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Abstract 

Understanding how fatigue affects task performance is crucial for understanding injury risk. 

Historically, the tests used to measure fatigue and the effects of that fatigue were not always similar to the 

tasks that generated that fatigue. Many studies that examine fatigue in jumping implement a pre-fatigue 

test, followed by a fatiguing protocol, and then a post-fatigue test. If the pre-fatigue and post-fatigue tests 

are not functionally similar to the fatiguing task, then the information obtained may not accurately 

represent the true effect of fatigue on the specific task. To avoid misinterpretation the testing tasks must 

be similar, or ideally identical, to the repetitive, fatiguing task. Therefore, in this study, a vertical 

countermovement jumping task was recorded continuously and the landing biomechanics were analyzed 

over time to explore how fatigue was manifest as jump performance decreased. The purpose of this study 

was to identify how landing biomechanics changed as the degree of fatigue increased. 

Kinematic, kinetic and muscular data were collected from 10 experienced jumpers, and 14 novice 

jumpers. For each participant, data were collected continuously during the continuous execution of 60 

maximal vertical jumps, where the rest time between jumps was four seconds. Independent samples t-test 

assessed the difference between the novice and elite group. For the last 45 jumps of the fatigue protocol, 

slopes with 95% confidence intervals and correlations were computed to assess the rate of change for 

each variable and the relationship between the fatigue measures, and the landing biomechanical variables. 

Results demonstrate there was no significant difference between the novice and elite group mean slope 

for all variables. Three of the landing biomechanical variables had slopes significantly different from 

zero: the maximum knee angle (Kmax), the location of the maximum ground reaction force (GRF Loc), 

and one of the stiffness measure (Stiff5). Additionally, the changes in jump height are not correlated with 

changes in landing biomechanical variables (correlations < 0.50), which presents an important 

consideration for using jump height as a single variable for determining if individuals are at risk for a 

fatigue-related injury.  
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Chapter 1 

Introduction 

 The Problem 

All athletes, regardless of their level of training, experience one common physiological detriment that 

changes their biomechanics - fatigue. Fatigue, commonly defined as a decrease in force production or the 

inability to sustain a required workload (Enoka & Duchateau, 2008; Fitts, 2008), can change landing 

biomechanics and compromise dynamic stability by changing proprioception, muscle coordination, 

activation, timing, and duration, any of which may increase the risk of injury (Hughes & Watkins, 2006). 

For example, in landing from a jump when healthy and rested, the muscles surrounding the knee contract 

to counteract the external moments thereby preventing excessive shear forces from damaging the anterior 

cruciate ligament (ACL) (Hughes & Watkins, 2006). Ideally, the knee’s muscle contractions are timed to 

minimize tibial translation thereby reducing the stress on the ACL. Fatigue changes the timing of these 

contractions and increases tibial translation, resulting in stress on the ACL and the risk of an ACL tear; 

therefore, managing fatigue can be a means of reducing the risk of injury (Hughes & Watkins, 2006). 

 What We Know 

There are periods during a game and season where fatigue is elevated and during these periods the 

number of injuries increases (Bradley, Klimkiewicz, Rytel, & Powell, 2002). Injuries occur more often 

later in games and seasons when players are more fatigued (Bradley et al., 2002). For example, in the 

National Football League, non-contact injuries occur more frequently in the second, third, and fourth 

quarters (Bradley et al., 2002). Furthermore, most training injuries occur when the training intensity and 

fatigue are at its highest, such as during the month prior to the start of the competitive portion of the 

season (Foster et al., 2001; Gabbett, 2004a, 2004b). Thus, as fatigue develops players are more likely to 
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be injured due to changes in the body’s ability to manage the forces and stresses on the body (Hughes & 

Watkins, 2006).  

 Dynamic Stability 

A joint’s stability is due to the anatomical structures that provide either passive stability or dynamic 

stability (Hughes & Watkins, 2006). Passive stability is enhanced by the shape of the articular surfaces 

that form a joint and the stiffness of the ligaments crossing the joint (Hughes & Watkins, 2006). A study 

investigating the removal of the PCL and posterior-lateral compartment found an increase in knee 

translation in various directions, dependent on which ligament was removed (Grood, Stowers, & Noyes, 

1988). While important, these structures are largely determined by genetics and their function does not 

change with increasing levels of fatigue. Dynamic stability, on the other hand, is provided by muscle 

activity and fatigue can compromise dynamic stability (Hughes & Watkins, 2006). Specifically, fatigue 

alters a muscle’s proprioception, coordination, activation, and timing, thereby altering the dynamic 

stability of a joint (Hughes & Watkins, 2006).  

Fatigue alters joint proprioception, the ability to determine one's body position in space and the 

position of one joint with respect to another joint (Miura et al., 2004). An individual’s proprioception is 

derived from cutaneous, joint, tendon, and muscle receptors (Marini, Contu, Antuvan, Morasso, & Masia, 

2017). When fatigued, individuals are less accurate at determining their joint position in space and 

replicating a desired joint angle (Miura et al., 2004). For example, Miura et al. (2004) positioned 

participants’ knee joint at a specific angle for three seconds, after the three seconds the participants were 

positioned back to 90 degrees of knee flexion and then ask to replicate the previous knee joint angle. This 

was done multiple times at various knee joint angles to measure the mean absolute angular error of the 

knee before and after a whole-body fatiguing protocol. After the whole-body fatiguing protocol, the 

absolute angular error increased by 5.1° ± 2.1°, thus decreasing the participants’ joint sense awareness. 

Although the method that fatigue alters the proprioceptive receptors is not fully understood, it is thought 
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that some of the receptors become desensitized with fatigue (Johnston, Howard, Cawley, & Losse, 1998). 

A decrease in joint sense awareness, or proprioception, indicates a decrease in motor control (Miura et al., 

2004), which is a predictor of injury (Zazulak, Hewett, Reeves, Goldberg, & Cholewicki, 2007). As such, 

fatigue-related changes in joint proprioception increase the risk of injury.  

In addition to affecting proprioception (Miura et al., 2004), fatigue also affects movement 

coordination, where coordination is defined as the sequencing of muscle contractions to produce a 

movement (Bobbert & van Ingen Schenau, 1988). Through repetition, individuals ingrain coordination 

patterns for movements. Normally, larger proximal muscles activate prior to smaller distal muscles to 

allow each joint to contribute to a movement, known as the summation of speeds principle (Forestier & 

Nougier, 1998). However, when fatigued individuals change their coordination patterns in an attempt to 

maintain performance (Forestier & Nougier, 1998). When fatigued, handball athletes changed their 

coordination so that distal muscles activated prior to proximal muscles, disrupting the optimal pattern of 

muscle activation (Forestier & Nougier, 1998). Therefore, the changes in coordination due to fatigue 

disrupts the summation of speeds principle in movements (Forestier & Nougier, 1998) and thus, can 

increase the risk of injury.  

Fatigue also affects dynamic stability by delaying the muscle’s response time (Sant’Ana, Franchini, da 

Silva, & Diefenthaeler, 2017). For example in a post isokinetic dynamometer fatiguing protocol, 

quadriceps and hamstring muscle fatigue resulted in a decrease in muscle reaction time when a 30-pound 

displacement force was applied to the shank, delaying the leg muscles dynamic stability to counter the 

displacement force (Wojtys, Wylie, & Huston, 1996). The delayed muscle activity due to fatigue also 

resulted in greater tibial translation, placing greater stress on the ACL in comparison to the non-fatigued 

30-pound displacement force (Wojtys et al., 1996). The greater the delay in response time, the greater the 

delay in the muscle's ability to provide dynamic stability (Hughes & Watkins, 2006). If skills place a high 

demand on joints in a short period of time and the muscle activity is delayed, then the joint’s passive 

structures, bones, and ligaments need to maintain joint stability (Hughes & Watkins, 2006). If the demand 
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is high, there is a possibility that the unexpected load will overwhelm the passive structures and cause an 

injury (Hughes & Watkins, 2006).  

In summary, fatigue negatively affects proprioception, muscular coordination, and timing, which all 

contribute to the dynamic stability of a joint. When these factors are compromised, stresses and forces are 

shifted to structures that provide passive stability, such as bones and ligaments (Hughes & Watkins, 

2006). As dynamic stability changes with fatigue, individuals are placed at an increased risk of injury 

(Hughes & Watkins, 2006). 

 Jumping and the ACL 

Even though fatigue-related changes in dynamic stability are seen in many skills, jumping has been 

studied extensively due to the changes in landing performance that place individuals at an increased risk 

of injury (Brazen, Todd, Ambegaonkar, Wunderlich, & Peterson, 2010; Dickin, Johann, Wang, & Popp, 

2015). As individuals fatigue, their peak landing vertical ground reaction force (GRF) increases (Brazen 

et al., 2010; Dickin et al., 2015) and they land in a more upright position (Borotikar, Newcomer, Koppes, 

& McLean, 2008; Chappell et al., 2005), where their hips and knees flex less, likely in an attempt to 

decrease muscle use (Chappell et al., 2005). Additionally, fatigue delays muscle activation reducing the 

dynamic stability at the initiation of landing (Paul & Wood, 2002). With jump landing fatigue, individuals 

change their landing such that they endure larger vertical and shear forces with less range of motion and 

delayed muscle activity, compromising the knee’s dynamic stability (Brazen et al., 2010; Chappell et al., 

2005; Hughes & Watkins, 2006).  

When the dynamic stability of the knee is compromised from fatigue, the action of the muscles that 

cross the knee joint that manage anterior tibial translation are delayed, resulting in additional stress 

transferred onto the anterior cruciate ligament (ACL), a ligament whose main function is to prevent 

anterior translation of the tibia (Hughes & Watkins, 2006). Furthermore, when fatigued, individuals land 

in a more upright position with their knee close to full extension (Chappell et al., 2005), resulting in a 
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larger anterior shear force to the proximal end of the tibia due to the quadriceps’ angle of pull from the 

patella onto the anterior portion of the tibia (Hughes & Watkins, 2006). The greater the anterior shear 

force on the tibia, the greater the strain on the ACL (Hughes & Watkins, 2006). Delayed muscle activity 

and contraction of the quadriceps when near full extension promotes an anterior shear force, stressing the 

ACL (Hughes & Watkins, 2006). As such, coaches and therapists need to be cognizant of an individual’s 

fatigued state as they may be at a higher risk for an ACL injury.  

 Fatigue 

Fatigue is commonly defined as a decrease in performance or the inability to sustain a required 

workload (Enoka & Duchateau, 2008; Fitts, 2008; Paul & Wood, 2002; Vøllestad, 1997). A more 

complete definition is an inability to complete a task that was once achieved within a recent time frame 

(Halson, 2014) and recognizes the perception of fatigability felt by the performer (Enoka & Duchateau, 

2017). Often fatigue is separated into central fatigue and peripheral fatigue. Fatigue generated in the 

central nervous system, such as the spinal cord or brain or just proximal to the motor axons, is termed 

central fatigue (Babault, Desbrosses, Fabre, Michaut, & Pousson, 2006; Barber-Westin & Noyes, 2017; 

Carroll, Taylor, & Gandevia, 2017; Márquez et al., 2017). With central fatigue, the neural signals become 

hindered and are unable to elicit the desired motor response (Babault et al., 2006). Whereas in peripheral 

fatigue, the reduction in performance is due to fatigue located within the muscle itself or related to the 

neuromuscular junction or terminal branches of the motor axons (Babault et al., 2006; Carroll et al., 2017; 

Márquez et al., 2017; Paul & Wood, 2002). Both peripheral and central fatigue can cause reductions in 

force outputs, accompanied by an increase in the perceived effort to sustain a required workload (Lyons, 

Al-Nakeeb, & Nevill, 2006). In most sports cases, the tasks that cause fatigue, have aspects of both 

central and peripheral fatigue (Barber-Westin & Noyes, 2017; Miura et al., 2004).  

Related to central and peripheral fatigue is the principle of task dependency of muscle fatigue, where 

the central and peripheral mechanisms responsible for fatigue are dependent on the task being performed 
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(Enoka & Stuart, 1992; Iguchi et al., 2008). During a fatiguing task, only the pathways being stressed and 

the mechanism involved in producing the movement become fatigued (Babault et al., 2006; Cairns, 

Knicker, Thompson, & Sjøgaard, 2005; Enoka & Stuart, 1992). Similar to training specificity, where 

training adaptations are dependent on the training performed, the pathways and sites of impairment are 

dependent on the fatiguing task performed (Enoka & Stuart, 1992; Iguchi et al., 2008). If an individual 

becomes fatigued from one task and quickly changes to another, unless similar pathways and mechanisms 

are involved in the second task, there will be no reduction in performance in the second task. (Enoka & 

Stuart, 1992). Based on the principle of task dependency of muscle fatigue, fatigue from one task should 

not affect the performance in another task, unless similar pathways are used in each task. 

