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Abstract 

Movement quality screening tools have been developed to reduce the risk of injury and enhance 

physical performance. These screening tools use observational techniques to analyze movement and 

identify faulty movement patterns. One variable that is used in some screening tools and that is a valid 

predictor of injury is movement asymmetry. The issue is that screening tools are currently assessing 

asymmetry from a kinematic perspective by observing the individual during their movement execution, 

while discounting potential asymmetric behavior at the kinetic or muscle activity components of movement. 

The purpose of this study was to evaluate movement asymmetry from a kinematic, kinetic, and muscle 

activity component to identify whether differences exist between the components of movement.  

Kinematic, kinetic, and muscle activity data were collected from thirty-four healthy young adults 

as they performed twenty-five parallel squats in five conditions: normal, slow metronome, normal 

metronome, fast metronome, and weighted squat. The kinematic component was represented by joint 

angles, while the kinetic component was represented by joint moments and the muscle activity component 

was represented by electromyography amplitude. Cross-correlations and normalized RMS values were 

calculated between the left and right ankle, knee, and hip at each component of measurement. Multiple two-

way repeated measures ANOVAs assessed the difference between the conditions and the components of 

measurement.  

Results demonstrated a significant difference in cross-correlations and normalized RMS values 

between the kinematic, kinetic, and muscle activity components at the ankle, knee, and hip. Generally, there 

was no significant difference between the conditions in terms of asymmetry measures. These results present 

an important consideration for movement quality screening tools: are we getting the full picture when 

evaluating movement using observational techniques and focusing on kinematic measures?  
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Chapter 1 

Introduction 

 

The idea of movement quality has been a popular topic for years and is defined as the way in which 

human movement is performed with respect to time and space1. More specifically, movement quality 

involves the maintenance of an adequate posture, correct joint alignment and balance while performing a 

movement2. This concept of movement quality is an extension of the idea of fundamental movement ability, 

which states that seven basic movement patterns, which include the squat, lunge, push, pull, hinge, rotation, 

and brace3, are developed during infancy and then applied to specific situations throughout life3. 

Considering both movement time and body position, there are many ways to move from one position to 

another. The uncontrolled manifold (UCM) hypothesis assumes that the choice to move from one position 

to another is part of a subspace that contains all possible movement choices and that optimal movement 

choices lie along the main axis of variation within that subspace. Any variance in a movement that lies 

along the main axis of the subspace is considered acceptable since it allows for proper movement while 

variance perpendicular to the main axis of the subspace is considered faulty. The proper execution of the 

fundamental movements is important since these fundamental movements are required for the correct 

development of more complex sport specific or task specific skills3.   

 

Unfortunately, assessing movement quality is often not done during athletic training; the focus is 

on the quantity versus the quality of movement4. In other words, individuals, coaches or trainers are more 

concerned about the number of repetitions achieved or the amount of weight lifted rather than the quality 

of the movement. Consequently, faulty movement patterns can arise from the physical challenge of 

accomplishing more repetitions or lifting more weight. These faulty movement patterns may never be 

addressed if movement quality is not a priority during the execution of the movement5. The two goals of 
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evaluating movement quality are: 1) the ability to predict the risk of injury and 2) the potential to enhance 

physical performance6–10. 

 

Due to the vague definition of movement quality, many variables have been used in its evaluation. 

These variables include speed, strength, agility, endurance, joint range of motion, stability, and 

coordination5,6,8,11,12. Although these seven variables are used to measure performance in athletes, the 

question remains as to the validity of these variables when attempting to predict injury risk and 

performance. Perhaps these variables should be considered physical abilities important to performance  

rather than variables that reflect movement quality. Another variable examined recently, and applicable to 

the general idea of movement quality, is asymmetry. While the variables listed above are measures of 

performance, research has shown that asymmetry is a valid predictor of injury risk6,7,13–18 and should be 

used in the evaluation of movement quality. 

 

Asymmetry can be manifest several ways in human movement and can be interpreted as an 

imbalance, whether it be between agonists and antagonists, the medial and lateral sides of a joint, or the left 

and right sides of the body. An example of asymmetry is to consider the muscular forces acting around a 

certain joint. If these muscular forces are atypical, that is if the agonists of a joint are producing more force 

than normally required, additional stress is created and control is reduced at this joint, likely causing micro 

trauma and chronic injuries if the asymmetry is not addressed5. Some movement quality screening tools 

incorporate a measure of asymmetry. The Functional Movement Screen, for example, rates the individual 

as they execute the movement with both sides of the body and gives a score for each side. If the scores 

differ between the left and right sides, asymmetry is noted.  

 

Movement quality screening tools often examine the kinematic component of motion due to the 

ease of obtaining kinematic variables; however, individuals can manipulate or change their kinematics to 



 

3 

 

achieve a more desirable movement outcome19. Therefore, observing asymmetry at the kinematic 

component of motion alone may not be sufficient in accurately predicting an individual’s risk of injury. 

This study aims to clarify the implication of asymmetry in human movement by measuring asymmetry at 

the kinematic, kinetic, and muscle activity components of movement and comparing the asymmetry 

measures between these components. 
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Chapter 2 

Literature Review 

 

2.1 Definition of movement quality 

Movement quality has been a topic of interest for decades and is defined as how we move with 

respect to time and space1. This simple but vague definition of movement quality might explain why the 

idea of movement quality has gone underappreciated in traditional fitness testing.  The lack of consensus 

on how to measure movement quality makes it difficult to put movement quality at the forefront of fitness 

testing2. A more current interpretation of movement quality involves the maintenance of correct posture, 

joint alignment and balance while moving2. The concept of movement quality extends the notion of 

fundamental movement ability, which is defined as “an organized series of basic movements that involve 

the combination of movement patterns of two or more body segments”3. There are seven fundamental 

movements: squat, lunge, push, pull, hinge, rotation, and brace3. These fundamental movement patterns are 

developed during infancy and have features similar to many sports skills and activities of daily living, both 

of which are important throughout an individual’s life (Table 2.1)3. In fact, fundamental movements are 

basic movements that are often used to simultaneously test range of motion, stability, and balance4,14. The 

progression of sport specific or task specific skills may be inhibited by poor development of the individual’s 

fundamental movement abilities3. Therefore, it is important to ensure that one can correctly perform 

fundamental movements before progressing to more sport-specific or rehabilitation-specific exercises.  
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2.2 Development of fundamental movements 

The proper execution of fundamental movements is important in motor development since the 

motor patterns used to generate these movements can be transferred to other, more complicated movements. 

Humans are born with the necessary basic infrastructure underlying these motor patterns. Although the 

human nervous system contains a basic motor infrastructure, the innate motor patterns mature at different 

rates and to different degrees. These motor patterns which are all controlled at will, can be modified 

voluntarily and remembered, characterized by motor learning20. Over time, the motor pattern progressively 

adapts to more challenging tasks. For example, all humans are born with a motor program allowing them 

to walk. Beyond this, the motor program can be modified for running, walking in high heels, or walking in 

slalom boots20.  

 

2.2.1 The squat as a fundamental movement 

Related to basic motor patterns, the squat is one of the seven fundamental movements and as such, 

is used in activities of daily living such as getting in and out of a chair or climbing stairs. It is also one of 

the most frequently used movements in the field of strength and conditioning21–24. As a fundamental 

movement, the squat has many biomechanical similarities to a wide range of athletic movements including 

landing from a jump and getting into the starting position for a sprint, and thus is often regarded as the 

ultimate test of lower body strength22–24. Furthermore, the squat is one of the best exercises for improving 

the quality of life because it recruits and coordinates several muscle groups at once. The ability to coordinate 

multiple lower limb muscle groups is important because it is required in many daily activities24, such as the 

aforementioned chair tasks or stair climbing. 

 

 

 



 

6 

 

2.2.1.1 The sequential phases of a squat 

The performance of a squat movement begins in an upright position, with your knees and hips fully 

extended. The central nervous system then triggers a muscle response that initiates an unlocking of the 

upright position to start the movement25. Following this unlocking, muscle activation creates hip flexion, 

knee flexion, and ankle dorsiflexion to allow you to descend until the top of your thighs are parallel to the 

ground. This is the squat’s down-phase. Then, to ascend back to the starting position, you extend at hips, 

knees and ankles22, the up-phase, until you achieve your initial starting position.  

 

2.2.1.2 Kinetic outcomes of a squat movement 

A lower limb kinetic evaluation of the squat involves four segments: foot, leg, thigh, and trunk. 

During the down-phase, the hip moment increases as hip flexion increases, with the largest moment of force 

occurring near the bottom of the squat or the end of the down-phase24. As for the knee joint moment, there 

is a flexion moment during the initial part of the down-phase, when the individual is accelerating 

downward25. Once the individual starts decelerating during the later portion of the down-phase, the knee 

moment reverts to an extension moment and remains as such until the individual accelerates back up to 

their starting position25. The ankle moment is to be consistently in plantar flexion throughout the squat 

movement25, reaching its peak approximately halfway through the up-phase26.  

 

2.2.1.3 Muscular involvement of a squat movement 

Because of its multi-joint involvement, the squat movement is often referred to as the “pillar of 

strength” exercise for the lower body27. There are many muscle groups involved in a squat movement, 

which is why it is generally included in a weight training program for the lower body25. During the down-

phase of the squat, the flexors are the main contributors in the unlocking phase to initiate the downward 

movement26; namely, the hip flexors (iliopsoas, rectus femoris, sartorius, tensor fasciae latae, pectineus, 
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adductor longus, adductor brevis, gracilis), the hamstrings (biceps femoris, semitendinosus, and 

simemembranosus), and the ankle flexors (tibialis anterior, extensor halluces longus, and extensor 

digitorum longus)23,26. During the up-phase, the extensors are the main contributors. These muscles include 

the gluteus maximus, the quadriceps (rectus femoris, vastus medialis, vastus lateralis, and vastus 

intermedius) and the gastrocnemius23,26. During the up-phase, the hamstrings, abdominals, and spinal 

erectors are also activated, mainly to ensure trunk stability26.  

 

2.3 Importance of assessing movement quality 

The evaluation of movement quality during the execution of fundamental movements is beneficial 

for athletic training and rehabilitation purposes. Proper execution of fundamental movements can be 

transferred to more specific sport skills and activities of daily living (Table 2.1)3. Unfortunately, 

fundamental movement training is often overlooked in athletic training. Some athletes choose to sacrifice 

the quality of motion to maintain the quantity of motion5 and are more concerned with achieving a certain 

number of exercise repetitions or lifting a heavier weight, than they are with proper movement technique. 

Consequently, faulty movement patterns can arise from the physical challenge of achieving more repetitions 

or lifting more weight. These faulty movement patterns may never be addressed if movement quality is not 

a priority during the execution of the movement5. Importantly, the assessment of the quality of an 

individual’s fundamental movement ability has two major outcomes: the ability to predict the risk of injury 

and the capacity to enhance physical performance6–10. 
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Table 2.1: Movement similarities between fundamental movements, sports skills, and activities of daily 

living 

Fundamental 
movement 

Sports skills Activities of daily living 

Squat5,24,28–31 Landing from a jump, skipping 
rope games, shooting a hoop, 
picking up a loose ball, athletic 
stance, sprint start, leap frog, 
surfing  

Sitting down/standing up, climbing 
stairs, picking an object up off the 
floor or bottom shelf, getting in and 
out of bed 

Lunge5,32–36 Cartwheels, handstands, basketball 
layup, handball, racket sports, 
single leg activities, running 
activities, climbing 

Climbing stairs, walking, running, 
gardening, kneeling, cleaning, 
standing up from the floor, climbing a 
ladder 

Push37–40  Shooting a hoop, striking with a 
bat/club, support body weight, 
absorbing bodyweight when 
falling, wheel-barrow walks, 
swimming, rugby tackle, wrestling 

Cleaning, operating machinery, 
maneuvering furniture and other large 
objects, using a shopping cart, closer 
doors, driving, mowing the lawn 

Pull40–42  Monkey bars, swinging, spinning, 
parachute games, climbing, 
striking a bat, tug-of-war, 
swimming, skipping ropes, tennis 
serve 

Maneuvering a chair towards a table, 
walking the dog, pulling to stand, 
sweeping/cleaning, opening doors and 
drawers, picking up an object or child 

Hinge40,43,44 Hand stand, forward roll, 
handball, dribbling a ball, swings 

Leaning over, forward bending, sitting 
cross legged, sitting down, standing up 

Rotation40,43,45  Rugby tackle, cartwheel, crawling, 
baseball, gymnastics, catching, 
handball, racket/hitting sports, 
golf swing, dribbling a ball, army 
crawl, rowing 

Reversing a car, balance of body 
weight during locomotion activity, 
holding an infant on the hips, rolling, 
crawling, standing, walking, running, 
turning in place, stretching, reaching.  

Brace40,46 Twirling, handstands, rugby 
tackle, forward roll, swings, 
absorb force when landing from a 
jump or height, hula hoop, dance, 
gymnastics 

Manual handling activities, postural 
stability, management and prevention 
of lower back pain and other injuries, 
balance, twisting 

 

 

Jones et al.47 showed that attempting to improve fitness, without addressing faulty movement 

patterns, is not the most appropriate strategy to prevent injuries. They reported that of all US Army trainees 

undertaking a 12-week basic training program, 46% experienced an injury. Among the several explanations 

was that faulty movement patterns, which are not addressed by simply being stronger or more fit, caused 

repetitive joint stress, predisposing the trainees to injury. In other words, the training program did not 
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address fundamental movement patterns but rather more specific strength and fitness skills, making 

individuals with faulty movement patterns more susceptible to injury. As mentioned by McGill et al.8, 

fundamental movement patterns are important as they help identify important injury criteria, such as joint 

and tissue load. For example, having larger knee abduction moments and angles when landing from a jump 

has been linked to higher anterior cruciate ligament injury rates48. Furthermore, not maintaining a neutral 

curve in the lumbar spine when bending over or lifting increases the risk of injury49. Moreover, assessing 

an individual’s fundamental movement competency should give an indication of the level of function and 

motor control during more complex athletic movements4,5. For example, proper execution of a lunge would 

allow for a more solid starting position when sprinting or better execution of single-leg athletic movements. 

