamic forces
to analyze the need for larger power and mechanical work to execute a gait cycle

in water.
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An appropriate material suited for aquatic applications was identified to be SOLAS
retro-reflective tape. We evaluated the static accuracy of Vicon T40s mo-cap system in
reconstruction of marker distances in water weighed against air and glass. We considered
a glass tank setup with and without water to replicate a constrained aquatic environment

and evaluated the accuracy outcomes.

The results in terms of accuracy analysis of Vicon T40s mo-cap demonstrated that
although water showed higher magnitude of errors than air, statistical analyses revealed
that presence of glass and water had no significant influence on the trueness and precision
(accuracy outcomes) of the mo-cap cameras. Also, these results revealed there were no
significant differences in reconstruction of marker center distances in three mediums: air,
glass tank without water, and glass tank with water. Magnitude of instrumental errors being
less than 1 mm found in this study outweigh the threat of inaccuracy for biomechanical

assessments.

Our results of kinematics analysis revealed that the speed of the treadmill
significantly influenced the knee and ankle angles for both water and air trails. Our results
indicate that in general there was minimal influence of water on the knee and ankle angles
in spite of observing greater peak angle measures in water than on air. This indicates that
the gait in water is not different than in air. This finding in this study strengthens clinicians’
confidence in suggesting aquatic therapy especially to athletes, who generally prefer not to

alter their original gait during rehabilitation.

However, the time measures (time to peak flexion and time to peak DF) showed

significant differences between the air and water trials. This indicates that the presence of
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larger fluid dynamic forces in water due to the higher density increases the time to complete
a gait cycle. From a medical standpoint, this helps in the strengthening of weaker muscles

due to the need for limbs to overcome larger resistive effects.

The kinematic information of an aquatic gait reveals promising motivation for
aquatic rehabilitation of athletes and treatment for recovery from lower limb injuries. The
kinematic information in water in addition to the established understanding of aquatic
locomotion from a medical standpoint helps clinicians and athletic trainers to maximize

the benefits of aquatic therapy.

5.1 Recommendation for Future Research

As emphasized in the literature survey (Chapter 2), there is a growing body of
literature focused on devising methods to decipher locomotion in water. Henceforth, there
is a need to further strengthen the interplay between the biomechanical and medical

standpoint.

e In this study the gait information is based on healthy college-aged adults with no prior
medical conditions. This study can be extended to populations with different medical
conditions and older adults to further assess the efficacy of aquatic therapy from a
biomechanical standpoint

e The estimates of fluid dynamic forces in this study were based on 2-D cylinder
assumption and involved only theoretical estimates. This methodology could further be

extended to evaluate fluid dynamic forces using higher fidelity numerical methods such
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as the computational fluid dynamic methods. 3-D effects, leg-leg-wake interactions,
and detailed body geometric effects need to be quantified.

e This study considered the kinematic information only for the dominant leg of the
participants. It can be expected that there could be lesser statistically significant
outcomes in the non-dominant gait patterns than dominant gait patterns. However,
further study is warranted to understand the interplay between the dominant and non-
dominant gait pattern and their relevance to aquatic therapy.

e The approach in this study can be used in other scientific and engineering communities.
For example, capturing the motion of autonomous underwater vehicles can greatly
benefit from our proposed approach to capture aquatic locomotion

e Dynamic accuracy of mo-cap systems can be evaluated using similar approach in
aquatic medium. However, dynamic accuracy study warrants a robotic framework that
could produce a repeatable motion.

e There is a need to quantify the correlation between different parameters, such as the
height of cameras, size of the capture volume, number of cameras, and depth of the

water and the thickness of the glass interface.