To date, research has not uncovered a single definitive marker of fatigue. Some researchers argue that 

maximal testing is the only valid test for fatigue (Chapman, Cronin, Newton, & Gill, 2012; Halson, 2014; 

Raeder et al., 2016); however, due to the many difficulties with maximal testing a variety of substitute 

markers of fatigue have been established. The substitute markers can be measured directly from a 

decrease in performance, such as muscle force, muscle work, the velocity of muscle shortening, and 

power (Cairns et al., 2005), or through fatigue indicators, such as ratings of perceived exertion (Cairns et 

al., 2005). As many situations do not allow for maximal testing, substitute markers of fatigue may be the 

only method to test for fatigue in a field setting. 

In summary, regardless of whether the fatigue is peripheral, central, or task-dependent, fatigue 

compromises the dynamic stability of a joint increasing the risk for injury (Hughes & Watkins, 2006). 

Specifically, with jump landing, fatigue increases the stress on the passive structures, such as the ACL 

(Hughes & Watkins, 2006). To manage the fatigue-related changes in dynamic stability, researchers need 

to focus on task-dependent fatigue and the changes that occur with jump landing.  
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 Managing Fatigue 

To manage jumping fatigue, researchers need to first identify the kinematic, kinetic, and muscular 

changes that occur with jump landing fatigue. Previous research examining changes in jump landings and 

fatigue can be categorized as using either a non-task-dependent or a task-dependent fatiguing protocol. 

The non-task-dependent fatiguing protocol includes studies where the measured task is jumping but the 

fatiguing task is not jumping. An example of such a study would measure jumping done before and after a 

sprinting fatigue protocol. In this example, the effects of the fatiguing protocol are not directly related to 

jumping. On the other hand, research using a task-dependent fatiguing protocol would measure jumping, 

while also using jumping during the fatiguing protocol. While both non-task-dependent and task-

dependent fatigue studies identify changes with fatigue, they report different findings. 

Non-task-dependent fatiguing studies that mimic a sport such as soccer, agree that there are no 

reductions in jump height after non-task-dependent fatiguing protocols (Cone et al., 2012; Krustrup, 

Zebis, Jensen, & Mohr, 2010; Schmitz, Cone, Copple, Henson, & Shultz, 2014). However, the studies are 

inconclusive as to whether non-task-dependent fatigue causes kinematic or kinetic changes in jump 

landings. Cone et al. (2012) report no kinematic changes in landing kinematics or kinetics while Schmitz 

et al. (2014b) report that individuals land with less hip and knee flexion. The discrepancies between non-

task-dependent fatigue findings are due to the variations in fatiguing tasks used in the studies. Different 

fatiguing protocols may fatigue different muscles and neural pathways.  

Not many studies have examined changes in jump landing using task-dependent fatiguing protocols, 

consequently, less is known about how task-dependent fatigue changes jump landing kinetics, kinematics, 

and muscle activity. Some of the commonalities between task-dependent fatiguing studies are: 

individual’s land in an upright position with less range of motion at the hip and knee (Borotikar et al., 

2008; Chappell et al., 2005; S. G. McLean et al., 2007) and there is an increase in the abduction and 

internal rotation moments (Borotikar et al., 2008; S. G. McLean et al., 2007). Additionally, all studies 

agree that a task-dependent fatiguing protocol shows a reduction in jump height (Borotikar et al., 2008; 
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Chappell et al., 2005; S. G. McLean et al., 2007), a marked difference from non-task-dependent fatiguing 

protocols. Only by having the same pre-fatigue and post-fatigue task as the fatiguing task, can we ensure 

the same muscles and pathways are being fatigued to determine the changes of fatigue related to a task. 

By understanding the specific changes that occur with task-dependent fatigue, researchers can identify 

when the changes caused by fatigue become problematic and when the risk of injury increases. Only by 

fatiguing an individual through jumping can one be sure that the fatigued related changes in jump landing 

are due to jumping fatigue. Thus, the purpose of this study is to determine which biomechanical variables 

change during a vertical jump fatiguing protocol.  
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Chapter 2 

Literature Review 

  ACL Mechanism of Injury 

As one of the most common injuries in sport, the mechanisms for anterior cruciate ligament (ACL) 

injury are well established. The ACL is ruptured when the tibiofemoral joint undergoes abnormal 

movement, causing excessive stress on the ACL (Hughes & Watkins, 2006). Predominantly, athletes 

rupture their ACL when changing directions in a cutting maneuver, and in single or double leg landings 

during sports such as handball, basketball, soccer, and football. (Boden, Dean, Feagin, & Garrett, 2000; 

Bradley et al., 2002; Hughes & Watkins, 2006; Olsen, Myklebust, Engebretsen, & Bahr, 2000; Silvers & 

Mandelbaum, 2011). Non-contact ACL injuries commonly occur when the leg is near full extension, 

accompanied by a forceful valgus knee collapse (Hughes & Watkins, 2006), and occur more frequently 

when an individual is fatigued (Bradley et al., 2002).  

Along with the general evidence that supports the ACL mechanism of injury, there is also evidence to 

support specific knee kinematics and kinetics that occur with ACL ruptures. Koga et al. (2010) obtained 

10 video recordings of ACL ruptures in 10 female athletes. And in all 10 cases they found similar knee 

kinematics at initial contact and 40 milliseconds after when the ACL rupture occurred. The knee 

kinematics at initial contact were: 23 degrees of knee flexion, 0 degrees of knee abduction, and 5 degrees 

of knee external rotation. Within forty milliseconds after initial contact, the knee kinematics had changed 

with an increase of 24 degrees of knee flexion, 12 degrees of knee abduction, and 8 degrees of knee 

internal rotation (landing angles: 47 degrees of knee flexion, 12 degrees of knee abduction and 13 degrees 

of knee internal rotation). The study also determined that the peak landing force was 3.2 times the 

athlete’s body weight and occurred 40 milliseconds after initial contact, which coincides with the ACL 

rupture. As such, researchers need to investigate why individuals land with landing biomechanics that 

increases the risk of ACL injuries. 
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 Injuries and Fatigue 

Fatigue leads to injury (Bradley et al., 2002; Hawkins & Fuller, 1999). During a game, practice, and 

over the season, there are elevated periods of fatigue, which lead to higher incidences of injury (Bradley 

et al., 2002). During a game, there are more injuries towards the end of a game, where individuals are 

fatigued (Bradley et al., 2002). For example, in the National Football League, non-contact ACL game 

injuries occur more frequently in the second, third, and fourth quarters (Bradley et al., 2002). Also, a 

study conducted on four professional English football clubs (soccer clubs) found there were more injuries 

in the last 15 minutes of each half of a game (Hawkins & Fuller, 1999). Similarly, a study by Gabbett 

(2000) evaluated the incidence of injuries and found that injuries in rugby games occur more frequently in 

the second half of the match. As such, injury rates occur more frequently near the end of matches when 

individuals are most fatigued (Bradley et al., 2002).  

Similarly, during the training and competitive season, there are elevated periods of fatigue and training 

intensities that show increased incidences of injury (Gabbett, 2004a; Hawkins & Fuller, 1999). Most of 

the training injuries occur during the month just prior to the start of the competitive portion of the season, 

where the training intensity is at its highest (Gabbett, 2004a). Similarly, match injuries occur most often 

later in the competitive season (Gabbett, 2000). Hawkins & Fuller (1999) found injury rates increased in 

youth players during the second half of the season where competitions and training were at their highest. 

Therefore, as training and the competitive season intensifies, so does the number of injuries. Conversely, 

when training intensity decreases, so does the rate of injury. A three-year longitudinal study by Gabbett 

(2004b) found that lowering the training duration and intensity caused a reduction in the incidences of 

injuries by 39.9% – 50.0%. Thus, by decreasing the training intensity and periods of elevated fatigue, the 

number of injuries can be reduced.  
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 Fatigue  

Due to the physical demands of sports, athletes experience physical fatigue. The rate at which fatigue 

develops depends on the following: force or intensity of an activity, the duration of an activity, the rate of 

muscular contraction, and the rate at which an activity is continuously sustained (Enoka & Stuart, 1992; 

Fitts, 1994). Activities with greater intensity or forces will fatigue individuals quicker than activities with 

lower intensity or force (Enoka & Stuart, 1992; Fitts, 1994). Similarly, activities or contractions held for a 

longer duration, or activities with a high rate of muscular contraction, will fatigue individuals quicker 

(Enoka & Stuart, 1992). Therefore, although all athletes experience fatigue, fatigue will manifest at 

different rates depending on the intensity, duration, and frequency of the task.  

 Researchers commonly define fatigue as a decline in maximal performance or the inability to produce 

the required force (Enoka & Duchateau, 2008; Fitts, 2008; Paul & Wood, 2002; Vøllestad, 1997). A more 

comprehensive definition of fatigue recognizes that fatigue is a symptom where the physical and 

cognitive function is limited by interactions between performance fatigability and perceived fatigability 

(Enoka & Duchateau, 2017). Performance fatigability is the decline in an objective measure of 

performance over a discrete period of time, and perceived fatigability encompasses the changes in 

sensation felt by the performer (Enoka & Duchateau, 2017). As individuals fatigue, their performance 

decreases, while their perception of how fatigued they are increases (Enoka & Duchateau, 2017). 

Performance decreases are due to the impaired contractile capabilities of the involved muscle as well as 

the nervous system’s inability to provide an adequate stimulus to the involved muscles (Enoka & 

Duchateau, 2017). The perception of fatigue is derived from changes in core temperature, hydration, 

motivation, and pain (Enoka & Duchateau, 2017). The perception of fatigue assists with regulating the 

pace of the performance to control the intensity of exercise through two sensations, the physical 

sensations produced by exercise and the psychic effort required to sustain a given work output (Noakes, 

2012). 
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Although the process of fatigue may be complex, ultimately fatigue impairs the muscles function due 

to impairment of the contractile proteins’ ability to generate force (Carroll et al., 2017; Enoka & 

Duchateau, 2008). Initially, fatigue was thought to be caused solely by muscular changes; however, over 

time it was recognized that other mechanisms may be responsible for the inability of an individual to 

sustain a required force or load (Enoka, 1995). Reductions in force can be due to a change in the 

functional capacity of the muscle or due to a change in neural output, both of which impair the muscle’s 

ability to generate force (Carroll et al., 2017; A. L. F. Rodacki, Fowler, & Bennett, 2002). As such, 

researchers commonly divide fatigue into two primary categories: central fatigue and peripheral fatigue. 

 Central Fatigue 

Central fatigue is defined as a decrease in one’s ability to maintain a maximal muscle contraction due 

to inadequate neural input where the neural deficiency is proximal to the muscles neuromuscular junction 

(Babault et al., 2006; Barber-Westin & Noyes, 2017; Carroll et al., 2017; Márquez et al., 2017). The lack 

of neural input originates in the central nervous system, specifically the spinal cord or brain (Enoka, 1995; 

Paul & Wood, 2002). Some of the factors that contribute to central fatigue are the inability to develop an 

appropriate neural signal for a given task, improper delivery of the neural signal to its target muscle, and a 

reduction in sustained motor neuron activation (Carroll et al., 2017). Reduced maximal contraction due to 

inadequate neural signal development, delivery, and sustained motor activation, all indicate central 

fatigue (Carroll et al., 2017).  

Related to central fatigue is the participant's motivation (Enoka, 1995; Paul & Wood, 2002). 

Motivation has been linked to the neural output and, therefore, force output (Enoka, 1995; Paul & Wood, 

2002). Without proper motivation, individuals are not able to generate a sufficient neural signal to hold 

the required contraction. Motivation is also linked to an individual’s perception of effort (Enoka, 1995). 

As fatigue increases, an individual’s perception of effort increases and their perception of how hard they 

can contract decreases (Enoka, 1995). An individual’s perception of effort may increase due to increased 
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levels of cortisol activity in the brain, brought on by physical activity (Enoka, 1995) in addition to 

increases in heart rate, blood lactate, core temperature, pain, and decreases in motivation (Enoka & 

Duchateau, 2017). Unless an individual is sufficiently motivated, they will not be able to generate 

sufficient neural signals when fatigued. 