Therefore, fundamental movement patterns should be assessed and corrected before moving onto sport 

specific or task specific training. Furthermore, an athlete’s movement quality assessment should be used to 

guide training prescription in order to address the faults identified during the assessment.  

 

2.4 Variables involved in assessing movement quality 

Movement quality is only poorly defined and consequently, it is difficult to operationalize the 

variables involved in the assessment of movement quality. However, several biomechanical variables have 

been used to evaluate movement quality in various contexts: 

• Speed: defined as the rate at which someone can move or operate8,12; 

• Strength/power: the ability to withstand or exert great force, stress, or pressure5,6,8,11,12; 

• Agility: ability to move quickly and efficiently8,12; 

• Endurance: ability to sustain a prolonged stressful physical effort or activity requiring 

cardiovascular exertion5,8,12; 

• Joint range of motion: full movement potential of a joint, i.e. full range of flexion and extension4,6,8; 

• Stability: state of being resistant to change; when disturbed, the ability to develop forces and 

moments that restore the body’s original condition5,12; 
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• Coordination: the body’s ability to coordinate the actions of several parts simultaneously while it 

is in motion11,50. 

 

Although these seven variables have been used in various combinations to predict playing 

performance in athletes, the question remains as to the validity of these variables when attempting to predict 

injury risk and performance, two main objectives of movement quality screening. In fact, training strategies 

that involve these variables but ignore how individuals move may not improve movement quality6, possibly 

because these variables are the outcomes of the movement and do not describe how the movement was 

controlled and executed3. Perhaps these variables should be considered as physical abilities that are more 

applicable to performance in specific sport contexts, rather than variables reflecting fundamental movement 

quality. One variable examined recently that is applicable to the general idea of movement quality is 

asymmetry, as it is a predictor of injury risk5,6,54,55,7,13,15–17,51–53.   

 

2.4.1 Asymmetry as an important variable for movement quality 

By definition, asymmetry is an imbalance, whether it be between the right and left sides of the 

body, the agonists and antagonists of a joint, the medial and lateral or anterior and posterior sides of a 

joint4,14,51,52. There are intrinsic risk factors for injury that underline the causes of asymmetry in the human 

body. Essentially, intrinsic risk factors for injury include physical characteristics such as malalignment, 

strength deficits, limited range of motion, joint instability, generalized joint laxity, age, and sex53. Aside 

from the latter two, these intrinsic physical characteristics can lead to asymmetry, whether it be differences 

in segments, joints, or muscle groups. One example of asymmetry in human movement is to consider the 

muscular forces acting around a joint. If these are atypical, additional joint stress is created and control is 

reduced at this joint. This leads to micro trauma and chronic injuries if the asymmetry is not addressed5. 

For example, the shoulder complex is dependent on the muscles surrounding the joint to provide stability, 

flexibility, and strength during motion56. If there is a deficit in strength from the agonist muscle, it must be 
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compensated for by the antagonist muscle, which leads to dysfunction, causing changes in kinematics and 

inducing movement impairments, ultimately increasing the risk of injury by means of structural damage56. 

Devan et al.57 found that diminished hamstring muscle endurance and diminished quadriceps strength were 

predisposing factors for knee injuries during the competitive season. They concluded that correcting muscle 

imbalances through strength training and conditioning may be the key to preventing overuse knee injuries57.  

For these reasons, it is important to assess and address any asymmetry found while performing fundamental 

movements. 

 

 

2.5 A motor control perspective on movement execution 

Undoubtedly, the human body is a complex system with many more degrees of freedom than 

required to perform most tasks. For example, for the task of producing a certain level of muscle activation, 

there are numerous motor units that can be recruited at different amplitudes and different frequencies. The 

central nervous system is constantly confronted with problems of choice, much like solving n equations 

with m unknowns where n < m58. This conflict was originally formulated by Nikolai Bernstein59 as the 

problem of elimination of redundant degrees of freedom. Studies in motor learning commonly use the 

assumption that it is easier to control an object with fewer biomechanical degrees of freedom60. 

Interestingly, one of Bernstein’s first experiments was to study professional blacksmiths using his original 

motion analysis system (kimocyclography)61. He discovered that high variability in the joint angle space 

across repetitive trials (movement performance) was associated with low variability of the hammer 

trajectory (outcome). While Bernstein was trying to decipher this “problem of redundancy”, other 

researchers have provided an alternate view for the redundant degrees of freedom: the principle of 

abundance62. The principle of abundance states that all elements (degrees of freedom) always participate in 

a task, assuring both stability and flexibility of the performance. Here, the apparently redundant degrees of 

freedom are considered useful, even vital, for many aspects of motor behavior63–65.  
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2.5.1 The uncontrolled manifold hypothesis 

The transition from the problem of redundant degrees of freedom to the principle of abundance has 

fostered various research approaches, such as the uncontrolled manifold (UCM) hypothesis. The UCM 

hypothesis assumes that all of the movement choices (redundant degrees of freedom) to perform a 

movement correctly exist in a subspace (the “uncontrolled manifold” (UCM))58. The term “uncontrolled 

manifold” refers to the fundamental nature of the UCM: the elements are “less controlled” as long as they 

remain within the UCM66. Variance along the main axis of the UCM does not affect performance and is 

seen as “acceptable”. In fact, this acceptable variance helps an abundant system deal with secondary tasks63 

and unexpected perturbations64,65. On the other hand, variance orthogonal to the main axis of the UCM is 

not productive or helpful variance to the UCM58. This variance can be conceptualized as faulty movement. 

In human movement, the UCM can pertain to several parameters such as speed, strength and symmetry. 

For instance, consider the following example of a UCM pertaining to strength: an individual is asked to 

press with two fingers to produce a total force of 10N. The task is repeated 100 times and the values of 

individual forces are plotted (Figure 2.2). The data are elongated along a line corresponding to the equation 

F1 + F2 = 10N (dashed line in the figure), where F1 is the force produced by finger 1 and F2 is the force 

produced by finger 2. As the figure shows, if one finger produces a larger force, the other finger would 

more likely produce a lower force to keep the sum close to the desired 10N, the correct task outcome. The 

interaction between these two fingers is an example of a synergy, where the dashed line in the figure 

represents the UCM66. Any combination of variability between F1 and F2 that lays along the dashed line 

represents a successful task outcome. Data that deviate from the dashed line are forces that do not sum to 

10N and therefore represent a poor task outcome.  
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Figure 2.2: Illustrations of the notions of acceptable variance (Vgood) and faulty variance (Vbad) for the 

task of producing a total force of 10N by pressing with two fingers on two separate force sensors. The 

dashed line represents the subspace (UCM) corresponding to a perfect execution of the task. The grey 

oval represents the data distribution over several trials of the same task execution. 

 

2.6 Assessing movement quality from different levels of measurement 

Movement quality can be assessed in various ways using different measurement tools. For instance, 

one could analyze movement quality by obtaining kinematic data from a motion tracking system or muscle 

activity data from an electromyographic recording system66. Previous studies have used a kinematic 

approach to obtain outcome variables such as angular displacement, angular velocity and peak joint angles 

and a kinetic approach to obtain outcome variables such as joint reaction forces, joint moments, and joint 

power16,18,67,68. Finally, measures of muscle activity through electromyography (EMG) have been used to 

determine variables such as EMG contraction duration and EMG amplitude16.  
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2.6.1 Evaluating movement symmetry 

There are movement quality screening tools that incorporate a measure of symmetry. These tools 

evaluate symmetry using kinematic variables. For example, five of the seven movement tests in the 

Functional Movement Screen (FMS) evaluate the right and left sides and the individual receives a score for 

each side. If the scores differ between the right and left sides for a certain test, asymmetry is noted and the 

lower of the two scores is used in the total FMS score. This evaluation of symmetry is kinematic as the 

FMS system only uses visual cues and observations of performance to evaluate an individual’s 

performance. The issue is that movement screens assume that behavior in the kinematic components of 

movement are representative of the underlying behavior in kinetic or muscular activity components of 

movement.  

 

2.6.2 Limitations to kinematic observations 

Individuals have the ability to manipulate or change the kinematics of their movement to achieve a 

more desirable movement pattern. This was confirmed by Frost and colleagues19 who were interested in the 

changes in FMS scores with performers’ knowledge of the grading criteria. Their results showed that the 

participants’ FMS scores significantly improved after being aware of the grading criteria, suggesting that 

visual kinematic variables (such as those involved in the FMS grading system) are easily controlled by the 

performers and are, therefore, less valid predictors of faulty or dysfunctional movement patterns. Thus, 

kinematic variables need to be carefully interpreted when using them to predict the risk of injury.  

Moreover, kinetic symmetry is not considered during movement quality screening. The application 

of kinetic symmetry is mostly used for comparing limbs during drop landing tasks16,67 or when comparing 

limbs post-trauma, for example after ACL reconstruction18,68. No combination of kinetic and kinematic 

symmetry observations have been used in movement quality screening tools to date. Nonetheless, research 

dating back to 1984 examined the variability in kinematic and kinetic patterns in human gait69. The author 

stipulates that due to the complexity of the link segment system, it is nearly impossible to infer from 
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kinematics alone how the forces act to cause motion69. Furthermore, the cause of the movement is seen at 

the kinetic level while the movement itself is seen at the kinematic level69. The evaluation of kinetic 

symmetry is important to investigate, as kinematic variables are evidently the product of the kinetic forces. 

In another example, a study by Childers and Kogler70 manipulated the range of motion of their participants’ 

amputated leg to reflect kinematic symmetries between involved and uninvolved limbs in order to address 

the assumption made by clinicians that minimizing kinematic symmetries would also minimize kinetic 

symmetries. Their results show that minimizing kinematic asymmetries does not relate to kinetic 

asymmetries.   

Along these same lines, to get a more holistic measure of movement symmetry, it is valuable to 

examine the symmetry of muscle activity. In fact, muscle activity drives kinetic, and consequently, 

kinematic components. Adding a measure of muscle symmetry may help to better understand and address 

faulty movement patterns and therefore improve movement quality.  
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Chapter 3 

Statement of Problem 

 

3.1 Movement symmetry model 

Most of the current screening tests use either subjective observations or kinematic variables as 

indicators of movement quality. However, kinematic variables are outcome measures and not the 

components that initiate and drive movement. First, a movement pattern is chosen, then muscular activity 

produces muscle force, which in turn produces joint moments and joint power, which leads to movement. 

Therefore, there are at least three biomechanical components of human movement that can be analyzed: the 

muscle activity component (EMG), the kinetic component (joint moments and forces) and the kinematic 

component (angular displacement, joint range of motion, angular velocity). Certainly, movement is a 

dynamic system and as such, the kinematic outcomes of the movement also provide feedback to the 

underlying components of movement. For example, the kinematic component generates information about 

joint accelerations and inertial properties back to the kinetic component. The kinematic component also 

generates information on the reflex arcs within the muscles, instigating feedback on muscle length tensions 

and contraction speed properties at the muscle activity component of the movement. Finally, the kinematic 

component also provides feedback to the motor control component by providing information on segment 

positions and movement objectives, affecting the executive functions at the motor control component. 

Figure 1 shows our biomechanical model for measuring symmetry at different components of movement. 
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Figure 3.1: Biomechanical model for assessing movement symmetry at various components of movement.  

 

3.2 Detecting movement symmetry in human movement 

When considering movement symmetry, one could think of the movement pattern (kinetics) and 

the outcome of motion (kinematics). If the movement pattern is symmetric, obviously, the outcome of 

motion should also be symmetric (Figure 3.2 box A).  On the other hand, if the movement pattern is 

asymmetric, the result might most likely be asymmetric motion (Figure 3.2 box D). This asymmetric motion 

would be uncovered by current movement quality screening tests during observation of the movement 

execution. However, it has been shown that symmetric kinematic outcomes are not always driven by the 

same kinetic symmetries70. Therefore, the question remains as to whether symmetric kinematics outcomes 

of motion are always indicative of symmetric kinetics. Is it possible to have asymmetric kinetics that 

produce symmetric kinematics (Figure 3.2 box C)? 
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  Kinematics  

  Sym Asym  

Kinetics 
Sym A B  

Asym C D  

Figure 3.2: Relationship between kinetic and kinematic components of movement. Sym= symmetric; 

Asym = asymmetric; A and D where the kinematics and kinetics are either symmetric and asymmetric 

are reasonable. C where symmetric kinematics are generated by asymmetric kinetics is possible; B 

where asymmetric kinematics are generated by symmetric kinetics seems unlikely.  