5.2 Novel Contributions

e The ability of Vicon T40s motion capture was advanced to reconstruct markers in

aquatic environments

e Biomechanical assessments were made after understanding the accuracy implications

of land-based mo-cap systems in aquatic environment. Therefore, a methodological
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framework was developed for land-based mo-cap systems to understand the

locomotion in water systematically.
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APPENDIX A

IRB Approval
AN\
THE UNIVERSITY OF
ALABAMA IN HUNTSVILLE
X Expedited (see pg 2)
th
July 127 2018 [_] Exempted (see pg 3)
(] Full Review
Shreyas L. Raghu [] Extension of Approval

Department of Kinesiology

University of Alabama in Huntsville

Dear Mrs. Raghu,

The UAH Institutional Review Board of Human Subjects Committee has
reviewed your proposal, Kinematics Study, Computational Fluid Dynamics (CFD)
Simulation and Evaluation of Biomechanics of Human Locomotion in an Underwater
Treadmill, and found it meets the necessary criteria for approval. Your proposal seems to
be in compliance with this institutions Federal Wide Assurance (FWA) 00019998 and the
DHHS Regulations for the Protection of Human Subjects (45 CFR 46).

Please note that this approval is good for one year from the date on this letter. If
data collection continues past this period, you are responsible for processing a renewal
application a minimum of 60 days prior to the expiration date.
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No changes are to be made to the approved protocol without prior review and
approval from the UAH IRB. All changes (e.g. a change in procedure, number of
subjects, personnel, study locations, new recruitment materials, study instruments, etc)
must be prospectively reviewed and approved by the IRB before they are implemented.
You should report any unanticipated problems involving risks to the participants or others
to the IRB Chair.

If you have any questions regarding the IRB’s decision, please contact me.

Sincerely,

ke

Bruce Stallsmith

IRB Chair

Professor, Biological Sciences
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xpedited:

| Clinical studies of drugs and medical devices only when condition (a) or (b) is met. (a) Research on drugs for which

investigational new drug application (21 CFR Part 312) is not required. (Note: Research on marketed drugs that
mificantly increases the risks or decreases the acceptability of the risks associated with the use of the product is not
gible for expedited review. (b) Research on medical devices for which (i) an investigational device exemption
plication (21 CFR Part 812) is not required; or (ii) the medical device is cleared/approved for marketing and the medical
vice is being used in accordance with its cleared/approved labeling.

] Collection of blood samples by finger stick, heel stick, ear stick, or venipuncture as follows: (a) from healthy,
npregnant adults who weigh at least 110 pounds. For these subjects, the amounts drawn may not exceed 550 ml in an
veek period and collection may not occur more frequently than 2 times per week; or (b) from other adults and children,
nsidering the age, weight, and health of the subjects, the collection procedure, the amount of blood to be collected, and
> frequency with which it will be collected. For these subjects, the amount drawn may not exceed the lesser of 50 ml
3 ml per kg in an 8 week period and collection may not occur more frequently than 2 times per week.

] Prospective collection of biological specimens for research purposes by noninvasive means. Examples: (a) hair and
il clippings in a nondisfiguring manner; (b) deciduous teeth at time of exfoliation or if routine patient care indicates a
ed for extraction; (c) permanent teeth if routine patient care indicates a need for extraction; (d) excreta and external
cretions (including sweat); (e) uncannulated saliva collected either in an unstimulated fashion or stimulated by chewing
mbase or wax or by applying a dilute citric solution to the tongue; (f) placenta removed at delivery; (g) amniotic fluid
tained at the time of rupture of the membrane prior to or during labor; (h) supra- and subgingival dental plaque and
Iculus, provided the collection procedure is not more invasive than routine prophylactic scaling of the teeth and the
ocess is accomplished in accordance with accepted prophylactic techniques; (i) mucosal and skin cells collected by
ccal scraping or swab, skin swab, or mouth washings; (j) sputum collected after saline mist nebulization.

] Collection of data through noninvasive procedures (not involving general anesthesia or sedation) routinely employed
clinical practice, excluding procedures involving x-rays or microwaves. Where medical devices are employed, they
1st be cleared/approved for marketing. (Studies intended to evaluate the safety and effectiveness of the medical device
2 not generally eligible for expedited review, including studies of cleared medical devices for new indications).

] Research involving materials (data, documents, records, or specimens) that have been collected, or will be collected
lely for nonresearch purposes (such as medical treatment or diagnosis).