 Peripheral Fatigue 

A second category of fatigue is peripheral fatigue. Unlike central fatigue, which originates in the 

central nervous system, peripheral fatigue originates in the muscle itself (Babault et al., 2006; Carroll et 

al., 2017; Márquez et al., 2017; Paul & Wood, 2002). Peripheral fatigue at the muscle site is due to a 

decrease in the myofibril capacity to produce the required force (Babault et al., 2006; Paul & Wood, 

2002). Factors that influence the myofibril capacity are metabolic factors, impaired neuromuscular 

transmission in the muscle, and failure of excitation-contraction coupling (decreased action potential 

firing rate due to depolarization and Ca2+ release) (Paul & Wood, 2002, p.124).  

Although each muscle goes through the same fatigue process, the process is individualized based on 

the fatigability of each muscle and is derived from the muscle’s fiber composition (Baechle & Earle, 

2008). Muscles can be composed of three different types of fibers: Type I (slow, oxidative), Type IIa (fast 

glycolytic), and Type IIb (fast glycolytic). Type I are fatigue resistance, Type IIb are easily fatigued, and 

Type IIa has properties of both Type I and Type IIb being somewhat fatigue resistant (Baechle & Earle, 

2008). A muscle’s fiber composition determines will determine how quickly fatigue develops in a muscle 

(Baechle & Earle, 2008). 

 Task-Dependent Fatigue 

Central and peripheral fatigue are present in most activities which makes it difficult to attribute one 

type of fatigue to a decrease in performance (Barber-Westin & Noyes, 2017; Miura et al., 2004). This is 

particularly true in sporting events and working environments that produce central fatigue as well as 

peripheral fatigue in the primary muscle involved in the movement (Barber-Westin & Noyes, 2017; 
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Miura et al., 2004). Due to the complexity of establishing which type of fatigue causes a reduction in 

performance, researchers have begun to consider the principle of ‘task-dependent muscle fatigue’. 

The principle of the task-dependent muscle fatigue was developed by researchers to help explain why 

individuals can fatigue at one task but can still perform another task without apparent fatigue (Enoka, 

1995; Enoka & Duchateau, 2008). Task-dependent muscle fatigue assumes that the fatiguing mechanisms 

and site of fatigue are directly related to the fatiguing task (Cairns et al., 2005; Edwards, Steele, Purdam, 

Cook, & Mcghee, 2014). During a fatiguing task, only the pathways being stressed and the mechanisms 

involved in producing the movement become impaired (Babault et al., 2006; Cairns et al., 2005; Enoka & 

Stuart, 1992). For example, Cone et al. (2012) fatigued athletes by simulating a soccer match where they 

sprinted, ran, jogged, and walked for two 45 minute halves separated by a 15-minute half-time. The 

amount of sprinting, running, jogging and walking mimicked the amount typically done in a soccer 

match. After the fatiguing protocol, the athletes completed sprints, maximal vertical jumps, and rated their 

perceived exertion. Sprint times and ratings of perceived exertion both increased indicating fatigue, while 

vertical jump height, a task not part of the fatiguing protocol, remained the same as the pre-fatigue jump 

height. Similarly, Schmitz, Cone, Copple, Henson, & Shultz (2014b) found reductions in sprint 

performance, with no reduction in vertical jump height, during and after a 90-minute fatiguing protocol 

that simulated a soccer match, with testing done every 15 minutes. These studies demonstrate that only 

the pathways being stressed and the mechanism involved in producing the movement become hindered 

(Enoka & Stuart, 1992). Similar to training specificity, where training adaptations are specific to the 

training program, the pathways and sites of impairment are dependent on the fatiguing task performed. If 

an individual becomes fatigued from one task and quickly changes to another, unless similar pathways 

and mechanisms are similar in both tasks, there should be no reduction in performance in the second task 

(Enoka & Stuart, 1992). Instead of determining if fatigue is due to peripheral or central fatigue, the focus 

should be placed on task-dependent fatigue and how fatigue affects a task or movement.  
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 General Changes with Fatigue 

Fatigue has a negative influence on an individual’s proprioception (Miura et al., 2004), muscle 

coordination (Forestier & Nougier, 1998), and muscle function (Hughes & Watkins, 2006). These three 

factors are all important in optimizing performance while minimizing injury (Hughes & Watkins, 2006).  

2.7.1 Proprioception 

Proprioception is the ability to determine one's body position in space and the position of one limb 

with respect to another (Miura et al., 2004). The body uses a combination of cutaneous, joint, tendon, and 

muscle receptors for proprioception (Marini, Contu, Antuvan, Morasso, & Masia, 2017). An individual’s 

proprioception will be decreased depending on the type of fatigue (Miura et al., 2004). Although the 

method that fatigue alters the proprioceptive receptors is not fully understood, it is thought that some of 

the receptors become desensitized with fatigue (Johnston, Howard, Cawley, & Losse, 1998). A study by 

Miura et al. (2004) looked at participants’ knee proprioception after peripheral and central fatigue by 

measuring the participants’ absolute knee angular positioning error. Peripheral fatigue was induced by 

having participants complete 60 knee flexions and extensions on an isokinetic dynamometer, while 

central fatigue was induced by five minutes of running at 10 km/h on a treadmill with a 10% incline. 

Peripheral fatigue had no effect on the absolute angular error, while central fatigue increased the absolute 

angular error. This indicates that peripheral fatigue that is specific to one muscle group will not decrease 

proprioception, however, tasks like running that cause central fatigue will cause a decrease in 

proprioception. A decrease in proprioception indicates a decrease in motor control (Miura et al., 2004), 

which is a predictor of injury (Zazulak et al., 2007). As most skills and sports have a combination of 

central and peripheral fatigue (Barber-Westin & Noyes, 2017; Miura et al., 2004), it is likely that fatigued 

athletes will have a decrease in proprioception due to central fatigue.  
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2.7.2 Coordination 

The sequencing of muscle contractions to produce a movement is known as coordination (Bobbert & 

van Ingen Schenau, 1988). With repetition coordination, patterns become ingrained and extensive 

repetition is required to reorganize the neural pathways of a skill (A. Rodacki, Fowler, & Bennett, 2001). 

Through repetition, athletes are able to ingrain optimal coordination patterns for a skill and a proximal to 

distal coordination is required to optimize performance in multi-joint skills (Forestier & Nougier, 1998; 

Marshall & Elliott, 2000; Pandy & Zajac, 1991; Putnam, 1993). A proximal to distal coordination 

sequence allows each joint to contribute to the speed of a movement, known as the summation of speeds 

principle (Forestier & Nougier, 1998). Without extensive training to reorganize the coordination of a 

movement, coordination should be consistent when not fatigued. 

With sufficient fatigue, movement coordination may change to allow an individual to maintain some 

aspect of performance (Forestier & Nougier, 1998). For example, handball athletes were able to throw the 

ball with the same velocity post-fatigue by changing their muscle activation patterns (Forestier & 

Nougier, 1998). Fatigue was induced by having handball athletes contract their wrist flexors to 70% of 

their maximum for a series of 40-second trials until they were unable to hold the contraction for more 

than 15 seconds in a 40-second trial. After the fatiguing trials, changes in muscle activation patterns 

allowed the athletes to maintain their throwing velocity but the movement became ridged, such that distal 

joints activated prior to proximal joints. The rigid movement simplified the movement execution for the 

handball athletes and maintained their throwing velocity at the expense of throwing accuracy (Forestier & 

Nougier, 1998). As such, some of the ingrained motor patterns can change with fatigue and may impose 

different stress on distal muscles. 

2.7.3 Muscle Activity 

Fatigue changes muscle functions by changing the amount of force a muscle can absorb (Roberts & 

Azizi, 2010), the muscle’s activation (Hughes & Watkins, 2006; Sant’Ana et al., 2017) and the muscle’s 
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response time (Wojtys et al., 1996). One of the important functions of a muscle is to absorb forces thereby 

dissipating mechanical energy (Roberts & Azizi, 2010). A muscle is able to dissipate mechanical energy 

by producing force while lengthening, an eccentric contraction (Roberts & Azizi, 2010). This is important 

in controlling and reducing the kinetic and potential energy applied to the body during decelerating 

activities such as downhill running and landing from a jump (Roberts & Azizi, 2010). Fatigue decreases 

the ability of muscles to absorb force (Mair, Seaber, Glisson, & Garrett, 1996). If a muscle absorbs less 

force, surrounding structures such as ligaments, bones, and other muscles need to absorb the remaining 

forces (Garrett  Jr., 1990) and if the remaining forces are not absorbed, injuries may occur. 

In addition to affecting the muscle’s ability to absorb force, fatigue also has implications for muscle 

coactivation. To balance the forces generated from an agonist muscle, the antagonist muscle must contract 

to reduce joint translation (Hughes & Watkins, 2006). The balance between agonist and antagonist pairs 

is often presented as a strength ratio (Greco, Silva, Camarda, & Denadai, 2013; Hughes & Watkins, 2006; 

Zebis, Andersen, Ellingsgaard, & Aagaard, 2011). One agonist and antagonist pair that has been studied 

extensively is the hamstring/quadriceps pair (H/Q ratio) (Greco et al., 2013; Hughes & Watkins, 2006; 

Zebis et al., 2011). The H/Q strength ratio is calculated from the peak force of either two static or 

dynamic maximal voluntary contractions and the peak force generated by the hamstrings (flexors) is 

divided by the peak force generated by the quadriceps (extensors) (Greco et al., 2013; Zebis et al., 2011). 

Lower H/Q strength ratios are a risk factor for ACL injuries (Greco et al., 2013; Zebis et al., 2011). The 

H/Q strength ratio decreases with fatigue (Greco et al., 2013; Hughes & Watkins, 2006). For example, 

after performing four different running intensities to mimic the fatigue in a soccer match on a motorized 

treadmill, participants’ concentric and eccentric H/Q ratio decreased (Greco et al., 2013). As individuals 

fatigue, there may be a change in the joints agonist/antagonist strengths which can affect the joints 

stability and risk of injury (Hughes & Watkins, 2006).  

Fatigue also delays muscle contractions (Hughes & Watkins, 2006; Sant’Ana et al., 2017). As 

individuals fatigue, there is a delay in the onset of muscle activation (Sant’Ana et al., 2017; Wojtys et al., 
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1996) and a delay in the time to reach peak torque (Hughes & Watkins, 2006). Both onset and time to 

peak torque will affect the stability of a joint (Hughes & Watkins, 2006). Fatigue delays the onset and 

time to peak torque in both concentric and eccentric contracts equally (Paul & Wood, 2002). This is of 

particular importance for injuries, which often occur milliseconds after the application of a peak force 

(Koga et al., 2010). For example, ACL injuries often occur 40 milliseconds after landing (Koga et al., 

2010). As such, as individuals’ fatigue, the timing of their muscles become delayed, reducing their ability 

to absorb forces. 

In summary, fatigued changes an individual’s coordination (Forestier & Nougier, 1998), 

proprioception (Miura et al., 2004) and muscle function (Hughes & Watkins, 2006). When fatigued, an 

individual’s coordination and proprioception deviate from the optimal such that distal muscles activate 

prior to proximal muscles, and an individual becomes less accurate at determining where their joints are 

in space (Forestier & Nougier, 1998; Miura et al., 2004). Additionally, fatigue alters muscle function, 

decreasing a muscle’s ability to absorb forces during a contraction (Hughes & Watkins, 2006) and 

increases the muscle’s response time and time to peak torque (Hughes & Watkins, 2006; Sant’Ana et al., 

2017). Furthermore, fatigue increases the ratio of agonist to antagonist activation, which increases joint 

translation (Greco et al., 2013; Hughes & Watkins, 2006). Overall, fatigue negatively changes the way 

individuals move and how their muscles function.  

 Measuring Fatigue 

Typically, testing for fatigue is done before and after a fatiguing protocol to determine the effects 

fatigue has on performance (Cairns et al., 2005). While insightful, testing prior to and after a fatiguing 

protocol does not help us understand the continuous changes that happen as one becomes fatigued. 