 
  

 

3.3 Objectives  

3.3.1 Operational definition  

Movement symmetry is defined as the relationship between the right and left lower limbs at the 

hip, knee, and ankle on the measures of joint angle, joint moment, and EMG waveform. Based on this 

operational definition of movement symmetry, the overarching objective of this study is to investigate how 

movement symmetry is manifest in human movement and more specifically in the parallel squat. Since 

movement asymmetry increases the risk of injury, there is motivation to understand the implications of 

symmetry. However, to date, movement quality screening tools only investigate symmetry from a kinematic 

perspective.  
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3.3.2 Specific goals 

This study aims to explore movement symmetry at the kinematic, kinetic, and muscle activity 

components by addressing three specific goals: 

1. Compare movement symmetry during a normal (control) squat movement to a weighted squat 

movement; 

2. Compare movement symmetry during a normal (control) squat movement to a squat following the 

beat of a metronome; 

3. Compare movement symmetry between squats at a slow speed, a normal speed, and a fast speed. 

 

3.4 Hypotheses 

Since movement quality screening tools typically focus on evaluating movements at a kinematic 

perspective while inferring no effect from kinetic, muscle activity or motor control components on 

movement performance, we have competing hypotheses based on current assumptions and previous studies. 

The alternative hypothesis is based on the studies that have uncovered differences between kinematic and 

kinetic variables69,70.  

 

H0: There will be no difference in the measures of movement symmetry between the components 

of movement, regardless of external factors such as weight, speed, and tempo; 

H1: There will be variability in the components of movement; the kinematic component of 

measurement will present the greatest movement symmetry outcomes, followed by the kinetic 

component, with the muscle activity component presenting the least symmetric outcomes. 
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Chapter 4 

Methodology 

 

4.1 Participants 

Thirty-four healthy young adults (age: 22.2 years ± 2.9 years, mass: 71.6kg ± 13.7kg, height: 1.74m 

± 0.08m) participated in this study. Personal information such as height, weight, gender, history of lower 

body injury and highest level of sport was collected (Appendix A). Inclusion criteria for this study were 

males and females between 18-30 years old. All participants were able to perform five consecutive parallel 

squats, which was determined during the familiarization period after the participant entered the testing 

laboratory. Participants were excluded if they were unable to complete a parallel squat or if they currently 

had any lower body injuries. All participants filled out the Par-Q+ which identifies underlying health 

conditions or contraindications to exercise (Appendix B). Participants were excluded if their answers on 

the Par-Q+ questionnaire revealed any contraindications to exercise, or if 20% of their back strength, as 

determined during the deadlift exercise, was greater than 60lbs, due to restrictions in the load that can be 

carried by the weighted vest. Queen’s University’s General Research Ethics Board approved the protocol 

and all participants gave their written, informed consent before participating (Appendix C and Appendix 

D, respectively).  

 

4.2 Equipment 

For testing, a motion tracking system with 13 Oqus cameras (Qualisys Track Manager, Qualisys, 

Gothenburg, Sweden; sampling frequency = 100Hz) was used to record the squat motion. A total of 23 

optical tracking markers (14-mm diameter) were placed on specific anatomical landmarks to define the 

proximal and distal ends of the pelvis, thigh, shank, and foot segments (Figure 4.1). Two portable force 
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plates (Bertec Inc., Columbus, OH, USA; sampling frequency = 100Hz), recorded the ground reaction force 

(GRF) under the left and right feet. Wireless surface electromyographic (EMG) sensors (Delsys, Boston, 

MA, USA; bandwidth = 20 – 450hz; sampling frequency = 1925.93Hz) were used to record the muscle 

activity of six muscles on each leg (Figure 4.2). Before placing the sensors, the skin was shaved, abraded 

and cleaned with alcohol to remove any oil or dead particles that would interfere with the electromyography 

signal. All data, including motion data, force data, and muscle activity data, were synchronized via Qualisys 

Track Manager (version 2.14, Qualisys, Gothenburg, Sweden) during data collection.  

 

1 Iliac crest  7 Medial malleolus 
2 Anterior superior iliac spine (ASIS)  8 Head of the 5th metatarsal 
3 Greater trochanter  9 Head of the 2nd metatarsal 
4 Lateral femoral epicondyle  10 Posterior superior iliac spine (PSIS) 
5 Medial femoral epicondyle  11 Calcaneus 
6 Lateral malleolus  12 C7 

Figure 4.1: Marker placement diagram 
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 Muscle Location 

1 Vastus Medialis (VM) 80% of the line between the anterior superior iliac spine (ASIS) and 
the joint space in front of the anterior border of the medial ligament 

2 Rectus Femoris (RF) 50% of the line from the ASIS to the superior part of the patella 

3 Vastus Lateralis (VL) 67% of the line from the ASIS to the lateral side of the patella. 

4 Gluteus Maximus (GM) 50% of the line between the sacral vertebrae and the greater 
trochanter 

5 Biceps Femoris (BF) 50% of the line between the ischial tuberosity and the lateral 
epicondyle of the tibia 

6 Gastrocnemius Lateralis (GA) 33% of the line between the head of the fibula and the heel 

Figure 4.2: Electromyography sensor placement diagram71 
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4.3 Data Collection 

4.3.1 Setup 

Before beginning the collection, the motion capture system was calibrated and the 

electromyography (EMG) sensors were paired with the system. The force plates were zeroed and their 

location was determined by locating each corner in the laboratory reference frame using the motion tracking 

system (see Appendix E for a more detailed protocol). The squat protocol required a total of twenty-five 

squats to be performed in blocks of five squats under five conditions. It is important to note that a rest 

period of two minutes followed each block to reduce the possibility of fatigue. Moreover, the participant 

practiced each condition as much as desired in order to adapt to the depth and speed of the squats before 

data collection of each block began.  

Before squat testing, information about the participant was collected (see Appendix F for the Data 

Collection Sheet). Then, the participant’s back strength was estimated during three repetitions of a maximal 

effort isometric deadlift pulling on an instrumented load cell. Twenty percent of the maximum recorded 

force (converted to kilograms) was the mass placed in the weight vest. Once the weight was determined, 

the participant was instrumented with the retroreflective markers and EMG sensors, as shown in Figure 4.1 

and Figure 4.2, respectively.  

 

4.3.2 Squat protocol 

Before starting the squat trials, the participant was instructed on the technique. The following script 

was delivered to each participant: 

 “During each trial, you will perform one parallel squat, which means you will squat down 

until your thighs are parallel to the ground. This table is adjusted accordingly for you to use as a reference 

when you are squatting – you should squat down until you touch the table then come back up to your starting 

position. You should only touch the table – not unload any weight on it or take a break. When you are doing 
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squats that require you to follow the beat of a metronome, you should execute the squat as naturally as 

possible, roughly at the tempo of the metronome. It is most important that the movement be natural.” 

A total of twenty-five trials were performed. Each trial consisted of one parallel squat. The 

participant was instructed to squat down until they reached a platform (pre-adjusted to a height where their 

thighs were parallel to the ground) and then come back up to their starting position. The trials were divided 

into five blocks, where each block was a different condition. There was a 2-minute break after each 

condition block. The five conditions were normal squat (NS), slow squat with metronome (SM), normal 

squat with metronome (NM), fast squat with metronome (FM), and weight vest squat at the participant’s 

preferred squat speed (WS). The NS condition was always performed first. For this condition, the 

participant was instructed to squat at a speed that felt most natural to them. The order of the remaining 

conditions was randomized.  

The first trial of the normal (NS) condition was used to determine the participant’s normal squat 

speed. Once all five normal squat trials were collected, the first trial was processed to extract the markers 

representing the hips. From these data the start and finish of the squat were determined and the time taken 

to complete one squat was calculated. This process took approximately two minutes. It was necessary to 

use the first normal squat trial to estimate a participant’s typical squat time as the time to process and 

averaging the squat time for all 5 normal squat trials would have taken much longer than 2 minutes, the 

expected rest time between conditions. Note that this first squat trial was not the first squat the participant 

performed. They had previously completed a set of practice squats to warm up and familiarize themselves 

with the testing protocol. Also, the variance within trials for the normal condition was minimal (average 

variance of 0.21s between trials for participants).  

This speed computed from the normal squat trial was used to set the metronome for the SM, NM, 

and FM conditions. The SM condition was set to 120% of the participant’s normal speed, whereas the NM 

condition was set to 100% of the participant’s normal speed and the FM was set to 80% of the participant’s 

normal speed. For all metronome conditions, the participant was instructed to use three beats for the down 



 

25 

 

phase of the squat and three beats for the up phase of the squat. For the W condition, as mentioned in section 

4.3.1, the weight vest was filled with 20% of the participant’s maximum recorded back strength during the 

deadlift exercise. The participant was then instructed to squat at their preferred speed without the 

metronome.  

 

4.4 Data Analysis 

After testing, all data were screened and inspected using Qualisys Track Manager software (version 

2.14, Qualisys, Gothenburg, Sweden). Following this, the motion and force data were exported from 

Qualisys Track Manager to Visual 3D (version 5, C-Motion Inc., Germantown, MD, USA) for 

biomechanical model development and processing. Next, the processed motion and force data and muscle 

activity data were input into custom Matlab programs (version R2017b, MathWorks Inc., Natick, MA, 

USA) for further processing.  

 

4.4.1 Qualisys Track Manager 

All motion data were initially visually inspected in Qualisys Track Manager. First, all marker 

trajectories were labelled according to their anatomical location (see Figure 4.1). Once all desired marker 

trajectories were identified and labelled, all trajectories were inspected for missing data points. If gaps were 

present in the marker trajectories, they were filled using a third-order polynomial fit. Note that gaps greater 

than 20 frames are not filled by Qualisys Track Manager. As the squat movement performed during the 

collections is quasi-static in nature there were no marker trajectory gaps greater than 20 frames. Once all 

trajectories were labelled and gap-filled for all of one participant’s trials, the marker and force data were 

exported to Visual 3D for further processing.  
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4.4.2 Visual 3D 

The first step in Visual 3D was to import a static marker data file in order to build a seven-segment 

bottom-up linked-segment biomechanical model consisting of both feet, shanks, thighs, and the pelvis.  

Using the labelled markers created in Qualisys Track Manager, the segments were defined in Visual 3D 

according to the anatomical landmark markers corresponding to the segments. Each segment was defined 

by four markers: two markers at the proximal end (medial and lateral) and two markers at the distal end 

(medial and lateral). The segments were defined according to the segment definitions established by van 

Sint Jan72. The pelvis segment was defined using the Visual 3D pelvis option, where the right and left iliac 

crest markers are defined as the lateral and medial proximal endpoints, respectively and the right and left 

greater trochanter markers as the lateral and medial distal endpoints of the pelvis. To define the medial 

proximal endpoint of the right and left thigh segments, the Functional Hip definition was used. This method 

is the most accurate in predicting the hip joint center73–75. The functional hip trials collected during testing 

were imported into Visual 3D and a new functional landmark was created based on the tracking of the 

anterior superior iliac spine and posterior superior iliac spine markers about the thigh segment and 

estimating the hip joint center as the center of the optimal spherical surface that fitted the trajectory of the 

markers in a least squares sense73. The last thing to note about the creation of the biomechanical model is 

that the local coordinate system on the foot segment was rotated such that the segment orientation of the 

foot matched that of all other segments relative to the lab orientation. For the lab orientation, the x-axis was 

the mediolateral axis (flexion / extension), the y-axis was the anteroposterior axis (adduction / abduction), 

and the z-axis was the vertical axis (rotation) (Figure 4.3). 
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Figure 4.3: Laboratory coordinate system; X-axis represents mediolateral axis, Y-axis represents 

anteroposterior axis, and Z-axis represents vertical axis.  

 

Once this biomechanical model was developed, it was applied to all motion files to compute 

kinematic and kinetic variables, following a X-Y-Z rotation sequence, representing flexion, abduction, and 

axial rotation, respectively. To estimate segment anthropometrics Visual 3D uses the work of Dempster76, 

and to estimate segment inertial properties Visual 3D uses the work of Hanavan77. Once the model was 

applied to all motion files, the joint angles and joint moments were computed for the ankle, knee, and hip 

joints. These outcome variables were then exported to a Matlab compatible file, one file for each subject. 

 

4.4.3 Matlab 

The last stage of the data analysis process was the filtering, normalizing, and clipping of all outcome 

variables, as well as the calculation of statistical outcome measures using a custom Matlab script. The 

muscle activity (EMG) data were imported directly from the Qualisys Track Manager files, whereas the 

processed kinematic and kinetic data were imported from the Visual 3D files. Once all data were imported 

into Matlab, the EMG data were filtered using a linear envelope function. The linear envelope first removed 

Z 

Y 

X 
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the linear trend from the data. Next, the data were rectified by obtaining the absolute value for each point. 

Once the data were detrended and rectified, a fourth order low-pass Butterworth filter with a cutoff of 2Hz 

was applied. The gastrocnemius was chosen to represent the muscle activity around the ankle as it is the 

main ankle extensor during a squat23,26. The vastus lateralis was chosen to represent the muscle activity 

around the knee as it has been shown to have the greatest activity during a squat movement25. The gluteus 

maximus was chosen to represent the muscle activity around the hip as it is one of the main extensors of 

the squat movement23,26. The joint moments were also filtered using a Butterworth filter, but used an 

effective cutoff rate of 10Hz as supported by residual analysis (Appendix G). The joint angles were not 

filtered.  

Once the EMG and kinetic data were filtered, all samples that were not part of the squat cycle were 

removed. The squat cycle was defined using a threshold of 1% of the maximum hip velocity. The hip 

velocity was calculated by averaging the displacement data of the right and left greater trochanter markers 

and then differentiating to obtain the velocity. To identify the squat movement, the squat trials were 

separated into two phases: the down phase, defined as frame 1 to the minimum position of the greater 

trochanter markers, and the up phase, defined as the minimum position of the greater trochanter markers to 

the last frame. The absolute velocity was then calculated for each frame. The start of the squat was defined 

as the last time, during the down phase, where the absolute velocity was smaller than the threshold. For 

trials where the threshold was not crossed, the first frame was used as the start of the squat. The end of the 

squat was defined as the first time the absolute velocity was smaller than the threshold. For trials where the 

threshold was not crossed, the last frame of the trial was used as the end of the squat. The data were then 

time-normalized to 100 data points to represent a percentage of the squat cycle.  