] Collection of data from voice, video, digital, or image recordings made for research purposes.
] Research on individual or group characteristics or behavior (including, but not limited to, research on perception,
gnition, motivation, identity, language, communication, cultural beliefs or practices, and social behavior) or research

ploying survey, interview, oral history, focus group, program evaluation, human factors evaluation, or quality
surance methodologies.
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Exempt

l:l Research conducted in established or commonly accepted educational settings, involving normal educational
practices, such as (a) research on regular and special education instructional strategies, or (b) research on the
effectiveness of or the comparison among instructional techniques, curricula, or classroom management methods. The
research is not FDA regulated and does not involve prisoners as participants.

D Research involving the use of educational tests (cognitive, diagnostic, aptitude, achievement), survey procedures,
interviews, or observation of public behavior 1 in which information is obtained in a manner that human subjects cannot
be identified directly or through identifiers linked to the subjects and any disclosure of the human subject’s responses
outside the research would NOT place the subjects at risk of criminal or civil liability or be damaging to the subject’s
financial standing, employability, or reputation. The research is not FDA regulated and does not involve prisoners as
participants.

D Research involving the use of educational tests (cognitive, diagnostic, aptitude, achievement) survey procedures,
interview procedures, or observation of public behavior if (a) the human subjects are elected or appointed public officials
or candidates for public office, or (b) Federal statute(s) require(s) without exception that the confidentiality of the
personally identifiable information will be maintained throughout the research and thereafter. The research is not FDA
regulated and does not involve prisoners as participants.

l—__l Research involving the collection or study of existing data, documents, records, pathological specimens, or
diagnostic specimens, if these sources are publicly available or if the information is recorded by the investigator in such
a manner that subjects cannot be identified, directly or through identifiers linked to the subjects. The research is not FDA
regulated and does not involve prisoners as participants.

D Research and demonstration projects which are conducted by or subject to the approval of department or agency
heads, and which are designed to study, evaluate, or otherwise examine: (i) public benefit or service programs; (ii)
procedures for obtaining benefits or services under those programs;(iii) possible changes in or alternatives to those
programs or procedures; or (iv) possible changes in methods or levels of payment for benefits or services under those
programs. The protocol will be conducted pursuant to specific federal statutory authority; has no statutory requirement
for IRB review: does not involve significant physical invasions or intrusions upon the privacy interests of the
participant; has authorization or concurrent by the funding agency and does not involve prisoners as participants.

D Taste and food quality evaluation and consumer acceptance studies, (i) if wholesome foods without additives are
consumed or (ii) if a food is consumed that contains a food ingredient at or below the level and for a use found to be
safe, or agricultural chemical or environmental contaminant at or below the level found to be safe, by the Food and
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Drug Administration or approved by the Environmental Protection Agency or the Food Safety and Inspection Service
of the U.S. Department of Agriculture. The research does not involve prisoners as participants.

1 Surveys, interviews, or observation of public behavior involving children cannot be exempt.
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APPENDIX B

TABLE OF PEAK KINEMATIC ANGLES

Table B-1: Mean kinematic angles and time measures for knee and ankle joints.

Condition 1

Peak Timeto  Knee Ankle
Peak knee = Time to peak knee
Participant DF peak DF ROM ROM
flexion (°) flexion (secs)

) (s) @) ©)

1 mph
1 42.72 1.29 10.27 1 57.44 22.88
2 36.22 152 4.99 1.18 39.05 16.19
3 36.88 133 9,53 0.97 47.43 17.79
5 49.17 1.21 1.1 0.87 48.67 15.74
6 43.72 1:15 5.04 0.88 46.88 17.65
7 43.08 127 12.34 0.91 44.5 22.93
8 43.87 1.23 6.58 0.83 46.39 15.46
9 46.8 1.38 14.76 0.87 42.9 20.13
10 60.96 1.44 4.46 0.95 49.03 24.71
11 56.65 1.42 4.74 0.89 54.96 30.89
12 51.66 1.44 8.94 0.89 49.44 26.57
13 49.61 113 10.19 0.84 44.16 20.14