Fatigue is a continuous progressive phenomenon with corresponding progressive changes in performance 

(Cairns et al., 2005). 
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While there is no single indicator of fatigue, repeating a maximal performance is considered the gold 

standard in evaluating fatigue (Halson, 2014; Halson & Jeukendrup, 2004; Raeder et al., 2016). Repeating 

a maximal test, such as a one-repetition maximum or repeating an athlete’s event/competition, requires 

intense efforts that can induce fatigue (Halson, 2014; Halson & Jeukendrup, 2004; Raeder et al., 2016). 

Additionally, athletes require sufficient motivation to adequately perform maximal performance or a 

maximal test (Halson, 2014; Raeder et al., 2016). Athletes may lack motivation for maximal testing in a 

non-competitive environment (Halson, 2014; Raeder et al., 2016). Additionally, the physical and mental 

exertion that comes with maximal testing can cause additional fatigue on an athlete (Halson, 2014; Raeder 

et al., 2016). Therefore, a maximal performance that causes large amounts of fatigue may not be 

appropriate for routine assessment of fatigue. 

For practical application, fatigue tests need to be non-invasive, time-efficient and not cause substantial 

fatigue. This is of particular importance when working with teams with a large number of athletes who 

require testing while maintaining peak performance for competitions (Thorpe, R. T., Atkinson, G., Drust, 

B., and Gregson, 2017). Additionally, Enoka & Duchateau (2017) indicated that for measures of fatigue 

to encompass the entire symptom of fatigue, they need to encompass both performance fatigability and 

perceived fatigability. 

Performance fatigability can be measured directly from a decrease in performance, such as muscle 

force, muscle work, the extent of muscle shortening, the velocity of muscle shortening, and power 

(muscle, limb, whole body). Changes in force output are often measured through a strain gauge, load 

cells, tendon transducers, and/or force plates (Cairns et al., 2005). Perception fatigability, on the other 

hand, are indirect measures of fatigue (Enoka & Duchateau, 2017). Changes in the perception of fatigue 

are measured though fatigue indicators, such as ratings of perceived exertion, questionnaires and pain, 

where higher scores are attributed to elevated heart rate, blood lactate, core temperature, and decreased 

motivation (Enoka & Duchateau, 2017). 

Methods to test fatigue in the field, such as during practices or games, typically rely on measurements 
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of intensity and ratings of perceived exertion (RPE) and task effort and awareness (TEA) to determine an 

individual’s perception of how fatigued they are. In field settings, researchers have predominantly used 

Borg’s RPE, which measures on a visual scale from 6 to 20 (a 15-point scale) the perceived effort. The 

RPE is based on the idea that individuals are able to monitor their own physiological stress during 

exercise and provide a rating of perceived effort (Halson, 2014). In healthy participants, each point in the 

RPE score equates to approximately a 10 bpm increase in heart rate (Scherr et al., 2013). Due to its 

simplicity and ease of use, the rating of perceived exertion (RPE) has become a popular way to identify 

the perception of fatigue. Provided that athletes can monitor their own physiological stress, they can rate 

their perceived exertion during exercise or retrospectively (Halson, 2014).  

There has been some controversy in using Borg’s RPE scale, or modifications of it, for predicting 

heart rate, blood lactate, exercise intensity. Some studies assessing non-athletic participants indicate 

correlation rates as low as 0.62 and 0.57 for heart rate and blood lactate, respectively (Chen, Fan, & Moe, 

2002). However, one of the largest studies investigating Borg’s RPE validity, which included 2,560 

Caucasian participants of both genders between the ages of 13 and 83 year, found strong correlations with 

heart rate (r = 0.74, p < 0.001) and blood lactate (r = 0.83, p < 0.001) (Scherr et al., 2013). Some 

researchers argue that stronger correlations are only seen with healthy, active participants when using 

Borg’s RPE scale (Scherr et al., 2013). Based on these studies, perhaps Borg’s RPE should only be used 

with healthy active individuals, as the correlations between Borg’s RPE, heart rate, and blood lactate are 

strongest with this population.  

In addition to Borg’s RPE, researchers have started to use a task effort and awareness (TEA) scale 

(Swart, Lindsay, Lambert, Brown, & Noakes, 2012). Predominantly, the TEA scale was developed to 

distinguish between the physical sensations of exercises, encompassed through Borg’s RPE, and the 

psychological/psychic effort required to perform a given task (Swart et al., 2012). The study by Swart et 

al. (2012) was able to determine a difference between the sense of effort and the physical sensations of 

exercise that plays a role in the regulation of exercise intensity. For example, the sense of effort (TEA) is 
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low during sustained low-intensity exercise, while the physical sensation (RPE) progressively increases. 

However, when short-duration bouts of maximal intensity are done during prolonged exercise, the sense 

of effort (TEA) reaches maximal values, whereas the physical sensation (RPE) remain submaximal. 

When measuring the perception of fatigue during exercises of prolonged duration, it may warrant the use 

of both RPE and TEA to capture both the physical sensation of fatigue and the sense of effort related to 

fatigue. 

Another popular test for fatigue outside the laboratory is the countermovement jump (CMJ) (Halson, 

2014; Raeder et al., 2016; Twist & Highton, 2013). The CMJ reflects the ability of the lower-limb 

musculature to use the stretch-shortening cycle, evaluates the neuromuscular function of the lower limb, 

and evaluates performance fatigability (Halson, 2014; Raeder et al., 2016; Twist & Highton, 2013). The 

CMJ is appealing as it easy to administer and causes minimal fatigue (Twist & Highton, 2013). Outside of 

the laboratory, the CMJ is done with a vertec or wall touch to measure jump height. In the laboratory, the 

CMJ is commonly done on a portable or stationary force plate to provide data on an individual’s muscle 

force, power, rate of force development, jump height, and flight-time (Twist & Highton, 2013). Most of 

the take-off parameters from a CMJ performed on a portable force plate have a coefficient of variations 

between 1% - 6% (Cormack, Newton, Mcguigan, & Doyle, 2008) and approximately 1% - 6% error 

(Taylor, Cronin, Gill, Chapman, & Sheppard, 2010). 

In summary, it is important that the methods used to test for fatigue encompass both the changes in 

performance and the perception of fatigue (Enoka & Duchateau, 2017). Due to the simplicity of their use, 

the RPE, TEA and the CMJ are popular, valid methods to identify fatigue. The RPE and TEA are able to 

measure an individual’s perception of fatigue through changes in the physical and mental sensation felt by 

the performer while the CMJ measures an individual’s change in performance by measuring the 

kinematics and kinetics of their jump (Enoka & Duchateau, 2017). Together these tests encompass both 

aspects of fatigue, the perception of fatigue felt by the performer and the tangible changes in performance 

to determine fatigue in the performer (Enoka & Duchateau, 2017). 
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 Vertical Jump 

Due to the ease of performing a maximal vertical jump, it has become a popular method to test if 

athletes are fatigued (Cone et al., 2012; Kamandulis et al., 2016; Krustrup et al., 2010; Schmitz, Cone, 

Tritsch, et al., 2014; Strutzenberger, Moore, Griffiths, Schwameder, & Irwin, 2016). The vertical jump is 

a complex movement that involves the hip, knee, ankle, and arm muscles that has three phases: the take-

off, airtime, and landing. The take-off phase starts with an eccentric countermovement where the knee 

and hip extenders lower the upper body in preparation for the jump. At the lowest point in the 

countermovement, the same muscles contract concentrically to extend the legs and propel the body 

upward. The addition of an arm swing helps propel the body upward, contributing up to 38% of jump 

performance in elite volleyball players (Vaverka et al., 2016). The moment the body leaves the ground is 

the start of the airtime phase. Typically, researchers mark the start of the airborne phase as the instance 

the ground reaction force, measured by a force plate, falls below 10N - 50N (Cortes, Quammen, Lucci, 

Greska, & Onate, 2012; James, Scheuermann, & Smith, 2010; S. G. McLean et al., 2007; Weinhandl, 

Smith, & Dugan, 2011). Conversely, the landing phase begins when the ground reaction force rises above 

10 - 50N (Cortes et al., 2012; James et al., 2010; Weinhandl et al., 2011). During the landing phase, the 

hip and knee muscles contract eccentrically to slow the body’s downward velocity. Compared with the 

take-off phase the landing phase is shorter with high forces being absorbed over a shorter period of time 

(Dowling & Vamos, 1993).  

 Landing 

Researchers have assumed that the landing phase of a countermovement vertical jump is similar to the 

landing phase of a drop landing. The drop landing is often selected by researchers to isolate the landing of 

a whole jump; however, it is seldom performed in sport settings. Edwards, Steele, & McGhee (2010) 

reported that drop landings have different kinetics, kinematics, and muscle activations compared to the 

landing of a countermovement vertical jump. They found, compared to a countermovement vertical jump 
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landing, that a drop landing generated higher peak vertical ground reaction forces in less time, producing 

a higher loading rate, as well as less knee flexion, greater knee angular velocity at initial contact, and 

increased muscle activation. Additionally, fatigue affects drop landings and countermovement vertical 

jump landings differently (Edwards et al., 2010). After a weighted vertical jump fatiguing protocol, 

participants’ drop jump measures were similar to their pre-fatigue measures, however, the participants’ 

countermovement vertical jump landing measures changed after the fatiguing protocol (Edwards et al., 

2010). The changes included a reduction in knee flexion velocity accompanied by a more upright landing 

position at initial contact, due to less knee and ankle flexion and ankle dorsiflexion (Edwards et al., 2010). 

The findings from Edwards et al. (2010) showed there are enough differences between drop landings and 

countermovement vertical jumps that the drop landing does not accurately represent the landing of a 

countermovement vertical jump. Therefore, if researchers are looking for detailed analyzes of jump 

landing, they should focus on landing from a countermovement vertical jump instead of a drop jump due 

to the kinetic, kinematic, and muscle activation differences. 

 Fatigue Studies 

According to Enoka & Duchateau (2017), there is no need to add adjectives to accompany fatigue, 

such as central, peripheral, and physical, as the distinctions are too vague to be meaningful. They state 

that the focus on fatigue should be on the primary outcome variables and how a fatiguing protocol 

influences these outcomes instead of examining a particular type of fatigue. 

With a large number of fatiguing studies analyzing the effects of fatigue on the vertical jump landing, 

each with their own unique method of fatiguing and testing, fatiguing protocols can be divided into two 

main categories, non-task-dependent fatigue, and task-dependent fatigue. Non-task-dependent fatigue is 

where the task used to fatigue an individual is different from the task analyzed. For example, a non-task-

dependent fatiguing study would have participants complete vertical jumps for analysis, while the 

fatiguing protocol incorporated sprinting. The fatiguing protocols in these studies incorporate different 
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exercises and, therefore, different muscles and muscle activation patterns than the exercises used to 

evaluate the effects of fatigue. On the other hand, a task-dependent fatigue study uses the same task to 

fatigue an individual as the task to be analyzed. A task-dependent fatigue study would include vertical 

jumps for both analysis and the fatiguing protocol. 

 Long-duration Non-task-dependent Fatigue 

Long-duration non-task-dependent fatiguing protocols typically simulate a game setting. They have 

become popular in research for soccer, where researchers try to mimic a full soccer game (Cone et al., 

2012; Krustrup et al., 2010; Schmitz, Cone, Tritsch, et al., 2014). For example, Cone et al. (2012) had 

participants perform vertical jumps and sprinting every 7.5 minutes during a 90 minute simulated soccer 

match. Long-duration non-task-dependent studies typically find a reduction in performance of the 

fatiguing task, such as sprinting, with no reduction in vertical jump performance (Cone et al., 2012; 

Krustrup, Zebis, Jensen, & Mohr, 2010; Schmitz, Cone, Copple, Henson, & Shultz, 2014b). These studies 

also show a progressive increase in the rating of perceived exertion (RPE) during the fatiguing protocol 

(Cone et al., 2012; Schmitz, Cone, Tritsch, et al., 2014a; Schmitz et al., 2014b), and an increase in blood 

lactate levels up to 5.1 +/- 0.5 mmol/per L -1 (Krustrup et al., 2010). Based on the findings from these 

studies, vertical jump performance cannot be used to measure performance fatigue in long-duration non-

task-dependant fatiguing protocols as there is no decrease in jump height. 