The next step was to obtain correlation and normalized root-mean-square (nRMS) values between 

the right and left data for each level of measurement. The Pearson’s correlation coefficient is a standardized 

measure of the strength of a relationship between two measures78. A correlation of 1 would indicate perfect 

symmetry between both sides. The nRMS values were defined as the square root of the mean square of the 
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difference between two measures, normalized by the average of these two measures (Equation 4.1)79. A 

nRMS value of 0 would indicate perfect amplitude symmetry between the left and right leg measures. The 

correlation gave us an idea of the relationship between the shapes of the two measures, whereas the nRMS 

was obtained to represent the relationship between the amplitudes of the two measures.  

 

nRMS =	
' 1
100∑ (L- − R-)0122

-31

mean	(L + R)  

Equation 4.1: Normalized Root Mean Square; 100 is the number of normalized samples; i 

is the sample number, L is the left leg variable, R is the right leg variable. 

 

4.5 Outcome Measures  

The main outcome measures are correlations and normalized root-mean-square values (nRMS). 

Table 4.1 below shows a list of all outcome measures for each level of movement, which were further used 

for statistical analysis. 

Table 4.1: Outcome measures for all levels of movement. All outcome measures are a comparison 

between the variables of the left and right sides. 

 Kinematic Kinetic Muscle 

Correlation Ankle angle Ankle moment Gastrocnemius  

 Knee angle Knee moment Vastus lateralis  

 Hip angle Hip moment Gluteus maximus  

Normalized RMS Ankle angle Ankle moment Gastrocnemius  

 Knee angle Knee moment Vastus lateralis  

 Hip angle Hip moment Gluteus maximus  
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4.6 Statistical Analysis 

All outcome measures were further processed with SPSS Statistics (SPSS Inc, Chigaco, IL, USA). 

Multiple two-way repeated measures analyses of variance (ANOVA) were conducted to verify the effect 

of movement component and condition on symmetry measures. Where the assumption of sphericity was 

broken, Greenhouse-Geisser values were reported. All significant effects (p < 0.05) were followed up with 

Bonferroni-adjusted post-hoc comparisons. Effect sizes were calculated and reported (small (ηp2=.0099), 

medium (ηp2=.0588), or large (ηp2=.1379)).  
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Chapter 5 

Results 

 

5.1 Descriptive analysis of each squat condition 

The slow metronome (SM) condition presented the smallest average knee angle range (83°) and 

the lowest average maximum moment about the knee (0.89Nm/kg), while the fast metronome and weight 

squat condition (WS) presented the greatest knee angle range (88°) and the WS condition presented the 

highest peak knee moment (1.18Nm/kg). Table 5.1 shows the average knee angle range and average peak 

knee moment for all conditions. 

 

Table 5.1: Average knee angle and average peak moment for each condition. NS = normal, SM = slow 

metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat. 

Condition Average knee angle 

(°) 

Average peak knee moment 

(Nm/kg) 

NS 87 (8.26) 0.93 (0.18) 

SM 83 (9.35) 0.89 (0.24) 

NM 87 (8.55) 0.95 (0.18) 

FM 88 (8.41) 1.00 (0.18) 

WS   88 (11.71) 1.18 (0.21) 
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5.2 Analyzing the components of measurement during the normal squat condition  

A repeated measures ANOVA revealed that both the correlations and normalized RMS values for 

the ankle, knee, and hip were significantly different across the kinematic, kinetic, and muscle activity 

components (Table 5.2). Notice that the kinematic variable, represented by joint angles, shows the highest 

correlation with the smallest standard deviation while the muscle variable, represented by the EMG activity, 

shows the lowest correlation with the largest standard deviation. A sample of data for one participant is 

shown in Figure 5.1. In the figure, all joint angles show similar motion patterns for the left and right sides 

with more variability in the moments and EMG waveforms.  

In Figure 5.2 the left and right variables (all 100 data points for the entire average time-normalized 

waveform) are plotted against each other for each of the three components of measurement for the ankle, 

knee and hip. In the angle plots the data is clustered about the line of symmetry. However, at the kinetic 

component and the muscle activity component, the data about the line of symmetry are more dispersed 

indicating an increased deviation from symmetry between the left and right joints.  

 

Table 5.2: Ensemble average correlations and normalized RMS values between right and left sides for the 

kinematic (angle), kinetic (moment), and muscle activity data. *All comparisons between components of 

measurement are statistically significant (p < 0.05). 

Measure  Level  Ankle*  Knee*  Hip* 

Correlation  Kinematic  0.995 (0.003)  0.999 (0.001)  0.999 (0.000) 

  Kinetic  0.77 (0.13)  0.96 (0.02)  0.95 (0.026) 

  Muscle  0.45 (0.23)  0.82 (0.08)  0.74 (0.13) 

nRMS  Kinematic  0.038(0.02)  -0.040 (0.02)  0.028 (0.017) 

  Kinetic  -0.55 (0.25)  0.27 (0.14)  -0.28 (0.13) 

  Muscle  0.70 (0.38)  0.40 (0.21)  0.49 (0.99) 
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Figure 5.1: Sample of data for one participant. The top row represents the kinematic data (joint angles) of 

the ankle, knee, and hip. The second row represents the kinetic data (joint moments) of the ankle, knee, 

and hip. The bottom row represents the muscle activity data of the gastrocnemius, vastus lateralis, and 

gluteus maximus. The black lines represent the average data of all 5 trials for the left and right sides and 

the lighter grey filling represents one standard deviation. 
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Figure 5.2: Comparison of left and right variables at each time point in the squat cycle for all participants. 

The black line represents perfectly symmetric movement execution between the left and right variables. 

The top row represents the kinematic level, the middle row represents the kinetic level, and the bottom row 

represents the muscle level. 

 

 

5.3 Outcomes with manipulated movement constraints 

In this study, four of the five conditions involve manipulating the squat movement by implementing 

constraints of either speed, weight, or tempo. Table 5.3 shows the descriptive statistics for each of these 

conditions. Figures 5.3 and 5.4 show the average correlations for all conditions and average nRMS values 

for all conditions, respectively. Notice that for all conditions and all joints, the kinematic variables (angles) 



 

35 

 

show the greatest correlations, while the muscle activity variables (GA, VL, and GM) show the lowest 

correlations. Also, the  normalized RMS values are lowest for all kinematic variables when compared to 

kinetic and muscle variables.  

In Figures 5.5 – 5.7, the left and right ankle angles, ankle moments, and gastrocnemius variables, 

respectively, are plotted against each other (see Appendix H for additional figures of the knee and hip data). 

The black diagonal line in each subplot represents perfect symmetry, where both the right and left variables 

are identical. Each subplot in these figures is a different condition.  
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Table 5.3a: Descriptive statistics of correlations and nRMS values at the ankle joint for all conditions. 

NS = normal, SM = slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted 

squat. 

Condition Outcome 
variable 

Correlation 
mean (st. dev.) 

nRMS mean  

(st. dev.) 

NS Angle 0.995 (0.003) 0.038 (0.020) 

SM Angle 0.995 (0.003) 0.036 (0.019) 

NM Angle 0.996 (0.003) 0.037 (0.020) 

FM Angle 0.996 (0.002) 0.036 (0.019) 

WS Angle 0.996 (0.002) 0.036 (0.020) 

    

NS Moment 0.764 (0.151) -0.588 (0.316) 

SM Moment 0.741 (0.145) -0.630 (0.281) 

NM Moment 0.748 (0.189) -0.609 (0.289) 

FM Moment 0.776 (0.132) -0.659 (0.490) 

WS Moment 0.764 (0.174) -0.467 (0.188) 

    

NS GA 0.463 (0.229) 0.682 (0.383) 

SM GA 0.485 (0.240) 0.763 (0.453) 

NM GA 0.494 (0.239) 0.737 (0.435) 

FM GA 0.485 (0.231) 0.755 (0.411) 

WS GA 0.464 (0.254) 0.738 (0.412) 
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Table 5.3b: Descriptive statistics of correlations and nRMS values at the knee joint for all conditions. NS 

= normal, SM = slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted 

squat. 

Condition Outcome 
variable 

Correlation 
mean (st. dev.) 

nRMS mean  

(st. dev.) 

NS Angle 0.999 (0.001) 0.040 (0.015) 

SM Angle 0.999 (0.000) 0.038 (0.015) 

NM Angle 0.999 (0.001) 0.037 (0.016) 

FM Angle 0.999 (0.000) 0.037 (0.016) 

WS Angle 0.999 (0.000) 0.037 (0.014) 

    

NS Moment 0.962 (0.015) 0.271 (0.124) 

SM Moment 0.964 (0.015) 0.240 (0.119) 

NM Moment 0.965 (0.015) 0.254 (0.126) 

FM Moment 0.967 (0.012) 0.257 (0.128) 

WS Moment 0.972 (0.014) 0.224 (0.108) 

    

NS VL 0.815 (0.106) 0.398 (0.214) 

SM VL 0.782 (0.137) 0.362 (0.091) 

NM VL 0.805 (0.110) 0.403 (0.234) 

FM VL 0.786 (0.141) 0.397 (0.218) 

WS VL 0.815 (0.149) 0.360 (0.081) 
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Table 5.3c: Descriptive statistics of correlations and nRMS values at the hip joint for all conditions. NS = 

normal, SM = slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat. 

Condition Outcome 
variable 

Correlation 
mean (st. 

dev.) 

nRMS mean  

(st. dev.) 

NS Angle 0.998 (0.014) 0.028 (0.017) 

SM Angle 1.000 (0.000) 0.025 (0.014) 

NM Angle 1.000 (0.000) 0.025 (0.013) 

FM Angle 1.000 (0.000) 0.027 (0.017) 

WS Angle 1.000 (0.000) 0.025 (0.011) 

    

NS Moment 0.952 (0.026) -0.286 (0.182) 

SM Moment 0.934 (0.040) -0.301 (0.209) 

NM Moment 0.945 (0.033) -0.297 (0.143) 

FM Moment 0.954 (0.027) -0.287 (0.265) 

WS 

 

Moment 0.950 (0.028) -0.253 (0.192) 

NS GM 0.741 (0.133) 0.507 (0.120) 

SM GM 0.639 (0.185) 0.518 (0.139) 

NM GM 0.675 (0.161) 0.536 (0.134) 

FM GM 0.727 (0.133) 0.517 (0.118) 

WS GM 0.710 (0.174) 0.532 (0.142) 
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Figure 5.3: Average correlations of all conditions for all participants at the ankle, knee, and hip. The 

dotted bars represent the kinematic component (joint angles), and solid black bars represent the kinetic 

component (joint moments) and the striped bars represent the muscle activity component. Note that all 

comparisons between components of movement are significant at all three joints (p < 0.05).  
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Figure 5.4: Average normalized RMS values of all conditions for all participants at the ankle, knee, and 

hip. The dotted bars represent the kinematic component (joint angles), and solid black bars represent the 

kinetic component (joint moments) and the striped bars represent the muscle activity component. Note 

that all comparisons between components of movement are significant at all three joints (p < 0.05). 

-1

-0.5

0

0.5

1

1.5

2

Ankle Knee Hip

no
rm

al
iz

ed
 R

M
S

Joint



 

41 

 

 

 
Figure 5.5: Subplot of left and right ankle angle data during each squat condition. NS = normal, SM = 

slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat.  

 

20 40 60 80 100 120 140 160

Right

60

80

100

120

Le
ft

NS

20 40 60 80 100 120 140 160

Right

60

80

100

120

Le
ft

SM

20 40 60 80 100 120 140 160

Right

60

80

100

120

Le
ft

NM

20 40 60 80 100 120 140 160

Right

60

80

100

120

Le
ft

FM

20 40 60 80 100 120 140 160

Right

60

80

100

120

Le
ft

WS



 

42 

 

 

 

Figure 5.6: Subplot of left and right ankle moment data during each squat condition. NS = normal, SM = 

slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat.  
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Figure 5.7: Subplot of left and right ankle EMG data during each squat condition. NS = normal, SM = 

slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat.  

 

5.3.1 Repeated-measures ANOVA 
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effects were followed up with Bonferroni-adjusted post hoc comparisons. 
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5.3.1.1 Repeated-measures ANOVA for correlations 

At the ankle, the results show a significant difference between components of movement (F(1.410, 

45.133) = 148.130, p < 0.001, ηp
2 = 0.822), but no significant difference between conditions or interaction 

between condition and component of movement. Bonferroni-adjusted post hoc comparisons indicated a 

significant difference in the comparisons between the kinematic, kinetic, and muscle activity components 

of movement, p < 0.001. 

At the knee, the results show a significant difference between components of movement (F(1.018, 

25.448) = 80.407, p < 0.001, ηp
2 = 0.763), and between conditions (F(2.970, 74.240) = 3.296, p = 0.025, ηp

2 

= 0.116) but no significant interactions between component of movement and condition were found. 

Bonferroni-adjusted post hoc comparisons indicated a significant difference between the fast metronome 

condition (FM) and the weighted squat condition (WS), p = 0.002. As for the components of movement, 

Bonferroni-adjusted post hoc comparisons indicated a significant difference in the comparisons between 

kinematic, kinetic, and muscle activity components, p < 0.001.   