2 mph
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1 50.47 0.94 9.07 0.67 61.45 32.59
2 43.9 0.91 7.52 0.65 46 18.46
3 42.49 0.93 9.95 0.68 51.91 19.39
5 52.56 0.85 6.3 0.58 51.15 18.02
6 52.31 0.85 3.39 0.61 54.85 273
7 49.77 0.91 10.65 0.63 51.76 31.18
8 54.66 0.9 6.23 0.59 55.1 27.81
9 53.14 0.89 13.34 0.59 49.85 26.53
10 66.43 0.95 4.86 0.65 56.47 28.61
11 53.92 0.77 1.26 0.42 5315 19.6
12 50.21 0.92 7.86 0.57 44.85 30.49
13 55.63 0.82 8.22 0.48 53.24 25.69
3 mph
1 49.62 0.75 4.07 0.42 54.93 35:19
2 47.17 0.78 3.29 0.49 49.11 19.32
3 41.65 0.74 6.98 0.57 47.58 18.08
5 52.99 0.7 2.5 0.4 51.46 19.09
6 53.65 0.72 0.68 0.39 54.58 242
7 31:55 0.71 7.03 0.41 54.34 27.07
8 57.9 0.73 5.95 0.36 57.3 24.21
9 53.03 0.74 9.87 0.44 313 29.53
10 66.92 0.79 3.41 0.49 58.13 25.85
11 571.65 0.66 1.44 0.23 54.79 28.03
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12 54.88 0.78 9.23 0.39 48.76 3423
13 5797 0.68 8.27 0.23 5491 37.29
Condition 2

Peak Timeto  Knee Ankle

Peak knee  Time to peak knee
Participant DF peak DF ROM ROM

flexion (°) flexion (secs)
) (s) ) )

1 mph
1 41.49 1.17 9.46 0.9 47.54 17.92
2 48.61 1.69 10.59 1.39 38.14 16.83
3 58.28 1.74 1299 1.78 57.81 2319
5 48.25 1.3 4.14 0.9 4831 15.65
6 49.68 1.31 3.21 1.19 51.85 17.18
7 47.76 1.26 2.62 0.93 43.66 11.48
8 36.44 1:33 4.82 0.82 43.62 14.97
9 60.27 1.86 E1.33 1.07 66.65 25.42
10 59.74 1.75 1.1 0.97 53.53 18.55
11 49.5 1.41 1.21 1.16 4731 21.95
12 52.96 1.84 8.63 0.97 52.06 26.34
13 43.77 1.36 2.6 0.72 46.24 16.77

2 mph
1 47.79 0.85 7.65 0.54 46.31 15.86
2 55.01 1.06 11.05 0.97 41.56 20.34
3 55.53 1.15 13.64 1.18 49.54 29.99
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5 47.65 0.95 -0.11 0.8 48.65 17.5%
6 61.21 1.14 11.49 1.07 61.07 38.27
7

8 42 0.95 3.41 0.77 47.61 19.92
2 65.04 1225 11.03 1.06 65.53 23.64
10 59.63 1.26 3.78 0.86 52.37 29.63
11 50.42 0.96 -1.83 0.85 43.29 24.56
12 58.27 1.22 9.24 1.02 58.47 36.9
13 48.27 0.89 4.39 0.36 43.19 22.66

3 mph

1 43.68 0.66 7.5 0.32 39.04 21.25
2 63.96 0.88 17.26 0.81 47.86 39.02
3

5 47.57 0.75 -1.49 0.88 48.97 25.56
6 61.9 0.99 10.89 1.17 63.91 49.68
7 54.05 0.81 2.09 0.37 46.91 24.02
8 59.73 0.83 5.56 0.35 60.57 35.35
9 66.37 0.98 21.56 0.55 59.96 41.52
10 68.81 1.05 12.78 0.64 58.61 43.43
11 47.68 0.78 1.18 0.61 39.55 31.56
12 56.5 0.94 12.13 0.46 50.15 42.26
13 54.44 0.62 11.56 0.21 44.71 28.9
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