Although researchers have found no change in vertical jump height with long-duration non-task-

dependent fatiguing protocols, there may be changes in landing kinematics and kinetics. A 90-minute 

intermittent-exercise study by Schmitz et al. (2014a) found that as exercise duration increased individuals 

landed in a more upright position with less hip and knee flexion when compared to their pre-fatigue jump 

landings. The decrease in joint flexion was accompanied by a decrease in work absorption at the hip and 

an increase in shear forces at the knee (Schmitz et al., 2014a). On the other hand, Cone et al. (2012) found 

no changes in hip or knee flexion after a long-duration non-task-dependent simulated soccer match. It can 
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be assumed that there will be increases in blood lactate acid levels, heart rate, and RPE with long-duration 

non-task-dependent fatigue studies with no changes in jump height; however, the changes reported on 

vertical jump landing kinematics and kinetics are inconsistent.  

 Short-duration Non-task-dependent Fatigue  

Long-duration non-task-dependent fatiguing protocols that mimic sports do not affect jump height; 

however, short-duration non-task-dependent fatiguing protocols of higher intensity do. Short-duration 

non-task-dependent fatiguing protocols include maximal bouts of effort show a clear decrease in jump 

height post fatiguing protocol (Kamandulis et al., 2016; Strutzenberger et al., 2016). For example, 

Kamandulis et al. (2016) had participants perform a cycle test until volitional exhaustion and found post-

fatigued participants’ jump heights were reduced by 22.5%. Similarly, a fatiguing protocol composed of 

jogging, sprinting and squatting reduced participants’ jump heights by 14% (Strutzenberger et al., 2016). 

Fatigue in short-duration non-task-dependent protocols can reduce jump performance and therefore can 

determine if an individual is fatigued.  

Short-duration non-task-dependent fatiguing protocols also cause changes in landing kinetics and 

kinematics. A study by Cortes et al. (2012) looked at the effects of a functional agility fatigue protocol on 

a stop-jump task. After being fatigued, participants increased their knee internal rotation and decreased 

their peak hip and knee flexion during the initial contact phase of landing. These changes caused 

participants to land in a more upright position. Similarly, the study by Quammen et al. (2012) also found 

that individuals landed in a more upright position after a fatigue protocol consisting of step-ups and 

downs, jumps, L drill, and the agility ladder. Short-duration non-task-dependent fatiguing studies 

demonstrate a decrease in jump height and participants landing in a more upright position. 

Non-task-dependent fatiguing protocols use different exercises to fatigue the participant and to test the 

effect of fatigue, which disregards the principle of task-dependent fatigue, where the muscles and 

pathways being fatigued are the same as the muscles and pathways being tested. Assessing fatigue using 
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vertical jumping in a sport that rarely incorporates jumping may not be the best means to determine if 

someone is fatigued. Rather it seems more reasonable to test the skills that are directly related to the sport 

to determine if an athlete is fatigued and to determine the kinetic and kinematic changes that occur with 

fatigue from those skills.  

 Task-dependent Fatigue Protocols. 

Unlike non-task-dependent fatiguing protocols, task-dependent fatiguing protocols analyze the task 

that is used in the fatiguing protocol. In these types of studies, vertical jumps or drop jumps are used in 

both the fatiguing protocol and the analysis. There are a few common findings in the task-dependent 

jumping fatigue studies. When fatigued, athletes land in a more upright position with greater joint 

stiffness (Borotikar et al., 2008) Specifically, at the hip joint, individuals land with less hip flexion at the 

time of initial contact (Borotikar et al., 2008) and greater internal hip rotation (Borotikar et al., 2008). At 

the knee joint, individuals land with less knee flexion (Chappell et al., 2005), increased peak proximal 

tibia anterior shear force (Chappell et al., 2005), increased peak abduction and internal knee rotation 

(Borotikar et al., 2008; McLean et al., 2007), increased peak abduction and internal rotation moments 

(McLean et al., 2007), and increased peak valgus moments (Chappell et al., 2005). Finally, at the ankle 

joint, individuals land with an increased peak ankle supination angle (Borotikar et al., 2008). Most of the 

kinetic and kinematic changes occur at the knee joint, which could be the reason the knee joint is 

commonly injured in jumping sports (Chappell et al., 2005). 

 Fatigue Changes 

In summary, for any given task there are common changes associated with fatigue that either allows 

for fatigue monitoring, disrupt optimal performance, or change the biomechanics associated with a 

movement. General attributes associated with fatigued include a decrease in performance (Enoka & 

Duchateau, 2017; Enoka & Duchateau, 2008; Robert H Fitts, 2008; Paul & Wood, 2002; Vollestad, 

1997), a decrease in dynamic stability (Hughes & Watkinson 2006) through changes in coordination 
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(Forestier & Nougier, 1998; Marshall & Elliott, 2000; Pandy & Zajac, 1991; Putnam, 1993), 

proprioception (Miura et al., 2004), muscle activation (Roberts & Azizi, 2010; Hughes & Watkins, 2006), 

muscle function (Greco et al., 2013; Hughes & Watkins, 2006), and muscle reaction time (Hughes & 

Watkins, 2006), in addition to, an increase in heart rate (Halson, 2014), rating of perceived exertion (Chen 

et al., 2002; Scherr et al., 2013), and task effort awareness (Swart et al., 2012). 

Specific to jumping fatigue, we can monitor fatigue through changes in performance, which is a 

decrease in jump height (Kamandulis et al., 2016; McLean et al., 2007), an increase in heart rate (McLean 

et al., 2007), RPE, and TEA scores (Pereira et al., 2011). All of which indicates fatigue. Furthermore, 

with jumping fatigue, there are biomechanical changes that shift individuals’ landings towards landings 

that are typically associated with a ruptured ACL (Koga et al., 2010). The combination of these changes 

puts individuals at a greater risk for injury compared with pre-fatigue jumping. It is for this reason, that 

there is a need to start managing fatigue in athletes to prevent and decrease the prevalence of ACL 

injuries and reduce the strain on the health care system. To our knowledge, no study has fatigued 

individuals using a continuous fatiguing vertical jump protocol and analyzed the kinetic and kinematic 

changes during each jump landing.  

  Statement of the Problem 

The purpose of a fatiguing study is to determine when athletes are at an increased risk of injury. Once 

a threshold is determined, a device is needed to determine when athletes have surpassed the threshold and 

are at a greater risk of a fatigue-related injury. The research on jumping and fatigue is primarily done with 

a pre-fatigue jump followed by a fatigue protocol and a post-fatigue jump. This process only provides one 

time point in the fatigue process for analysis on how fatigue changes a jumper’s landing biomechanics. 

Multiple testing points in a fatigue protocol or continuously collecting data during each jump landing 

allows researchers to determine when the effects of fatigue change the landing biomechanics such that an 

individual is at an increased risk for injury. 
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This work will investigate the effects of a fatiguing vertical jump protocol on landing biomechanics by 

analyzing each jump. This will provide information on the progressive effects of fatigue and the 

associated changes in landing biomechanics. This information could help coaches determine when a 

certain decrease in performance puts their athletes at an increased risk for injury and assist with strength 

and conditioning programs to target the changes at each joint that most readily occur with fatigue. 

Based on the literature, as individuals’ fatigue from jumping. we expected that all participants will 

progressively decrease their jump height (Kamandulis et al., 2016; McLean et al., 2007) and land with 

less hip (Borotikar, Newcomer, Koppes, & McLean, 2008) and knee flexion (Chappell et al., 2005), 

greater knee valgus (Borotikar et al., 2008; McLean et al., 2007), greater stiffness (Borotikar et al., 2008), 

and larger maximum vertical ground reaction force. Additionally, relativity to the initial contact of the 

landing phase, the peak muscle activity will occur later (Edwards, Steele, & McGhee, 2010).  

 Hypothesis 

1) Based on the literature the following variables will progressively increase over the fatiguing 

protocol: Heart rate (HR), rating of perceived exertion (RPE), task effort awareness (TEA), 

maximum vertical ground reaction force (GRF), and two different stiffness calculations (Stiff1, 

and Stiff2). 

2) Based on the literature the following variables will progressively decrease over the fatiguing 

protocol: jump height (JH), maximum knee angle (Kmax), maximum hip angle (Hmax), two 

different greater trochanter displacements (GT Disp1, GT Disp2), the knee separation distance 

(KSD), medial thrust (MT), the location of the maximum ground reaction force from landing 

(GRF Loc), the time to peak amplitude (EMG time), and the summed EMG (EMG sum).  

3) and compared to elite jumpers, novice jumpers will fatigue quicker and have increased changes in 

their biomechanics due to their reduced physical conditioning.  
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Chapter 3 

Methods 

 Participants 

Twenty-four male participates were recruited, fourteen novice jumpers (age: 24.9 years ± 2.0 years, 

mass: 77.7kg ± 2.0kg, height: 1.80m ± 0.07m) and 10 elite jumpers (age: 20.8 years ± 1.6 years, mass: 

87.1kg ± 11.1kg, height: 1.92m ± 0.08m) six from the men’s volleyball team at Queens University, three 

from the men’s basketball team at Queens University, and one from the men’s volleyball team at the 

Royal Military College of Canada. Participants were excluded from the study if they were 31 years or 

older, had an injury that prevented them from playing volleyball or basketball or if they were the team’s 

Libero; these are back-row specialists and are not required to jump as often as the other positions. All 

participants were required to refrain from exercising 24-hours prior to data collection. 

 Instrumentation 

Three-dimensional kinematic data were captured using a 13 Oqus camera Qualisys motion capture 

system (Qualisys Track Manager, Qualisys, Gothenburg, Sweden). Two portable force plates (Bertec Inc., 

Columbus OH, USA), one under each foot, recorded the participant’s ground reaction forces. Motion and 

force data were collected synchronously at 500 Hz. Wireless surface electromyographic (EMG) sensors 

(Delsys, Boston, MA, USA) collecting at 2000 Hz and a bandwidth of 20 – 450hz recorded the muscular 

activity of the lower legs. All motion, force and EMG data were synchronized via Qualisys Track 

Manager (version 2.14, Qualisys, Gothenburg, Sweden). Heart rate data were collected at 60 bpm using a 

heart rate watch paired with a chest strap (Polar V800, Polar Electro Canada, QC, CA). All data were 

analyzed using custom MATLAB (R2017a, The MathWorks Inc., MA, USA) code, Visual 3D (V5, C-

Motion, MD, USA) and IBM SPSS (V25, IBM Corp., Armonk, NY, USA). 
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 Data Collection Preparation 

Prior to the participant's arrival, the motion capture system was calibrated, and the two portable force 

plates were located in the collection space by entering the coordinates of each corner of each force plate 

into Qualisys Track Manager (QTM) (see Appendix A for full details). Each force plate was then zeroed 

so that they read 0N when unloaded. Following the portable force plate set up, each EMG sensor was 

paired to the QTM system and labeled with the corresponding muscle (Table 1.).  

Table 3.1: Muscle and EMG sensor pairing. 

EMG channel Muscle 
    Muscle       

abbreviation 

1 Left Rectus Femoris LRF 

2 Left Vastus Medialis LVM 

3 Left Vastus Lateralis LLM 

4 Left Gluteus Maximus LGM 

5 Left Biceps Femoris LBF 

6 Left Gastrocnemius (lateral) LGA 

7 Right Rectus Femoris RRF 

8 Right Vastus Medialis RVM 

9 Right Vastus Lateralis RLM 

10 Right Gluteus Maximus RGM 

11 Right Biceps Femoris RBF 

12 Right Gastrocnemius (lateral) RGA 

The study was approved by the Queen’s General Research Ethics Board and the Research Ethics 

Board at the Royal Military College (RMC) of Canada (Appendix B & C). Upon arrival, the participant 

was given a detailed explanation of the study and the letter of information and consent form was signed 

(Appendix D). All testing procedures were explained to the participant in detail and any questions or 

concerns were addressed. After the participant was informed about the study, they filled out an online 

Qualtrics survey to gather information on their age, gender, limb dominance, volleyball or basketball 

history/experience, court time, and injury history (Appendix E). If the participant indicated they have or 

had any injuries, they were asked which limb was injured to account for possible imbalances between 

legs. The participant was given a description of the Physical-Rating of Perceived Exertion (RPE) and 

Task Effort Awareness (TEA) scales (Appendix F). The physical-RPE scale indicates the participant's 

overall physical exertion, while the TEA scale indicates the participant's psychological and mental effort 



 

31 

 

during the fatiguing protocol. After describing the RPE and TEA scales, the participant’s height was 

measured. 