At the hip, the results show a significant difference between components of movement (F(1.055, 

33.775) = 134.909, p < 0.001, ηp
2 = 0.808), between conditions (F(2.900, 92.808) = 9.208, p < 0.001, ηp

2 = 

0.223), and significant interactions between condition and component of movement (F(2.874, 91.972) = 

5.942, p = 0.001, ηp
2 = 0.157). Bonferroni-adjusted post hoc comparisons indicated a significant difference 

between the normal conditions (NS) and the slow metronome condition (SM) (p < 0.001), NS and normal 

metronome (NM) (p < 0.001), SM and FM (p < 0.001), and SM and WS (p = 0.023). For the components 

of movement, Bonferroni-adjusted post hoc comparisons indicated a significant difference in all 

comparisons, p < 0.001 for all comparisons. 
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5.3.1.2 Repeated-measures ANOVA for RMS values 

At the ankle, the results show a significant difference between components of movement (F(1.260, 

30.249) = 70.396, p < 0.001, ηp
2 = 0.746) , but no significant difference between conditions or interaction 

between condition and component of movement. Bonferroni-adjusted post hoc comparisons indicated a 

significant difference in all comparisons between components of movement, p < 0.001 for all comparisons.  

At the knee, the results show a significant difference between components of movement (F(1.383, 

30.420) = 51.130, p < 0.001, ηp
2 = 0.699), but no significant difference between conditions or interaction 

between condition and component of movement. Bonferroni-adjusted post hoc comparisons indicated a 

significant difference in all comparisons between components of movement, p < 0.05 for all comparisons.  

At the hip, the results show a significant difference between components of movement (F(2, 42) = 

406.943, p < 0.001, ηp
2 = 0.951), but no significant difference between conditions or interaction between 

condition and component of movement. Bonferroni-adjusted post hoc comparisons indicated a significant 

difference in all comparisons between components of movement, p < 0.001 for all comparisons. 
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Chapter 6 

Discussion 

6.1 General summary of results 

The average squat depth in this study, as determined by the knee angle range, was 89.2°, which is 

in line with other studies that have examined the parallel squat80–82. Additionally, the average peak moment 

of force for the knee was 1.01Nm/kg, which coincides with other research18. The purpose of this study was 

to examine the degree of symmetry at the kinematic, kinetic, and muscle activity components of movement 

during a parallel squat while imposing various movement constraints such as speed, weight, and tempo. In 

doing so, the results from this study address the assumption that kinematic observations of movement reflect 

the underlying kinetic and muscle activity patterns. The findings from this study indicate that there is a 

significant difference in symmetry measures at the three components of movement and that the degree of 

symmetry decreases as one moves from the kinematic to the kinetic and then to the muscle activity 

component. This was true for all conditions, meaning that even with imposed movement constraints, there 

was a significant decrease in symmetry as you move from the kinematic, to kinetic, and then to the muscle 

activity components. On another note, with the exception of a few cases, mainly at the hip, there was no 

significant effect of condition on symmetry measures. 

 

6.2 Key findings  

6.2.1 Components of measurement 

As previously mentioned, the results from this study show that there is a disconnect between the 

kinematic, kinetic, and muscle activity components in terms of movement symmetry measures. This 

supports our alternative hypothesis (H1) that the kinematic component of movement would present the 

greatest movement symmetry, followed by the kinetic component, with the muscle activity component 
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presenting the least symmetric measures. The difference in symmetry between the components of 

measurement has been noted previously by Winter69, where he evaluated the kinematic and kinetic patterns 

in human gait and concluded that highly variable joint moments at the hip and knee could still produce 

identical joint angle patterns69. The notion that an abundance of kinetic patterns is capable of producing 

identical kinematic outcome patterns is supported by the theory of degrees of freedom.  

The human body is a complex system with many more degrees of freedom than required to perform 

most tasks and the central nervous system is constantly confronted with the problem of choosing from an 

infinite number of possibilities58. However, these redundant degrees of freedom are considered useful, even 

vital, for many aspects of motor behavior58. For example, synergies are considered neural organizations that 

provide variation within elemental variables of a given task without compromising the performance of the 

desired outcome58. 

The noticeable variability at the muscle activity and the kinetic components of movement conform 

to the uncontrolled manifold (UCM) hypothesis. The UCM hypothesis assumes that physical processes 

involved with performing a movement by a system with redundant degrees of freedom can be expressed as 

a subspace (UCM) in the space of elemental variables (degrees of freedom) corresponding to a desired 

value to which all the elements contribute58. Variance along the UCM does not affect performance and has 

been addressed as “acceptable” variance58. In fact, this type of variance has been shown to help an abundant 

system deal with secondary tasks63 and unexpected perturbations64,65. On the other hand, any variance 

orthogonal to the UCM is seen as “faulty” variance and is not productive or helpful variance to the UCM58.  

Referring to Figure 5.2, the comparison between the left and right variables at each level of 

measurement can be analyzed with this UCM hypothesis in mind. In these subplots, the black diagonal line 

in each subplot represents perfect symmetry between the left and right sides during the squat. Noticeably, 

the spread of data perpendicular to the line of symmetry is smallest in the first row of subplots, indicating 

minimal deviation from symmetric behaviour in the kinematic component. However, the spread of data is 

bigger in the second row of subplots, and biggest in the last row of subplots, suggesting more variability 
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within the UCM at the kinetic and muscle activity components. To summarize, the results from this study 

allowed us to explore the symmetry parameter of the UCM within a parallel squat for a healthy population. 

The results show that the symmetry UCM increases its subspace as we go from kinematic to kinetic to 

muscle activity components of movement.  

 

6.2.2 Effects of movement constraints 

The results from this study show that overall, the different conditions do not elicit significant 

differences in terms of movement symmetry. In other words, adding constraints of speed, load, and tempo 

did not significantly affect movement symmetry. Nonetheless, previous research has shown that applying 

movement constraints influences the movement outcomes. For example, Graham and colleagues conducted 

a lifting study and showed that when the load required to lift increased, kinematic variability decreased and 

spinal stability increased83. Regarding the effect of speed, Goble and colleagues revealed greater inter-limb 

walking asymmetries in a slow walking condition with a trend toward improved inter-limb symmetry at 

higher velocities84. As for the effect of tempo, a study on auditory rhythmic cuing in a stroke population 

revealed that stride lengths and hip range of motion of the affected/non-affected limbs became more 

symmetrical and that center of mass vertical displacement decreased with auditory rhythmic cuing85. These 

studies suggest that there is a positive relationship between movement symmetry and constraints: as the 

task constraints increase, so does movement symmetry. Our study failed to show the same results, perhaps 

because the constraints applied to the movement were not robust enough to cause changes in the movement 

patterns.  

 

6.3 Contributions and implications 

Assessing one’s movement quality can include a variety of outcome measures and use different 

measurement tools. In fact, evaluating an individual’s performance, whether in a rehabilitation or training 
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setting, has been noted at the kinematic, kinetic, and muscle activity components of measurement. For 

example, there are different kinematic, kinetic, and muscle activity variables included in screening tests 

that are all used to evaluate someone’s progress during rehabilitation after ACL reconstruction. At the 

kinematic component, the single-leg hop test has been used to measure joint angles and jump distance68,86. 

At the kinetic component, joint moments, joint power and ground reaction forces are measures used in the 

step up and over test18,86. At the muscle activity component, electromyography activity change during a 

submaximal isometric exercise is used as an indicator of muscle fatigue87. Isokinetic dynamometers have 

also been used for isometric strength assessment, namely to identify bilateral strength asymmetries or 

asymmetries between muscle groups88. These different components of movement are all proven to be useful 

indicators of movement performance. However, when used on its own in a screening test, the kinematic 

component of movement may only uncover deficiencies and movement quality issues that pertain to the 

kinematic outcomes of movement and neglect any deficiencies at the underlying kinetic and muscle activity 

components that initiate the movement pattern.  

Movement quality screening tools use kinematic observation to predict the risk of injury and 

identify movement faults to enhance performance6–10. The findings from this study reveal that even when 

executing a highly constrained motion like the parallel squat, there is a disconnect between the kinematic 

measurement of movement and the underlying kinetic and muscle activity components of movement. 

Reflecting on movement symmetry, it is evident that symmetric movement patterns that generate symmetric 

outcomes of motion are of little risk to injury. On the other hand, asymmetric movement patterns that 

generate asymmetric motions increase an individual’s risk for injury. Movement quality screening tools can 

uncover this risk for injury when assessing an individual’s movement from a kinematic or observational 

level. However, this study shows that it is also possible to have symmetric outcomes of motion (kinematic 

component) and underlying asymmetric movement patterns (kinetic and muscle activity components). 

These results suggest that current movement quality screening tests may not be capturing one’s movement 
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abilities fully and may be missing important underlying faulty movement patterns not uncovered using 

kinematic observation alone. 

 

6.4 Limitations 

The major limitation of this study is the potential error associated with each level of measurement. 

While the motion tracking system calibration showed a standard tracking error of less than 0.04mm, there 

is error in placing the markers on the anatomical landmarks which would affect the joint angular measures. 

Since the squat is a symmetric and highly constrained motion, symmetric kinematics are expected. The 

results from the study indicate that symmetric kinematics were obtained, which assures proper placement 

of the markers on the appropriate anatomical landmarks. The kinetic measures were obtained via inverse 

dynamics, incorporating motion tracking with center of pressure and force data. Certainly, errors in marker 

placement would create biased kinetic calculations. However, research from Holden and colleagues 

evaluated the difference between skin surface marker placement and a bone attachment technique to 

quantify surface movement errors89. They found acceptable magnitudes of error and concluded that the 

errors would likely not affect clinical interpretation of data containing surface movement errors. Moreover, 

on the issue of anthropometry, research by Pearsall and Costigan addressed the errors in predicting body 

segment parameters and how they influence the biomechanical analysis of human movement90. Using an 

inverse dynamic analysis, they performed iterative kinetic calculations using various segment parameter 

values. They found that segment parameter variations significantly affected most of the kinetic estimates 

produced; however, the magnitude of these effects was less than 1% of body weight90. Because this study 

compares each participant’s right and left lower limbs, any systematic errors in anthropometric assumptions 

are reduced considerably. Furthermore, another study by Kirkwood et al. found that the 95% confidence 

interval of the maximum error difference in moments ranged from -0.03Nm/kg to 0.07Nm/kg in the sagittal 

plane, which equals a 3-7% error on the average normalized moments obtained in this study91. At the muscle 

activity component, although the electromyography sensors used in this study offer great accuracy 
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(168nV/bit)92, there are limitations associated with the use of these sensors. The sensors were positioned 

on the body according to SENIAM guidelines71 and using a measuring tape to increase accuracy; however, 

there could still be measurement errors associated with their placement. The skin surfaces were also shaved 

and scrubbed with rubbing alcohol prior to sensor placement.. The squats performed in this study were 

quasi-static, controlled movements. A simple alcohol cleaning such as the one performed in this study is 

sufficient skin preparation as there is minimal risk of movement artifacts93. Lastly, the EMG data were task-

normalized to the peak of the normal squat condition to remove amplitude differences across the legs. Even 

with the normalization of the EMG data, the conclusions regarding asymmetry at this level of measurement 

still stand.  

 

6.5 Future research and concluding thoughts 

This study determined that there are underlying asymmetries at the kinetic and muscle activity 

components while the kinematic component shows symmetric execution of the parallel squat. Interestingly, 

the degree of asymmetry increases from kinematic to kinetic to muscle activity components. Research 

shows that asymmetry at the kinematic component (via observation of movement) leads to an increased 

risk for injury4,6,7,13,15–17,54,55,94; however, we are not aware of an acceptable threshold for the presence of 

asymmetry at kinetic and muscle activity components. It would be interesting to conduct a prospective 

design study to obtain initial asymmetry baseline measures, similar to those collected in this study, and 

follow these athletes throughout their competitive season to see if there is a correlation between asymmetry 

measures and injury incidence. 

Furthermore, it would be interesting to apply a multi-level approach when evaluating movement 

quality in a clinical setting, where individuals are recovering from injury. It would be beneficial to identify 

and correct any compensatory mechanisms or underlying asymmetries during the rehabilitation process in 

order to reduce the risk of injury and improve rehabilitation outcomes. 
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The results from this study suggest a disconnect between the kinematic, kinetic, and muscle activity 

components of movement when evaluating movement symmetry. The findings reveal that the kinematic 

component shows the greatest measure of symmetry, and the kinetic and muscle activity components of 

movement both show worse symmetry measures, with the muscle activity component being more 

asymmetric than the kinetic component. The disconnect between the components of movement suggests 

that when evaluating movement quality, one should not rely exclusively on kinematics and observation of 

movement to identify movement faults.  
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Appendix A 

Subject Information 

Table A.1: Participant Information 

Participant ID Questions Answers 
S01 Age 26 
 Gender Female 
 Height (m) 1.72 
 Weight (kg) 66.24 
 Hip Depth (m) 0.2015 
 Dominant Limb Right 
 Highest level of sport Competitive curling 
 Injury history N/A 
 Type of training Gym and yoga 2-3x/week 
 Squat experience 3x 10-15 reps 
S02 Age 26 
 Gender Male 
 Height (m) 1.68 
 Weight (kg) 66.54 
 Hip Depth (m) 0.2015 
 Dominant Limb Right 
 Highest level of sport Competitive hockey, competitive soccer 
 Injury history N/A 
 Type of training Gym 2x/week; recreational hockey, volleyball, soccer 

2-3x/week 
 Squat experience 5 x 8-12 reps 
S03 Age 23 
 Gender Male 
 Height (m) 1.85 
 Weight (kg) 78.53 
 Hip Depth (m) 0.1943 
 Dominant Limb Right 
 Highest level of sport Junior B hockey 
 Injury history Broken right foot, right leg more than 5 years ago 
 Type of training Volleyball, squash, gym occasionally, cardio 
 Squat experience N/A 
S04 Age 25 
 Gender Female 
 Height (m) 1.72 
 Weight (kg) 63.62 
 Hip Depth (m) 0.1909 
 Dominant Limb Right 
 Highest level of sport Competitive gymnastics 
 Injury history Broken left arm more than 10 years ago 
 Type of training Gymnastics 1x/week; gym 2x/week 
 Squat experience 4 x 12 reps 
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S05 Age 23 
 Gender Female 
 Height (m) 1.75 
 Weight (kg) 78.56 
 Hip Depth (m) 0.2118 
 Dominant Limb Right 
 Highest level of sport Varsity soccer 
 Injury history Torn right ACL 5 years ago 
 Type of training soccer training 6 days/week 
 Squat experience 3 x 5 reps 
S06 Age 23 
 Gender Female 
 Height (m) 1.74 
 Weight (kg) 54.85 
 Hip Depth (m) 0.1918 
 Dominant Limb Right 
 Highest level of sport Competitive basketball 
 Injury history Hip dysplasia when born 
 Type of training Gym 3x/week 
 Squat experience 3 x 10 reps 
S07 Age 20 
 Gender Male 
 Height (m) 1.82 
 Weight (kg) 82.89 
 Hip Depth (m) 0.1986 
 Dominant Limb Right 
 Highest level of sport Varsity ultimate frisbee; AA hockey 
 Injury history Pulled groin; slipped disk in lumbar region 
 Type of training Gym 6x/week; mix of cardio and weights 
 Squat experience 1x/week; 3x 8-12 reps 
S08 Age 24 
 Gender Female 
 Height (m) 1.73 
 Weight (kg) 65.74 
 Hip Depth (m) 0.2114 
 Dominant Limb Right 
 Highest level of sport Competitive soccer 
 Injury history Sprained left and right ankles; numerous ankle injuries 
 Type of training Gym 2-3x/week; cardio, yoga, sometimes weights 
 Squat experience N/A 
S09 Age 20 
 Gender F 
 Height (m) 1.74 
 Weight (kg) 88.9 
 Hip Depth (m) 0.2637 
 Dominant Limb Right 
 Highest level of sport Competitive Dance 
 Injury history Sprained left ankle 3 times (more than 5 years ago) 
 Type of training Dance; workout 5x/week 
 Squat experience Every workout - 80-100 BW squats; 30 weighted 

squats 
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S10 Age 21 
 Gender F 
 Height (m) 1.65 
 Weight (kg) 51.77 
 Hip Depth (m) 0.1902 
 Dominant Limb Right 
 Highest level of sport Recreational highland dance, soccer, field hockey, 

track 
 Injury history Ankle sprain (right 2x, left 1x) 
 Type of training Zumba 2x/week; highland dance 1x/week 
 Squat experience BW squats in Zumba class 
S11 Age 21 
 Gender M 
 Height (m) 1.83 
 Weight (kg) 79.5 
 Hip Depth (m) 76.26 
 Dominant Limb Right 
 Highest level of sport AA baseball 
 Injury history None 
 Type of training Gym 2x/week - upper body resistance; basketball 

2x/week (recreational) 
 Squat experience None 
S12 Age 22 
 Gender M 
 Height (m) 1.73 
 Weight (kg) 73.08 
 Hip Depth (m) 0.2019 
 Dominant Limb Right  
 Highest level of sport Competitive football 
 Injury history None 
 Type of training 3x/week resistance + 20mins/session cardio 
 Squat experience 1x/week - 4x7 reps of 1 plate each side 
S13 Age 23 
 Gender M 
 Height (m) 1.78 
 Weight (kg) 90.9 
 Hip Depth (m) 0.2531 
 Dominant Limb Right 
 Highest level of sport Recreational soccer 
 Injury history Sprained R ankle approx. 5 years ago 
 Type of training Intramurals 3x/week; resistance training 
 Squat experience 1x/week; 4x8 (2 plates each side) 
S14 Age 27 
 Gender M 
 Height (m) 1.82 
 Weight (kg) 82.7 
 Hip Depth (m) 0.2321 
 Dominant Limb Right 
 Highest level of sport AA hockey; Competitive football; Competitive 

olympic lifting 
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 Injury history None 
 Type of training Weightlifting; coaching everyday 
 Squat experience Phase dependent (mix of high weight/low rep and low 

weight/high rep) 
S15 Age 19 
 Gender M 
 Height (m) 1.85 
 Weight (kg) 86.31 
 Hip Depth (m) 0.217 
 Dominant Limb Right 
 Highest level of sport Varsity football 
 Injury history N/A 
 Type of training Sprint 2x/week; lifting/resistance training 3x/week 
 Squat experience 70% 1RM - 4 sets of 5 reps (once per week) 
S16 Age 19 
 Gender F 
 Height (m) 1.74 
 Weight (kg) 61.8 
 Hip Depth (m) 0.188 
 Dominant Limb Right handed; left footed 
 Highest level of sport Recreational variety of sports 
 Injury history Sprained right ankle approx. 6 years ago 
 Type of training N/A 
 Squat experience N/A 
S17 Age 26 
 Gender M 
 Height (m) 1.72 
 Weight (kg) 79.5 
 Hip Depth (m) 0.2135 
 Dominant Limb Right handed; left footed 
 Highest level of sport Intramurals/high school rugby and hockey 
 Injury history Back pain from wakeboarding, which lasted a couple 

of years (pain stopped approx. 2 years ago) 
 Type of training 1/3 year light training at the gym 
 Squat experience N/A 
S18 Age 24 
 Gender M 
 Height (m) 1.78 
 Weight (kg) 70.45 
 Hip Depth (m) 0.1696 
 Dominant Limb Right 
 Highest level of sport Competitive soccer 
 Injury history Sprained left ankle more than 3 years ago; strained 

right hamstring summer 2017 
 Type of training 3 strength, 3 cardio per week 
 Squat experience 4 sets x 8 reps (approx. 75% 1RM) 
S19 Age 19 
 Gender M 
 Height (m) 1.82 
 Weight (kg) 82.92 
 Hip Depth (m) 0.2069 
 Dominant Limb Right 
 Highest level of sport National swimming 
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 Injury history Broken left ankle x3; torn left ACL (reconstructed 
October 2014) 

 Type of training 2x/week - legs and upper body; rowing 
 Squat experience Yes 
S20 Age 20 
 Gender F 
 Height (m) 1.74 
 Weight (kg) 79.8 
 Hip Depth (m) 0.2188 
 Dominant Limb Right 
 Highest level of sport Provincial basketball 
 Injury history Right ACL and meniscus 
 Type of training resistance training 3x/week; running 
 Squat experience Yes 
S21 Age 19 
 Gender F 
 Height (m) 1.63 
 Weight (kg) 63 
 Hip Depth (m) 0.204 
 Dominant Limb Right 
 Highest level of sport International fencing 
 Injury history Patellar tendinitis (right side) - last symptoms approx. 

1 month ago 
 Type of training Weight + cardio training 6x/week; fencing 3x/week 
 Squat experience With weight training 1x/week 
S22 Age 20 
 Gender F 
 Height (m) 1.71 
 Weight (kg) 80.22 
 Hip Depth (m) 0.1961 
 Dominant Limb Right 
 Highest level of sport National hockey; provincial gymnastics 
 Injury history Torn left hamstring 10-12 years ago; torn right glute 

med 2-3 years ago 
 Type of training Crossfit 5x/week 
 Squat experience 2-3x/week, reps and sets vary based on Crossfit 

workout 
S23 Age 19 
 Gender M 
 Height (m) 1.81 
 Weight (kg) 81.04 
 Hip Depth (m) 0.2107 
 Dominant Limb Right handed; ambidextrous legs 
 Highest level of sport Provincial rugby, prep school hockey (Junior A hockey 

equivalent) 
 Injury history Fractured L patella (summer 2017); Partial L MCL tear 

(4 years ago); Patellar tendonitis L (beginning summer 
2017) 

 Type of training On the ice everyday during the hockey season; 
resistance training in summer 

 Squat experience During summer - 3 sets x 5 reps 
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S24 Age 29 
 Gender F 
 Height (m) 1.7 
 Weight (kg) 61.04 
 Hip Depth (m) 0.1982 
 Dominant Limb Left handed, right footed 
 Highest level of sport Varsity track and field (<400m) 
 Injury history Stress fracture left foot (2009); shin splints in both legs 
 Type of training Gym 3x/week (cardio and resistance) 
 Squat experience bodyweight squats every workout 
S25 Age 24 
 Gender F 
 Height (m) 1.65 
 Weight (kg) 50.35 
 Hip Depth (m) 0.1762 
 Dominant Limb Right 
 Highest level of sport Recreational 
 Injury history Lumbar disk herniation; scoliosis (mild) 
 Type of training HIIT, running in gym 
 Squat experience None 
S26 Age 19 
 Gender F 
 Height (m) 1.63 
 Weight (kg) 62.97 
 Hip Depth (m) 0.1912 
 Dominant Limb Right 
 Highest level of sport International ski racing 
 Injury history Right ACL, MCL, meniscus tear; Left meniscus strain 
 Type of training Weights 4x/week, running, occasional yoga 
 Squat experience Yes 
S27 Age 23 
 Gender F 
 Height (m) 1.73 
 Weight (kg) 68.77 
 Hip Depth (m) 0.1968 
 Dominant Limb Right 
 Highest level of sport Competitive figure skating; recreational volleyball, 

running 
 Injury history Fractured bone in left toe 6 years ago 
 Type of training Running and strength training 2x/week 
 Squat experience Yes with strength training - 12 reps x 3 sets 
S28 Age 21 
 Gender F 
 Height (m) 1.7 
 Weight (kg) 59.1 
 Hip Depth (m) 0.1677 
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 Dominant Limb Right 
 Highest level of sport Provincial ski racing 
 Injury history Torn right ACL December 2008; surgery 1.5 years 

later; tendonitis in right knee summer 2017 
 Type of training Running, biking, swimming, resistance training 

1x/week 
 Squat experience Low weight high rep when doing resistance training 
   
S29 Age 21 
 Gender Male 
 Height (m) 1.93 
 Weight (kg) 99.22 
 Hip Depth (m) 0.2204 
 Dominant Limb Right 
 Highest level of sport High school rugby and soccer 
 Injury history Rolled ankles 
 Type of training Intramurals; resistance training 1x/week 
 Squat experience N/A 
S30 Age 22 
 Gender Female 
 Height (m) 1.56 
 Weight (kg) 38.96 
 Hip Depth (m) 0.1567 
 Dominant Limb Right 
 Highest level of sport National dragon boat; national cross-country 
 Injury history N/A 
 Type of training 7x/week aerobic training; 2x/week resistance training 
 Squat experience Back and front squats approx. 1x/week 
S31 Age 19 
 Gender Female 
 Height (m) 1.69 
 Weight (kg) 60.79 
 Hip Depth (m) 0.1922 
 Dominant Limb Right 
 Highest level of sport Provincial gymnastics; varsity ultimate frisbee 
 Injury history Left achilles tendonitis (last issues over 3 years ago) 
 Type of training Training and gym regularly 
 Squat experience 30-35lbs barbells for squats - high rep, low weight 
S32 Age 23 
 Gender Male 
 Height (m) 1.7 
 Weight (kg) 73.4 
 Hip Depth (m) 0.2152 
 Dominant Limb Right 
 Highest level of sport Competitive basketball; high school volleyball, soccer, 

track and field 
 Injury history N/A 
 Type of training Intramurals; resistance training 3-4x/week 
 Squat experience Squats with medicine ball sometimes 
S33 Age 28 
 Gender Male 
 Height (m) 1.65 
 Weight (kg) 68.48 
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 Hip Depth (m) 0.2005 
 Dominant Limb Right 
 Highest level of sport AAA hockey 
 Injury history Weak ankles (right and left) 
 Type of training Gym 5x/week; hockey 2-3x/week; running 2-3x/week 
 Squat experience Medicine ball squats sometimes 
   
S34 Age 19 
 Gender Male 
 Height (m) 1.78 
 Weight (kg) 72.67 
 Hip Depth (m) 0.1931 
 Dominant Limb Right leg, left hand 
 Highest level of sport Junior B hockey 
 Injury history Broken left fibula (4 yrs ago); 3 muscle biopsies on left 

leg in last 4 months 
 Type of training 4x/week HIIT running on treadmill 
 Squat experience Over the summer, 3-4 sets x 3-5 reps 
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SECTION 2 - CHRONIC MEDICAL CONDITIONS

Please read the questions below carefully and answer each one honestly: check YES or NO. YES  NO

1. Do you have Arthritis, Osteoporosis, or Back Problems?
  

If yes, answer 
questions 

1a-1c

   
If no, go to 
question 2

1a.
Do you have difficulty controlling your condition with medications or other 
physician-prescribed therapies? (Answer NO if you are not currently taking 
medications or other treatments)

1b.

Do you have joint problems causing pain, a recent fracture or fracture caused 
by osteoporosis or cancer, displaced vertebra (e.g., spondylolisthesis), and/
or spondylolysis/pars defect (a crack in the bony ring on the back of the spinal 
column)?

1c. Have you had steroid injections or taken steroid tablets regularly for more than 3 
months?

2. Do you have Cancer of any kind?
  

If yes, answer 
questions 

2a-2b

  
If no, go to 
question 3

2a. Does your cancer diagnosis include any of the following types: lung/bronchogenic, 
multiple myeloma (cancer of plasma cells), head, and neck?

2b. Are you currently receiving cancer therapy (such as chemotherapy or radiotherapy)?