To ensure proper placement of the EMG sensors and optical markers, the participant wore short 

compression shorts, their court shoes and the option of a fitted shirt or no shirt. Based on Seniam 

guidelines, EMG sensors (TrignoTM standard) attached with TrignoTM Sensor Skill Interface (SC-F03) 

were placed bilaterally and parallel to the direction of the muscle fibers on the gluteus maximus, rectus 

femoris, vastus medialis, vastus lateralis, and gastrocnemius, in addition, two mini EMG sensors 

(TrignoTM mini) were placed bilaterally on the biceps femoris (Appendix G). Skin preparation for EMG 

sensors consisted of shaving the skin and then scrubbing it with alcohol. To secure the EMG sensor, 

hypafix tape was applied overtop the sensor and adhered to the skin. 

Once all EMG sensors were secured, twenty-three optical tracking markers were placed on the 

participant on the following landmarks: iliac crest, anterior superior iliac spine (ASIS), posterior superior 

iliac spine (PSIS), greater trochanter, lateral and medial femoral epicondyle, lateral and medial malleolus, 

heel, 2nd and 5th metatarsal head, bilaterally, in addition to the C7 spinous process (Appendix H). Rigid 

bodies holding four optical tracking markers each were placed on the participant’s pelvis and bilaterally 

on their thigh, shank, and foot (Appendix H). To reduce movement, the rigid bodies were secured to an 

under wrap with athletic tape. To prevent the under wraps from sliding, the top and bottom were taped to 

the participant's skin using elastic tape. Participants also wore a heart rate monitor to record their heart 

rate during the study. 

 Data Collection Protocol 

Many researchers have used the drop landing to evaluate the landing of a vertical jump, however, as 

there are differences in landing kinetics, kinematics, and landing muscular activation between a drop 

jump and a countermovement vertical jump (Edwards et al., 2010), we decided to use the landing from a 

maximal countermovement vertical jump for the pre-fatigue jumps as well for the fatiguing protocol. The 
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participant was informed they would be able to stop testing at any point and were instructed to stop 

immediately if they experienced any pain or discomfort that they do not typically feel at practice or 

during a workout. The participant was informed the fatiguing protocol would be difficult and exhausting 

as they were expected to perform a series of 60 maximal jumps. Each jump was separated by four seconds 

of rest. 

After all the optical tracking markers and EMG sensors were secured, baseline values of weight and 

joint angles were collected. This was accomplished by having the participant place one foot on each 

portable force plate for a five-second static data collection. The participant then completed right and left 

functional hip movements. During the functional hip movement, the participant kept their knee straight 

while flexing their hip in five directions (from straight ahead and at every 45 degrees angle until they 

extend their hip directly behind them) followed by circumduction. Throughout the functional hip 

movement, the participant was not allowed to internally or externally rotate their hip. This was 

accomplished by ensuring their toes always pointed forward during the functional hip movement. 

To establish prefatigued kinetic, kinematic and EMG measurements, the participant stood with one leg 

on each portable force plate and perform four maximum countermovement jumps with arm swings and 30 

seconds of rest between jumps. Prior to starting the fatiguing protocol, the participant completed ten 

jumps at approximately 50% of their maximal effort to become familiarized with the fatiguing protocol 

and jumping to a metronome. During this time the participants practiced reading their heart rate from the 

heart rate watch and rating the RPE and TEA scales after the fifth and last jumps. Prior to the participant 

starting the fatiguing protocol, the heart rate monitor and fatigue trial were synchronized by starting both 

at approximately the same time. This was accomplished by having the participant and researcher start the 

heart rate monitor and fatigue trial after a three-second countdown.  

While listening to music to stay motivated, the participant started the fatiguing protocol, jumping 

every four seconds to a beat set by a metronome. During the fatiguing protocol, the participant self-

selected the depth of their countermovement for each jump. Additionally, during the fatiguing protocol, 
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the participant was given verbal encouragement to jump as high as possible. They rated their RPE, TEA 

and read their heart rate every 15 jumps. To allow participants to focus on jumping, the researcher gave 

advanced notice of when the participants needed to rate the two scales and read their heart rate. Once the 

participant completed all 60 jumps and rated their RPE, TEA and read their heart rate for the last time 

they completed the study. 

 Analysis 

3.5.1 Qualisys Track Manager 

The Qualisys Track Manager software digitized the reflective motion markers and post-processing 

ensured that each marker was correctly identified and linked to its correct anatomical landmark. During a 

continuous collection protocol, as used in this study, it is not possible to stop and fix problems that 

happen during the collection; therefore, any markers that fell off during collection were replaced with 

virtual markers. Virtual markers are markers whose positions are estimated using the locations of its 

reference markers. A virtual marker’s relative position to its reference markers is determined from the 

marker data collected during the static trial. When a marker is not visible or falls off during collection, its 

position can be reconstructed by knowing its location relative to the other visible, remaining markers.  

Virtual markers needed to be created for 12 participants. When a virtual marker was created and if it 

had a corresponding medial or lateral marker, the corresponding marker was also converted to a virtual 

marker. In addition, those same markers on the opposite limb were also converted to virtual markers. For 

example, if the right medial epicondyle fell off during the trial, all the right and left medial and lateral 

epicondyle markers of the knee were converted to virtual markers. This was done because processing 

showed that the reconstructed virtual markers were not correctly aligned with its corresponding marker 

across the joint. The malalignment may have been due to the markers moving during the landing, which 

did not reflect their alignment when standing still. Having the same virtual markers bilaterally ensured 

similar movement between marker pairs and between legs which was critical for later segment and joint 
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calculations. Once all markers were digitized, each QTM file was reviewed to ensure all markers aligned 

with their corresponding anatomical structure. Then the marker, force, and EMG were imported into 

Matlab for further analysis. 

3.5.2 MATLAB Analysis 

In addition to the data imported into MATLAB from QTM (marker, force, EMG), the HR, TEA, and 

RPE data were imported into MATLAB from a Microsoft Excel spreadsheet. Together, these data were 

used to determine if individuals were fatigued and to compute the biomechanical variables associated 

with the landing. 

3.5.2.1 Signal Processing 

Prior to calculating any variables, the data were filtered, interpolated and normalized as needed. The 

force data was left as-is. The marker data were filtered using a dual-pass Butterworth filter with a cut-off 

frequency of 15 Hz, as supported by residual analysis (Appendix I), and interpolated to fill any missing 

values. The EMG data were processed using a linear envelope, which removed any DC offset, full-wave 

rectified the data and then applied a dual-pass Butterworth filter with a cut-off frequency of 15 Hz, as 

supported by residual analysis (Appendix J). The EMG data was down-sampled to 500 frames per second 

to align it with the kinetic and kinematic data. Finally, the EMG data were normalized by dividing each 

muscle’s EMG data by their respective peak EMG value obtained during the landing phase of the first 

jump in the fatiguing protocol.  

3.5.2.2 Locating the Landing 

To calculate the fatigue and landing biomechanical variables, four time points for each jump were 

located: toe-off, the start of the airborne phase, the start of the landing, and the end of the landing phase. 

Toe-off was defined as the instant the summed vertical ground reaction forces (GRF) from the portable 

force plates was less than 20 Newtons. The frame after toe-off was the start of the airborne phase. The 
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end of the airborne phase was the frame before the summed GRF of the portable force plates was greater 

than 20 Newtons, which was also the start of the landing phase. The end of the landing phase was set to 

the frame in which maximal knee flexion occurred after the start of the landing phase. 

3.5.2.3 Joint Angular Displacement 

To calculate landing hip and knee joint angles in 2D, only the anterior/posterior (y) and vertical (z) 

marker data were used. The following right and left segments were defined using the associated markers: 

trunk (from the iliac crest marker to greater trochanter marker); thigh (from the greater trochanter marker 

to the lateral epicondyle knee marker); and shank (from the lateral epicondyle knee marker to the lateral 

malleolus ankle marker). The hip was defined as the angle between the trunk and thigh segments while 

the knee was defined as the angle between the thigh and shank segments (Figure 3.1). The hip and knee 

joint bias angles were calculated during the first 50 frames of the fatigue trial when the participant was 

standing still. These bias angles were subtracted from their subsequently computed joint angles.  
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Figure 3.1: Markers used to create the right and left segments and joints: Iliac Crest (IC), Greater 

Trochanter (GT), Lateral Epicondyle (LE), and Lateral Malleolus (LM). 
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𝐴𝑠𝑒𝑔𝑛 = 𝑎𝑡𝑎𝑛2(𝑦𝑑𝑛 − 𝑦𝑝𝑛, 𝑥𝑑𝑛 − 𝑥𝑝𝑛)                      Eq. 1 

Where:  

Aseg
n
 = segment angle at frame n 

atan2 =   inverse tan 

ydn = the y coordinate of the distal segment end at frame n 

ypn = the y coordinate of the proximal segment end at frame n 

xdn = the x coordinate of the distal segment end at frame n  

xpn = the x coordinate of the proximal segment end at frame n 

3.5.2.4 Fatigue Variables 

Jump height (JH) was used as a measure of performance fatigue, whereas, heart rate (HR), rating of 

perceived exertion (RPE), and task effort awareness (TEA) were used as measures of the participant’s 

perception of fatigue (Enoka & Duchateau, 2017; B. D. McLean, Coutts, Kelly, McGuigan, & Cormack, 

2010). 

3.5.2.4.1 Jump Height 

All Jump height methods predict the center of mass vertical displacement to determine an individual’s 

jump height. The gold standard for calculating jump height is the impulse-momentum method from force 

plate data. The only requirement for the impulse-momentum method is that the jumper is stationary prior 

to the jump to collect an accurate bodyweight. An error of 10 N can produce an error in jump height by 2 

– 3 cm (Linthorne, 2001). Using the force plate data, jump height can also be calculated based on the 

flight time or based on the work-energy (Linthorne, 2001). The flight time method tends to overestimate 

the true flight height because of the height of the jumper’s cm at landing is lower than that at takeoff 

(Linthorne, 2001). Of the three force plate methods, the work-energy method is least reliable due to errors 

accumulated with the double integration process (Linthorne, 2001). 
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Alternative to using the force plate data, marker data can be used to approximate the total body center 

of mass displacement. Chiu & Salem (2010) calculated center of mass displacement from a reconstructed 

pelvis to represents the vertical displacement of the center of mass. In comparison to the impulse-

momentum method, the reconstructed pelvis underestimated center of mass displacement with a 

coefficient of variation of 4.34% (Chiu & Salem, 2010). Chiu & Salem determined this method was 

appropriate in estimating center of mass displacement as most jump variables have a within-subject 

variability of 0.63 - 6.47 for vertical jumping (Hatze, 1998). 

Jump performance was measured as the maximal vertical displacement of the greater trochanter 

marker displacement from toe-off to the end of the airtime phase. The sacrum and greater trochanter are 

often used to approximate the location of the center of mass and calculate jump height (Chappell et al., 

2005; Chiu & Salem, 2010; Clansey & Lees, 2010; Leard et al., 2007; McGinnis et al., 2016; S. G. 

McLean et al., 2007). The greater trochanter marker was used in this study as data inspection showed that 

the sacral marker often went out of view due to the height achieved by some participants. See Appendix 

K for sacral and GT marker vertical displacement comparison. 

3.5.2.4.2 Heart Rate, RPE, and TEA 

While the QTM and heart rate data collection were started at approximately the same time the 

synchronization may have been off slightly. To better align the heart rate data with the marker data, the 

heart rate data provided by the participant (read from their heart rate monitor) at the 15, 30, 45, and 60th 

jump were used to realign the heart rate data forward or backward as needed to align the heart rate values 

provided by the participant with the corresponding heart rates recorded at jump landings 15, 30, 45, and 

60th jump. Then the heart rate data were interpolated to 60 data points so that there was a single heart rate 

measure for each jump landing. For the RPE and TEA, baseline values of 6 and -4, respectively, were set 
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to represent the participant’s RPE and TEA score at jump 0. The remaining four RPE and TEA values at 

jumps 15, 30, 45, and 60 were left as-is. 

3.5.2.5  Landing Biomechanical Variables 

The landing biomechanical variables were split into three categories: kinematic, kinetic, and muscular. 

The kinematic variables consist of seven variables: maximum knee and hip joint angular displacement 

(Kmax, Hmax), maximum vertical greater trochanter displacement during the entire landing phase (GT 

Disp1), The greater trochanter vertical displacement from landing to the location of the maximum ground 

reaction force (GT Disp2), knee separation distance (KSD), medial thrust (MT), and the vertical ground 

reaction force location at landing (GRF Loc). The three kinetic variables were the maximum ground 

reaction force (GRF), and two landing stiffness values (Stiff1, and Stiff2). The two muscular variables 

were the time from landing to peak EMG amplitude (EMG time), and the summed area under the curve of 

the EMG signal (EMG sum) during the landing phase. The muscular variables were calculated for the 

following muscles: vastus medialis (VM), gluteus maximum (GM), biceps femoris (BF) and 

gastrocnemius (GA). All landing biomechanical variables were calculated during the landing phase for 

each jump in the fatiguing protocol. 

3.5.2.6 Hip and Knee Angular Displacement 

The hip and knee joint angular displacements were calculated using equation 1 (Eq 1). Once the 

angular displacement of the hip and knee joint were calculated, the maximum hip and knee angles during 

the landing phase were selected and the right and left values were averaged. 

3.5.2.7  Greater Trochanter Displacement 

The greater trochanter displacement was calculated for two different time points. GT Disp1 was 

calculated as the range of the greater trochanter’s drop (vertical displacement) during the landing phase. 
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GT Disp2 was calculated as the range of the greater trochanter’s drop (vertical displacement) from 

landing to the location of the maximum vertical ground reaction force.  

3.5.2.8 Knee Separation Distance and Medial Thrust. 

Both the knee separation distance (KSD) and the medial trust (MT) are alternative measures of knee 

valgus. To calculate the knee separation distance and the knee medial thrust, the distance between the 

right and left lateral femoral epicondyle in the frontal plane was calculated. To account for varying body 

types, this distance was normalized to each participant's intertrochanteric distance ( Eq. 2) which 

was the distance between the right and left greater trochanter markers in the frontal plane. The knee 

separation distance variable (KSD) was then defined as the normalized distance between the left and right 

lateral epicondyles at the time of peak knee flexion (Cesar, Pfeifer, & Burnfield, 2017; Sigward, Havens, 

& Powers, 2011). Knee separation distances of lower values demonstrate a valgus angle, while larger 

values indicate a neutral or varus angle (Cesar et al., 2017). The medial thrust (MT) was defined as the 

maximum negative velocity of the knee separation distance at any point in the landing phase. Positive 

thrust values indicate a lateral or varus thrust, while negative values indicate a medial or valgus thrust. 

𝑛𝐾𝑆𝐷 =
𝐾𝑛𝑒𝑒 𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒

𝐼𝑛𝑡𝑒𝑟𝑡𝑟𝑜𝑐ℎ𝑎𝑛𝑡𝑒𝑟𝑖𝑐 𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒
  Eq. 2 

Where: 

𝑛𝐾𝑆𝐷 = the normalized knee separation distance 

Knee Separation Distance = the distance between lateral epicondyles markers of the femurs in the       

frontal plane 

 

Intertrochanteric Distance = the distance between the greater trochanter markers of the femurs in the 

frontal plane  

3.5.2.1 Maximum Vertical Ground Reaction Force and its Location 

The time from landing to maximum vertical ground reaction force (GRF) was defined as the time in 

seconds from the start of the landing phase landing to the maximum GRF location. To obtain the 
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maximum GRF during the landing phase for each jump, the GRF values for the left and right force plates 

were summed and then the maximum GRF during the landing phase was selected. 

3.5.2.1.1 Landing Stiffness 

Two separate methods were used to calculate the landing stiffness. The first method, used primarily by 

researchers analyzing jumping stiffness, divides the change in the vertical ground reaction force (GRF) by 

the change in displacement of the CoM (Center of Mass) from landing to the frame at which maximum 

GRF occurs (Eq. 3) (Dalleau, Belli, Viale, Lacour, & Bourdin, 2004; C T Farley, Houdijk, Van Strien, & 

Louie, 1998; Claire T. Farley & Morgenroth, 1999; Ferris & Farley, 1997; Hobara et al., 2009; Hughes & 

Watkins, 2008). The second method used to calculate stiffness uses a moving average stiffness calculation 

to provide a dynamic stiffness measure from the start of the landing phase up until peak GRF (Eq. 4). A 

five-frame moving average was selected for analysis and the maximum value during the landing was 

selected for analysis. 

𝑆𝑡𝑖𝑓𝑓1    = ∆𝐹1:𝑛𝑚𝑎𝑥 ∆𝐿1:𝑛𝑚𝑎𝑥⁄             Eq. 3 

Where: 

𝑛𝑚𝑎𝑥       = 𝑡ℎ𝑒 𝑓𝑟𝑎𝑚𝑒 𝑎𝑡 𝑤ℎ𝑖𝑐ℎ 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑓𝑜𝑟𝑐𝑒 𝑜𝑐𝑐𝑢𝑟𝑠    

∆𝐹𝑛𝑚𝑎𝑥      = 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑔𝑟𝑜𝑢𝑛𝑑 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑓𝑜𝑟𝑐𝑒 𝑓𝑟𝑜𝑚 𝑙𝑎𝑛𝑑𝑖𝑛𝑔 𝑡𝑜 𝑓𝑟𝑎𝑚𝑒  

∆𝐿𝑛𝑚𝑎𝑥      = the change in CoM displacement from landing to frame n 
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 Eq. 4 

Where: 

𝑆𝑡𝑖𝑓𝑓2 =  𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑣𝑒𝑟𝑡𝑖𝑐𝑎𝑙 𝑙𝑒𝑔 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠   

𝑀𝑎𝑥 =  𝑚𝑎𝑥𝑖𝑚𝑢𝑚 

∆𝐹𝑛:𝑛+5 = 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑓𝑜𝑟𝑐𝑒 𝑓𝑟𝑜𝑚 𝑓𝑟𝑎𝑚𝑒 𝑛 𝑡𝑜 𝑓𝑟𝑎𝑚𝑒 𝑛 𝑝𝑙𝑢𝑠 5 

∆𝐿𝑛:𝑛+5 = 𝑡ℎ𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝐶𝑜𝑀 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡 𝑓𝑟𝑜𝑚 𝑓𝑟𝑎𝑚𝑒 𝑛 𝑡𝑜 𝑓𝑟𝑎𝑚𝑒 𝑛 𝑝𝑙𝑢𝑠 5 

3.5.2.1.2 EMG Variables 

The muscle outcome variables were computed from the surface EMG and were used to determine the 

effects fatigue has on muscle activity. The following muscles were analyzed due to their importance in 

jumping: the gastrocnemius as it is an important knee flexor and ankle plantar flexor in jumping (Wulf, 

Dufek, Lozano, & Pettigrew, 2010), the gluteus maximus as it is an important hip extensor during the 

landing phase (Wulf et al., 2010), the biceps femoris and vastus medialis as they are an important knee 

joint flexor and extensor, respectively, during the landing phase (Walsh, Boling, Mcgrath, Blackburn, & 

Padua, 2012; Wulf et al., 2010). From the EMG data, the time to peak amplitude and the summed EMG 

were calculated for each muscle during the landing phase.  

The time to maximum amplitude, in seconds, was selected from the start of the landing phase to the 

end of the landing phase for each jump. Additionally, for each right and left muscle, the summed area 

under the curve was calculated during the landing phase. The time to peak amplitude and summed EMG 

for each right and left muscle pair were averaged. 

During the fatiguing protocol, some of the EMG recordings contained signal artifacts, due to either 

poor sensor connection or unknown technical problems, which affected the calculation of EMG variables. 

For both the time to peak amplitude and summed EMG variables that were considered an outlier was 

removed and replaced with interpolated data. For each of the EMG variables, an outlier was located using 
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a two-step process. First, any values that were three standard deviations larger than the mean were 

removed. Then, the mean was recalculated and any values that were 3 standard deviations greater than the 

new mean were also removed. Outliers were then replaced using linear interpolation. Outliers at the 

beginning of the data that could not be interpolated properly were replaced with the first value that was 

not an outlier. Similarly, if the last value was an outlier, the outlier was replaced with the last value that 

was not an outlier. Lastly, due to technical difficulties during the data collection, the EMG data for seven 

participants were removed as the system was unable to store the entire EMG data during the fatigue 

protocol. 
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Table 3.2: Overview of Outcome Variables 

Fatigue Variables Abbreviation 

Performance 

fatigue 

Jump Height (m) JH 

 Heart rate (bpm) HR 

Perception of 

fatigue 

Rating of perceived exertion RPE 

 Task effort awareness  

 

TEA 

Landing Biomechanical Variables  

Kinematic Maximum knee joint angle (deg) Kmax 

 Maximum hip joint angle (deg) Hmax 

 Maximum vertical greater trochanter displacement during the 

landing phase (m) 

GT Disp1 

 Maximum vertical greater trochanter displacement from 

landing to maximum vertical ground reaction force (m) 

GT Disp2 

 Knee separation distance (m) KSD 

 Minimum knee medial thrust (m/s) MT 

 The location of the maximum vertical ground reaction force 

(seconds) 

GRF loc 

Kinetic Maximum vertical ground reaction force (N) GRF 

 Average stiffness calculated using equation 3 (N/m) Stiff1 

 Dynamic stiffness calculated using equation 4 (N/m) Stiff2 

Muscular The time to peak amplitude (s) EMG time 

 The averaged summed area under the curve EMG during the 

landing phase (% maximum EMG) 

EMG sum 

 

For each participant, a linear fit was applied to each of the variables listed in Table 3.2 to 

calculate the slope or rate of change. Additionally, for each variable the number of positive or 

negative slopes was counted.  
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Chapter 4 

Results 

 Fatigue Variables 

4.1.1 Jump Height 

The participants’ jump height data is displayed in Figure 4.1. Individual cases show that between any 

two consecutive jumps, jump height could change by as much as 20% (0.1 meters) (Figure 4.1). However, 

on average, as the fatiguing protocol progressed jump height decreased (Figure 4.1). 

4.1.2 Heart Rate 

The participants’ heart rate increased as the fatiguing protocol progressed (Figure 4.2). The 

participants’ heart rate data had two distinct slopes. A steep slope was present during the first 15 jumps 

with a more gradual slope for the remaining 45 jumps (Figure 4.2). 

4.1.3 RPE and TEA 

Both the RPE and TEA values increased as the number of jumps completed increased (Figures 4.3 & 

4.4). The greatest increase in the mean RPE score occurred between the 0 to 15 jumps, where the mean 

RPE score increased by 5 (Figure 4.3). Thereafter, the mean RPE score increased by 3 or less (Figure 

4.3). Similarly, the largest change in the mean TEA score occurred between the 0 to 15 jumps, where the 

mean TEA score increases by 8 (Figure 4.4). Thereafter, the mean TEA score increased by 2 or less 

(Figure 4.4). 
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Figure 4.1: The jump heights of each participant during the 60 jumps. Each thin line represents one 

participant while the thick line is the mean of all participants. 
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Figure 4.2: The heart rate values of each participant during the 60 jumps. Each thin line represents one 

participant while the thick line is the mean of all participants. 
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Figure 4.3: The mean rating of perceived exertion (RPE) scores during the fatiguing protocol. Each circle 

represents the mean RPE score for all participants at the 15, 30, 45, and 60th jump.  

Note: All participants were assigned the same initial RPE score of 6 and RPE scores were only collected 

at jumps 15, 30, 45 and 60. 
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Figure 4.4: The mean task effort awareness (TEA) scores during the fatiguing protocol. Each circle 

represents the mean TEA score for all participants at the 15, 30, 45, and 60th jump.  

Note: All participants were assigned the same initial TEA score of -4 and TEA scores were only collected 

at jumps 15, 30, 45 and 60. 

4.1.4 Warm-up Phase 

On average, the results for the jump height (JH) show a continuous decrease from jump 1 to 60. 

However, the HR, RPE, and TEA data all have two distinct slopes, one steeper slope during jumps 0 to 15 

and one more gradual slope during the remaining 45 jumps of the fatiguing protocol. Due to the large 

change in heart rate, RPE, and TEA during the first 15 jumps, those jumps were considered a ‘warm-up’. 

The striking difference between these first 15 jumps and the remaining 45 suggests a different response 

from the participant. As such the first 15 jumps were excluded from further analysis. 
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 Overview of the Data Management Process for the Fatigue Variables 

To determine the rate of change in the fatigue and landing biomechanical variables over the last 45 

jumps, a first-order linear fit was applied to each variable for each participant, providing a single slope or 

rate of change over the course of the fatigue protocol. The linear fit was applied to the last 45 jumps for 

both jump height, heart rate and all landing biomechanical variables, whereas, the linear fit was applied to 

the four RPE and TEA scores (15, 30, 45, and 60).  