3.
Do you have Heart Disease or Cardiovascular Disease?  
This includes Coronary Artery Disease, High Blood Pressure, Heart Failure, Diagnosed 
Abnormality of Heart Rhythm

  
If yes, answer 

questions 
3a-3e

 
 If no, go to 
question 4

3a.
Do you have difficulty controlling your condition with medications or other 
physician-prescribed therapies?  
(Answer NO if you are not currently taking medications or other treatments)

3b. Do you have an irregular heart beat that requires medical management?  
(e.g. atrial fibrillation, premature ventricular contraction)

3c. Do you have chronic heart failure?

3d. Do you have a resting blood pressure equal to or greater than 160/90 mmHg with or 
without medication? (Answer YES if you do not know your resting blood pressure)

3e. Do you have diagnosed coronary artery (cardiovascular) disease and have not 
participated in regular physical activity in the last 2 months?

4. Do you have any Metabolic Conditions?  
This includes Type 1 Diabetes, Type 2 Diabetes, Pre-Diabetes

  
If yes, answer 

questions 
4a-4c

  
If no, go to 
question 5

4a. Is your blood sugar often above 13.0 mmol/L? (Answer YES if you are not sure)

4b.
Do you have any signs or symptoms of diabetes complications such as heart 
or vascular disease and/or complications affecting your eyes, kidneys, and the 
sensation in your toes and feet?

4c. Do you have other metabolic conditions (such as thyroid disorders, pregnancy-
related diabetes, chronic kidney disease, liver problems)?

5.
Do you have any Mental Health Problems or Learning Difficulties?  
This includes Alzheimer’s, Dementia, Depression, Anxiety Disorder, Eating Disorder, 
Psychotic Disorder, Intellectual Disability, Down Syndrome)

  
If yes, answer 

questions 
5a-5b

  
If no, go to 
question 6

5a.
Do you have difficulty controlling your condition with medications or other 
physician-prescribed therapies? (Answer NO if you are not currently taking 
medications or other treatments)

5b. Do you also have back problems affecting nerves or muscles?
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Please read the questions below carefully and answer each one honestly: check YES or NO. YES  NO

6.
Do you have a Respiratory Disease?  
This includes Chronic Obstructive Pulmonary Disease, Asthma, Pulmonary High Blood 
Pressure

  
If yes, answer 

questions 
6a-6d

  
If no, go to 
question 7

6a.
Do you have difficulty controlling your condition with medications or other 
physician-prescribed therapies?  
(Answer NO if you are not currently taking medications or other treatments)

6b. Has your doctor ever said your blood oxygen level is low at rest or during exercise 
and/or that you require supplemental oxygen therapy?

6c.
If asthmatic, do you currently have symptoms of chest tightness, wheezing, laboured 
breathing, consistent cough (more than 2 days/week), or have you used your rescue 
medication more than twice in the last week?

6d. Has your doctor ever said you have high blood pressure in the blood vessels of your 
lungs?

7. Do you have a Spinal Cord Injury? This includes Tetraplegia and Paraplegia
  

If yes, answer 
questions 

7a-7c

  
If no, go to 
question 8

7a.
Do you have difficulty controlling your condition with medications or other 
physician-prescribed therapies?  
(Answer NO if you are not currently taking medications or other treatments)

7b. Do you commonly exhibit low resting blood pressure significant enough to cause 
dizziness, light-headedness, and/or fainting?

7c. Has your physician indicated that you exhibit sudden bouts of high blood pressure  
(known as Autonomic Dysreflexia)?

8. Have you had a Stroke?  
This includes Transient Ischemic Attack (TIA) or Cerebrovascular Event

  
If yes, answer 

questions 
8a-c

  
If no, go to 
question 9

8a.
Do you have difficulty controlling your condition with medications or other 
physician-prescribed therapies?  
(Answer NO if you are not currently taking medications or other treatments)

8b. Do you have any impairment in walking or mobility?

8c. Have you experienced a stroke or impairment in nerves or muscles in the past 6 
months?

9. Do you have any other medical condition not listed above or do you live with two chronic 
conditions?

  
If yes, answer 

questions 
9a-c

  
If no, read 
the advice 
on page 4

9a.
Have you experienced a blackout, fainted, or lost consciousness as a result of a head 
injury within the last 12 months OR have you had a diagnosed concussion within the 
last 12 months?

9b. Do you have a medical condition that is not listed  
(such as epilepsy, neurological conditions, kidney problems)?

9c. Do you currently live with two chronic conditions?

Please proceed to Page 4 for recommendations for your current medical condition and sign this document.
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SECTION 3 - DECLARATION
 › You are encouraged to photocopy the PAR-Q+. You must use the entire questionnaire and NO changes are permitted.
 › The Canadian Society for Exercise Physiology, the PAR-Q+ Collaboration, and their agents assume no liability for persons 

who undertake physical activity. If in doubt after completing the questionnaire, consult your doctor prior to physical activity.
 › If you are less than the legal age required for consent or require the assent of a care provider, your parent, guardian or care 

provider must also sign this form.
 › Please read and sign the declaration below:

I, the undersigned, have read, understood to my full satisfaction and completed this questionnaire. I acknowledge that 
this physical activity clearance is valid for a maximum of 12 months from the date it is completed and becomes invalid 
if my condition changes. I also acknowledge that a Trustee (such as my employer, community/fitness centre, health 
care provider, or other designate) may retain a copy of this form for their records. In these instances, the Trustee will be 
required to adhere to local, national, and international guidelines regarding the storage of personal health information 
ensuring that they maintain the privacy of the information and do not misuse or wrongfully disclose such information.

NAME ____________________________________________________ DATE _________________________________________ 

SIGNATURE _____________________________________WITNESS _________________________________________________

SIGNATURE OF PARENT/GUARDIAN/CARE PROVIDER _________________________________________________________

PAR-Q+
If you answered NO to all of the follow-up questions about your medical condition, you are ready to 
become more physically active:
 › It is advised that you consult a qualified exercise professional (e.g., a CSEP-CEP or CSEP-CPT) to help 

you develop a safe and effective physical activity plan to meet your health needs. 
 › You are encouraged to start slowly and build up gradually – 20-60 min. of low- to moderate-intensity 

exercise, 3-5 days per week including aerobic and muscle strengthening exercises. 
 › As you progress, you should aim to accumulate 150 minutes or more of moderate-intensity physical 

activity per week.
 › If you are over the age of 45 yrs. and NOT accustomed to regular vigorous physical activity, please 

consult a qualified exercise professional (CSEP-CEP) before engaging in maximal effort exercise.

If you answered YES to one or more of the follow-up questions about your medical condition:
 › You should seek further information from a licensed health care professional before becoming more 

physically active or engaging in a fitness appraisal and/or visit a or qualified exercise professional 
(CSEP-CEP) for further information.

Delay becoming more active if:
 › You are not feeling well because of a temporary illness such as a cold or fever – wait until you feel better
 › You are pregnant - talk to your health care practitioner, your physician, a qualified exercise profesional, 

and/or complete the PARmed-X for Pregnancy before becoming more physically active OR
 › Your health changes - please talk to your doctor or qualified exercise professional (CSEP-CEP) before 

continuing with any physical activity programme.

3

µ

!

For more information, please contact:
Canadian Society for Exercise Physiology  

www.csep.ca
KEY REFERENCES
1. Jamnik VJ, Warburton DER, Makarski J, McKenzie DC, Shephard RJ, Stone J, and Gledhill N. Enhancing the 
eectiveness of clearance for physical activity participation; background and overall process. APNM 36(S1):S3-
S13, 2011.
2. Warburton DER, Gledhill N, Jamnik VK, Bredin SSD, McKenzie DC, Stone J, Charlesworth S, and Shephard RJ. 
Evidence-based risk assessment and recommendations for physical activity clearance; Consensus Document. 
APNM 36(S1):S266-s298, 2011.

The PAR-Q+ was created using the evidence-
based AGREE process (1) by the PAR-
Q+Collaboration chaired by Dr. Darren E. 
R. Warburton with Dr. Norman Gledhill, Dr. 
Veronica Jamnik, and Dr. Donald C. McKenzie 
(2). Production of this document has been made 
possible through financial contributions from 
the Public Health Agency of Canada and the BC 
Ministry of Health Services. The views expressed 
herein do not necessarily represent the views 
of the Public Health Agency of Canada or BC 
Ministry of Health Services.
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Appendix C 

Ethics approval Including Amendments 

 

 
October 25, 2017 
 
Ms. Megan McAllister 
Master’s Student 
School of Kinesiology and Health Studies 
Queen's University 
28 Division Street 
Kingston, ON, K7L 3N6 
 
GREB Ref #: GSKHS-270-17; TRAQ # 6022173 
Title: "GSKHS-270-17 Investigating the link between kinematic, kinetic and muscular symmetry" 
 
Dear Ms. McAllister: 
 
The General Research Ethics Board (GREB), by means of a delegated board review, has cleared your proposal 
entitled "GSKHS-270-17 Investigating the link between kinematic, kinetic and muscular symmetry" for ethical 
compliance with the Tri-Council Guidelines (TCPS 2 (2014)) and Queen's ethics policies. In accordance with the 
Tri-Council Guidelines (Article 6.14) and Standard Operating Procedures (405.001), your project has been 
cleared for one year. You are reminded of your obligation to submit an annual renewal form prior to the annual 
renewal due date (access this form at http://www.queensu.ca/traq/signon.html/; click on "Events"; under "Create 
New Event" click on "General Research Ethics Board Annual Renewal/Closure Form for Cleared 
Studies").  Please note that when your research project is completed, you need to submit an Annual 
Renewal/Closure Form in Romeo/traq indicating that the project is 'completed' so that the file can be closed. This 
should be submitted at the time of completion; there is no need to wait until the annual renewal due date.   
 
You are reminded of your obligation to advise the GREB of any adverse event(s) that occur during this one year 
period (access this form at http://www.queensu.ca/traq/signon.html/; click on "Events"; under "Create New 
Event" click on "General Research Ethics Board Adverse Event Form"). An adverse event includes, but is not 
limited to, a complaint, a change or unexpected event that alters the level of risk for the researcher or participants 
or situation that requires a substantial change in approach to a participant(s). You are also advised that all 
adverse events must be reported to the GREB within 48 hours. 
 
You are also reminded that all changes that might affect human participants must be cleared by the GREB. For 
example, you must report changes to the level of risk, applicant characteristics, and implementation of new 
procedures. To submit an amendment form, access the application by at http://www.queensu.ca/traq/signon.html; 
click on "Events"; under "Create New Event" click on "General Research Ethics Board Request for 
the Amendment of Approved Studies". Once submitted, these changes will automatically be sent to the Ethics 
Coordinator, Ms. Gail Irving, at the Office of Research Services for further review and clearance by the GREB 
or GREB Chair.  
 
On behalf of the General Research Ethics Board, I wish you continued success in your research. 
  
Sincerely, 
 

 
Joan Stevenson, Ph.D.  
Interim Chair 
General Research Ethics Board 
 
c:  Dr. Patrick Costigan, Supervisor  
 Ms. Rachael Allen, Co-investigator  
 Dr. Lucie Levesque, Chair, Unit REB  
 Ms. Josie Birchall, Dept. Admin. 
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November 14, 2017 
 
 
 
Ms. Megan McAllister 
Master’s Student 
School of Kinesiology and Health Studies  
Queen's University 
28 Division Street 
Kingston, ON, K7L 3N6 
 
Dear Ms. McAllister: 
 
RE: Amendment for your study entitled: GSKHS-270-17 Investigating the link between kinematic, kinetic 
and muscular symmetry; TRAQ # 6022173 
 
Thank you for submitting your amendment requesting the following changes: 
 
1) To potentially collect data on weekends and evenings; 
 
2) To modify the conditions of the squat trials in order to answer more specific study objectives to 
 compare speed, load and tempo as separate items; the conditions had to be modified so each variable 
 could be controlled for and examined separately during the squat trials; 
 
3) Revised Letter of Information/Consent Form (v. 2017/11/09); 
 
4) Security Protocol Form for Conducting Human Participants Research Outside of Regular Business 
 Hours (v. 2017/11/09). 
 
By this letter, you have ethics approval for these changes.  
 
Good luck with your research. 
 
Sincerely, 
 

 
Joan Stevenson, Ph. D.  
Interim Chair 
General Research Ethics Board 
 
c.: Dr. Patrick Costigan, Supervisor 
 Ms. Rachael Allen, Undergraduate Student 
 
 



 

77 

 

 

  

 
December 01, 2017 
 
 
 
Ms. Megan McAllister 
Master’s Student 
School of Kinesiology and Health Studies 
Queen's University 
28 Division Street 
Kingston, ON, K7L 3N6 
 
Dear Ms. McAllister: 
 
RE: Amendment for your study entitled: GSKHS-270-17 Investigating the link between kinematic, kinetic 
and muscular symmetry; TRAQ # 6022173 
 
Thank you for submitting your amendment requesting the following changes: 
 
1) To separate the study into two parts.  The first part is exactly the same as the currently cleared study 
 protocol.  The proposed second part is meant to generate asymmetry to see how the movement patterns 
 change during the squat.  The participant will have the opportunity, when filling out the Letter of 
 Information/Consent Form, to decide if they want to participate in Part 1, Part 2, or both parts.  If the 
 participant agrees to participate in Part 2 of the study, there will be a 15-minute break between Part 1 
 and Part 2.  The participant will then be asked to complete two more conditions with five squats each, 
 totaling ten more squats.  For the first condition, a heel raise will be placed in one of the participant’s 
 shoes (chosen at random).  The second condition will be a weighted condition where the weighted vest 
 will be filled with weights equivalent to 10% of the participant’s back strength, with all of the weights 
 loaded to one side of the vest (chosen at random); 
 
2) Revised Letter of Information/Consent Form (v. 2017/11/29). 
 
By this letter, you have ethics approval for these changes.  
 
Good luck with your research. 
 
Sincerely, 
 

 
Joan Stevenson, Ph. D.  
Interim Chair 
General Research Ethics Board 
 
c.: Dr. Patrick Costigan, Supervisor 
 Ms. Rachael Allen, Undergraduate Student 
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Appendix D 

Consent Form / Letter of Information 

 
1 

 

Ethics Consent Form 
Letter of Information 
 
 
 

 
Evaluating the Effect of Asymmetry in Movement Quality Screening: 

A Deeper Look at the Different Levels of Measurement  
 

Dear Participant,  
 
You are being invited to participate in a two-part research study by Megan McAllister (Graduate 
student, Queen’s School of Kinesiology and Health Studies) and Dr. Patrick Costigan that 
examines how people move.  
 
If you decide to take part in this study, you will complete a Physical Activity Readiness 
Questionnaire Plus (PAR-Q+) to rule out any health conditions that would not allow you to 
complete the study safely.  
 
Your age, height and weight, level of physical activity, history of injury, and limb dominance 
will be recorded. During testing, a motion tracking system will track markers placed on your skin 
or over your clothing on your lower back, hips, knees, ankles, and feet as you perform a squat 
movement. While squatting, you will stand on two force plates, one under each foot, to measure 
the force you apply to the ground. Electromagnetic (EMG) sensors on your hip, thigh, and calf 
muscles will record the activity of your leg muscles.  
 
Part one: 
You will perform five squats in each of five conditions: normal speed squat, normal speed squat 
with weighted vest, normal speed squat following the beat of a metronome, slow squat following 
the beat of a metronome (80% of normal speed), and fast squat following the beat of a 
metronome (120% of normal speed). The weighted vest will hold weights equivalent to 20% of 
your back strength. Before testing you will have time to get comfortable with the speed and 
depth of the squats. This part should take approximately one hour to complete. 
 
Part two: 
If you decide to participate in parts one and two, you will perform an additional five squats in 
two more conditions, totaling an additional ten squats. The additional conditions are normal 
squat with heel raise in one foot, and weighted squat loaded unilaterally. The heel raise condition 
involves an insole being placed in your shoe to lift your heel. The weighted vest will be used for 
the squat condition and will contain weights equivalent to 10% of your back strength loaded 
specifically on one side of your body. If you choose only to participate in part two, you will also 
perform a normal squat condition with five squats. In this case, you would perform a total of five 
squats each three conditions: normal, heel raise, and side loaded weighted squat. 

S C H O O L  O F  K I N E S I O L O G Y  A N D  
H E A L T H  S T U D I E S  ( S K H S )  

28 Division Street 
Queen's University, Kingston, ON 
K7L 3N6 
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2 
 

Risks of Participation 
To the best of our knowledge, there are very few added risks to participating in this study. There 
is, naturally, a risk of overexertion. To avoid any overexertion during the exercise protocol, rest 
breaks have been incorporated throughout the data collection protocol and the weight used to 
squat is a light load for a healthy young person. There are no direct benefits to you for taking part 
in this study.  
 
 
 
Voluntary Participation and Withdrawal 
Your participation in this study is completely voluntary and you can withdraw from the study at 
any time by informing the researcher during testing or by emailing the researcher at the email 
given below up to 6 months after data collection without penalty. If you withdraw, your data will 
be destroyed. 
  
 
Confidentiality 
All information obtained is strictly confidential and your identity will be protected as much as 
possible in all data analysis and publications. The data will be stored in an encrypted database 
that contains no identification information and retained for 5 years after which time it will be 
destroyed. Participant codes will be used to identify the data and no personal information will be 
stored in the database. Participant codes, names and contact information will be stored separately 
in a locked and secured location. We may ask permission to take photographs during testing to 
show the experimental set up. If you agree, images will be taken of your lower body. Should 
your face be photographed, it will be blurred in any presentation. You may refuse to be 
photographed and this will have no effect on your participation in the study.  
 
If at any time, you have questions or concerns related to my participation in this study, you can 
contact: 

Megan McAllister, Master’s student, School of Kinesiology and Health Studies, Queen’s 
University (613) 533-6000 ext.: 79019 
Patrick Costigan, Ph.D. Associate Professor, School of Kinesiology and Health Studies, 
Queen’s University (613) 533-6000 ext.: 79037 

 
If you have any concerns related to ethics at any time, please contact the General Research 
Ethics Board (GREB) at 1-844-535-2988 (Toll free in North America) or at 
chair.GREB@queensu.ca. 
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Ethics Consent: Participant’s Copy 
 

 
 

Evaluating the Effect of Asymmetry in Movement Quality Screening: 
A Deeper Look at the Different Levels of Measurement  

 
This page is for the researchers to verify that you are willing to participate in the above study.  
By signing this page, you are declaring the following: 
 
• You were given a verbal presentation about the above-mentioned research study 
• You were given a copy of the Information and Ethics Consent Letter to read and keep 
• You realize you can withdraw at any time without penalty or coercion 
• You can contact any of people in this letter if you have questions, concerns or complaints 
• You realize that your data will be kept confidential.  
• You do not wave your legal rights nor release the investigator(s) and sponsors from their legal 

and professional responsibilities. 
 
� You agree to participate in part one of the study 
� You agree to participate in part two of the study 
 
 
 
(Please sign and keep this page for your own records)  
 
_____________________________________    __________________ 
Print your Name                    Date 
 
_____________________________________     
Signature of Participant        
 
_____________________________________               __________________ 
Research Assistant        Date 
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Ethics Consent: Researcher’s Copy 
 
 
 
 

Evaluating the Effect of Asymmetry in Movement Quality Screening: 
A Deeper Look at the Different Levels of Measurement  

 
 
This page is for the researchers to verify that you are willing to participate in the above study.   
By signing this page, you are declaring the following: 
 
• You were given a verbal presentation about the above-mentioned research study 
• You were given a copy of the Information and Ethics Consent Letter to read and keep 
• You realize you can withdraw at any time without penalty or coercion 
• You can contact any of people in this letter if you have questions, concerns or complaints 
• You realize that your data will be kept confidential.  
• You do not wave your legal rights nor release the investigator(s) and sponsors from their legal 

and professional responsibilities. 
 
� You agree to participate in part one of the study 
� You agree to participate in part two of the study 
 
 
(Please sign and return this page ONLY to the researchers)  
 
 
_____________________________________    __________________ 
Print your Name                 Date 
 
 
_____________________________________     
Signature of Participant        
 
 
_____________________________________    __________________ 
Research Assistant         Date 
 
 
We would like to ask at least one or two individuals to permit photos to be taken of the tasks.   
Please initial here if you are willing to permit photos to be taken ____________.  
Witness Initials: ________________  
 
Thank you. 
 
Megan McAllister, School of Kinesiology and Health Studies, Queen’s University  
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Appendix E 

Detailed Protocol for Force Plate Location 

 

1. Use pointer stick with rigid body and attached the unique marker to the end of the stick. The 
unique marker is as such because it was drilled into to allow the center of the marker to be at the 
end of the stick.  
 

2. Collect a static trial (5 seconds) with the unique marker attached to the end of the stick. 
  

3. Ensure QTM settings are set to 6DOF before collecting.  
 

4. In QTM, highlight the 5 markers (4 rigid body markers and 1 unique marker), right click and 
select ‘define rigid body’. 

 
5. In QTM settings, go to 6DOF and change tip marker to virtual marker.  

 
6. Remove the unique marker from the tip of the pointer stick before the dynamic collections.  

 
7. One plate at a time, perform a 30-second collection, pressing down on the 4 corners of the force 

plate, always starting in the bottom right corner and going in a clockwise direction. 
 

8. Using the force data, identify and clip one frame for each corner – identifiable when the force is 
applied to that corner.  

 
9. Label each frame to its respective corner of the force plate (1-4 from bottom right to top right). 

 
10. In QTM settings, select appropriate force plate, click on generate force plate location. This takes 

the 3D location of each virtual marker position (4 corners) and applies it to the corners of the 
force plate to determine its position in the global coordinate system in QTM.  

 
11. Ensure the generated configuration matches the corresponding marker locations (bottom right 

should be (0,0,0), bottom left should be (-x, 0,0), top left should be (-x,+y,0), top right should be 
(0,+y,0)). 

 
12. Repeat steps 7-11 for the second force plate.  
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Appendix F 

Data Collection Sheet 

 
 

  

Participant ID: _________     Date and time: ______________________ 
� Consent Form/Letter of Information  
� Par-Q+ 

 
Demographics  
Age: ______ Height (cm): _____ 
Gender: _____ Weight (kg): _____ 
Dominant limb: ______  
  
P.A. questions  
Highest level of sport: Type of training*: 

 
 
 
*sport, gym, recurrence, etc.  

Injury history: 
 
 
 
 

Squat experience*:  
 
 
 
*1RM if known, how often, how many reps/sets 

  
Baseline collection   
Deadlift max 
� 3 reps 

 

Static standing trial 
� 1 plate 
� 2 plates 

Functional hip trial 
� left arc 
� right arc 

  
EMG sensor placement  
      Posterior:       Anterior: 

� Lateral 
gastrocs 

� Biceps 
femoris 

� Gluteus max. � Vastus 
medialis 

� Rectus  
femoris 

� Vastus  
lateralis 

      
Marker placement 
*rigid body on each segment 

 

� Foot (calcaneus, base of 5th and 2nd metatarsals) 
� Shank (medial malleolus, lateral malleolus, 

medial femoral epicondyle, lateral femoral 
epicondyle)  

� Thigh (medial + lateral epicondyles, greater 
trochanter) 

� Pelvis/trunk (iliac crests – lateral aspect, C7) 
� Functional hip (ASIS + PSIS) 

  
Condition info: 
*use Excel spreadsheet to calculate 
Weight 
� 20% deadlift max* (lbs): _____   

 
 
Speed (bpm) 

  

� Normal: ____ � Slow: ____ � Fast: ____ 

    

Squat trials 
*WS: weighted squat, NM: normal metronome, FM: fast metronome, SM: slow metronome, SS: side weighted squat, FR: foot raise squat) 

Part 1: 
� Block 1: NS � Block 2: __ � Block 3: __ � Block 4: __ � Block 5: __ � Block 6: __ � Block 7: __ 

   
  Notes: 
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Appendix G 

Residual Analysis 

 
Figure G.1: Residual cut-off analysis of moment data at the knee during the squat movement 
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Appendix H 

Additional Subplots 

 
Figure H.1: Subplot of left and right knee angle data during each squat condition. NS = normal, SM = 

slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat.  
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Figure H.2: Subplot of left and right knee moment data during each squat condition. NS = normal, SM = 

slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat.  
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Figure H.3: Subplot of left and right vastus lateralis data during each squat condition. NS = normal, SM 

= slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat.  
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Figure H.4: Subplot of left and right hip angle data during each squat condition. NS = normal, SM = 

slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat.  
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Figure H.5: Subplot of left and right hip moment data during each squat condition. NS = normal, SM = 

slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat.  
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Figure H.6: Subplot of left and right gluteus maximus data during each squat condition. NS = normal, 

SM = slow metronome, NM = normal metronome, FM = fast metronome, WS = weighted squat.  
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Appendix I  

ANOVA tables 

Table I.1: ANOVA results for correlation measures at the ankle joint. 

 Degrees of freedom 

(model, residuals) 

F-ratio Significance Partial eta 

squared 

Condition 3.693, 118.173 .363 .820 .011 

Component 1.410, 45.133 148.130 < .001 .822 

Condition*component 4.669, 149.404 .581 .703 .018 

 

 

Table I.2: ANOVA results for correlation measures at the knee joint. 

 Degrees of freedom 

(model, residuals) 

F-ratio Significance Partial eta 

squared 

Condition 2.970, 74.240 3.296 .025 .116 

Component 1.018, 25.448 80.407 < .001 .763 

Condition*component 3.134, 78.348 3.427 .020 .121 

 

 

Table I.3: ANOVA results for correlation measures at the hip joint. 

 Degrees of freedom 

(model, residuals) 

F-ratio Significance Partial eta 

squared 

Condition 2.900, 92.808 9.208 < .001 .223 

Component 1.055, 33.775 134.909 < .001 .808 

Condition*component 2.874, 91.972 5.942 .001 .157 
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Table I.4: ANOVA results for normalized RMS measures at the ankle joint. 

 Degrees of freedom 

(model, residuals) 

F-ratio Significance Partial eta 

squared 

Condition 2.189, 52.533 1.873 .121 .072 

Component 1.260, 30.249 70.396 < .001 .746 

Condition*component 2.319, 55.664 2.065 .129 .079 

 

 

Table I.5: ANOVA results for normalized RMS measures at the knee joint. 

 Degrees of freedom 

(model, residuals) 

F-ratio Significance Partial eta 

squared 

Condition 2.976, 65.465 .784 .506 .034 

Component 1.383, 30.420 51.130 < .001 .699 

Condition*component 2.682, 58.997 3.003 .043 .120 

 

 

Table I.6: ANOVA results for normalized RMS measures at the hip joint. 

 Degrees of freedom 

(model, residuals) 

F-ratio Significance Partial eta 

squared 

Condition 3.113, 65.363 2.064 .111 .089 

Component 1.832, 38.475 406.943 < .001 .951 

Condition*component 3.896, 81.825 1.931 .115 .084 

 