Prior to any further calculations, the two groups mean slopes were analyzed to determine if the novice 

and elite groups could be combined for analysis. To do so, both groups were tested for normality in SPSS 

with an alpha value of 0.05 (Table 4.1 – 4.2). For each variable, normality was tested though z-values for 

the skewness and Kurtosis, in addition to a Shapiro-Wilk test. The skewness and kurtosis z-values were 

calculated by dividing the skewness and kurtosis by the standard error for each variable. Variables that 

had z-values greater than 1.96 or less than -1.96 were considered not normally distributed (Table 4.1 – 

4.2). Similarly, variables with Shapiro-Wilk values greater than 0.05 were considered not normally 

distributed (Table 4.1 – 4.2). Although not all variables were normally distributed for each group (Table 

4.1 – 4.2) an independent samples t-test was conducted, due to the robustness of the test, to compare the 

scores between the novice and elite groups. Additionally, Levene’s test was conducted to test for equality 

of variance between novice and elite groups. 

Levene’s test was found to be statistically non-significant for all fatigue and landing biomechanical 

variables p > 0.05 (Table 4.3 – 4.4) Additionally, the independent samples t-test was statistically non-

significant for all variables p < 0.05 (Table 4.3 – 4.4). Based on the results from the t-test it was decided 

to combine the novice and elite group for further analysis. 
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Table 4.1: Normality tests for the fatigue variables 

Fatigue Variables Statistic 
Std. 

Error 
z-value 

Shapiro-

Wilk 

JH 

Elite  Skewness 0.08 0.69 0.11 0.76 
Kurtosis -0.81 1.33 -0.61 

Novice Skewness -0.10 0.62 -0.17 0.73 

Kurtosis -0.70 1.19 -0.59 

HR 

Elite  Skewness 0.46 0.69 0.68 0.45 

Kurtosis -1.04 1.33 -0.78 

Novice Skewness 0.22 0.62 0.36 0.80 

Kurtosis 0.01 1.19 0.01 

RPE 

Elite  Skewness 0.36 0.69 0.52 0.19 

Kurtosis -1.56 1.33 -1.17 

Novice Skewness 0.46 0.62 0.75 0.75 

Kurtosis -0.67 1.19 -0.56 

TEA 

Elite  Skewness 1.24 0.69 1.80 0.27 

Kurtosis 2.20 1.33 1.65 

Novice Skewness -0.34 0.62 -0.55 0.65 

Kurtosis -0.92 1.19 -0.77 

JH (jump height), HR (heart rate), RPE (rating of perceived exertion), TEA (Task 

Effort Awareness). 
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Table 4.2: Normality tests for the landing biomechanical variables 

Landing Biomechanical Variables Statistic 
Std. 

Error 
Z-value 

Shapiro-

Wilk 

Kmax 
Elite Skewness 0.79 0.69 1.15 0.10 

Kurtosis 1.64 1.33 1.23 
Novice Skewness -1.03 0.60 -1.73 0.29 

Kurtosis 1.11 1.15 0.96 

Hmax 
Elite Skewness -0.14 0.69 -0.20 0.63 

Kurtosis -0.73 1.33 -0.54 
Novice Skewness -1.98 0.60 -3.32 0.01 

Kurtosis 5.43 1.15 4.71 

GT Disp 1 
Elite  Skewness -0.88 0.69 -1.28 0.04 

Kurtosis -0.93 1.33 -0.70 
Novice Skewness -1.79 0.60 -3.00 0.02 

Kurtosis 4.07 1.15 3.53 

GT Disp 2 
Elite  Skewness 1.48 0.59 2.51 0.04 

Kurtosis 3.65 1.33 2.74 
Novice Skewness -1.77 0.60 -2.97 0.01 

Kurtosis 3.93 1.15 3.40 

KSD 
Elite  Skewness 0.75 0.69 1.08 0.67 

Kurtosis 0.09 1.33 0.07 
Novice Skewness -1.01 0.60 -1.70 0.35 

Kurtosis 2.16 1.15 1.88 

MT 
Elite  Skewness -0.37 0.69 -0.54 0.58 

Kurtosis -0.97 1.33 -0.73 
Novice Skewness 0.37 0.60 0.61 0.92 

Kurtosis -0.34 1.15 -0.29 

VGRF Loc 
Elite  Skewness -1.60 0.69 -2.33 0.07 

Kurtosis 3.07 1.33 2.30 
Novice Skewness -1.22 0.60 -2.05 0.22 

Kurtosis 0.00 0.00 -0.88 

VGRF 
Elite  Skewness -1.24 0.69 -1.81 0.18 

Kurtosis 2.48 1.33 1.86 
Novice Skewness 0.22 0.60 0.38 0.65 

Kurtosis -0.99 1.15 -0.86 

Stiff1 
Elite  Skewness -2.00 0.69 -2.91 0.00 

Kurtosis 4.10 1.22 3.35 
Novice Skewness 1.13 0.60 1.89 0.03 

Kurtosis 0.21 0.05 3.75 

Stiff2 
Elite  Skewness -0.30 0.69 -0.44 0.73 

Kurtosis -0.74 1.33 -0.56 
Novice Skewness 0.66 0.60 1.11 0.26 

Kurtosis -0.71 1.15 -0.61 
Kmax = maximum knee angle, Hmax = maximum hip angle, GT Disp1 = the change in greater 

trochanter vertical displacement during the landing phase, GT Disp2 = the change in greater 

trochanter vertical displacement from landing to the location of peak al ground reaction force, 

KSD = knee separation distance, MT = medial trust, GRF Loc = the time from landing to the 

time of peak vertical group reaction force, GRF = the maximum vertical ground reaction force, 

Stiff1 = the stiffness calculation using equation 3 (p 40), Stiff2 = the stiffness calculation using 

equation 4, (p 41). 
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Table 4.3: Levene’s tests and t-tests for the fatigue variables 

Variables 
Equal 

Variance 

Levene's Test for 

Equality of 

Variances 

t-test for Equality of Means 

statistic Sig. statistic 

Degrees 

of 

Freedom 

Sig. (2-

tailed) 

Mean 

Difference 

Std. Error 

Difference 

JH (m) 

assumed 0.478 0.497 0.334 22 0.742 0.000 0.000 

not 

assumed 
  0.346 22 0.733 0.000 0.000 

HR 

(bpm) 

assumed 2.417 0.135 1.171 21 0.255 0.037 0.031 

not 

assumed 
  1.111 15 0.284 0.037 0.033 

RPE 

assumed 0.002 0.962 -0.523 22 0.606 -0.011 0.022 

not 

assumed 
  -0.53 20 0.602 -0.011 0.021 

TEA 

assumed 0.334 0.569 -0.033 22 0.974 -0.001 0.018 

not 

assumed 
    -0.033 20 0.974 -0.001 0.017 

Sig = significance, JH (jump height), HR (heart rate), RPE (rating of perceived exertion), TEA (Task Effort 

Awareness). 
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Table 4.4: Levene’s test and t-test for the landing biomechanics variables 

Variables 
Equal 

Variance 

Levene's Test for 

Equality of 

Variances 

t-test for Equality of Means 

statistic Sig. statistic 

Degrees 

of 

Freedom 

Sig.  

(2-tailed) 

Mean 

Difference 

Std. Error 

Difference 

Kmax 
assumed 1.313 0.264 -0.760 22 0.455 -0.068 0.089 

not assumed     -0.797 22 0.434 -0.068 0.085 

Hmax 
assumed 0.748 0.397 -0.394 22 0.697 -0.056 0.143 

not assumed     -0.427 22 0.674 -0.056 0.132 

GT Disp 1 

(m) 

assumed 0.691 0.415 -0.355 22 0.726 0.000 0.000 

not assumed     -0.381 22 0.707 0.000 0.000 

GTDisp 2 

(m) 

assumed 0.194 0.664 -0.632 22 0.534 0.000 0.001 

not assumed     -0.634 20 0.533 0.000 0.001 

KSD 
assumed 3.532 0.073 -0.332 22 0.743 0.000 0.001 

not assumed     -0.378 18 0.710 0.000 0.001 

MT 
assumed 1.570 0.223 0.018 22 0.986 0.000 0.003 

not assumed     0.017 15 0.987 0.000 0.003 

VGRF 
assumed 0.363 0.553 0.594 22 0.559 2.486 4.188 

not assumed     0.557 15 0.586 2.486 4.460 

VGRF 

Loc 

assumed 0.968 0.336 -0.222 22 0.826 -0.012 0.052 

not assumed     -0.237 22 0.815 -0.012 0.049 

Stiff1 
assumed 0.355 0.557 1.421 22 0.169 0.144 0.101 

not assumed     1.366 17 0.190 0.144 0.106 

Stiff5 
assumed 4.822 0.039 1.676 22 0.108 0.191 0.114 

not assumed     1.848 21 0.079 0.191 0.103 

Sig = significant, Kmax = maximum knee angle, Hmax = maximum hip angle, GT Disp1 = the change in 

greater trochanter vertical displacement during the landing phase, GT Disp2 = the change in greater 

trochanter vertical displacement from landing to the location of peak vertical ground reaction force, KSD = 

knee separation distance, MT = medial trust, GRF Loc = the time from landing to the time of peak vertical 

group reaction force, GRF = the maximum vertical ground reaction force, Stiff1 = the stiffness calculation 

using equation 3 (p 40), Stiff2 = the stiffness calculation using equation 4, (p 41). 
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A correlation analysis was run to determine the relationship among the four fatigue variables. To do 

this, the four TEA and RPE scores (scores at jumps 15, 30, 45, 60) were interpolated to 45 data points to 

match the number of samples in the heart rate data. The correlations were run for each participant and the 

mean correlations were calculated.  

To determine the average rate of change in the fatigue variables over the last 45 jumps, the mean slope 

was calculated for each of the fatigue variables with a 95-confidence interval. Additionally, the 

coefficient of variation was calculated to compare the degree of variation between landing biomechanical 

variables. 

4.2.1 Fatigue Variables: Mean Correlations  

Among the four fatigue variables, jump height (JH) has the lowest correlation to the other fatigue 

variables, HR, RPE, and TEA, at -0.39, -0.42, and -0.42, respectively (Table 4.5). The three other fatigue 

variables are strongly correlated with each other at 0.94 or greater (Table 4.5). Each of the participant’s 

individual correlation values among the four fatigue variables for the last 45 jumps and all the 60 jumps 

are provided in Appendix L and M, respectively. 

Table 4.5: Fatigue variables mean correlations for the last 45 jumps of the fatigue protocol 

 JH (m) HR (bpm) RPE TEA  

JH 1.00 -0.39 -0.42 -0.42  

HR -0.39 1.00 0.95 0.94  

RPE -0.42 0.95 1.00 0.96  

TEA -0.42 0.94 0.96 1.00  

JH (jump height), HR (heart rate), RPE (rating of perceived exertion), TEA (Task Effort Awareness). 
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4.2.2 Fatigue Variables: Mean Slopes 

Among the four fatigue variables, JH, HR, RPE, and TEA, jump height is the only fatigue variable 

where the mean slope was negative, additionally, the jump height coefficient of variation is almost double 

that of the other fatigue variables (Table 4.6). The confidence interval for all fatigue variables does not 

cross zero (Table 4.6). Each of the participants' individual slopes for the last 45 jumps of the fatigue 

protocol for each of the fatigue variables are provided in Appendix N. Additionally, each participant’s 

individual slope for the full 60 jumps of the fatigue protocol and the mean across all participants are 

provided in Appendix O.  

Table 4.6: Fatigue variables slopes for the last 45 jumps of the fatigue protocol. 

Variables mean STD CV 
positive 

slope count 

negative 

slope count 

Lower 95% 

confidence 

Bound 

Upper 95% 

confidence 

Bound 

JH (m) -0.0011 0.0009 -0.83 2 22 -0.0014 -0.0006 

HR (bpm) 0.36 0.11 0.20 23 0 0.342 0.407 

RPE 0.13 0.05 0.38 24 0 0.481 0.935 

TEA 0.10 0.04 0.42 24 0 0.078 0.113 

JH (jump height), HR (heart rate), RPE (rating of perceived exertion), TEA (task effort awareness), 

STD (standard deviation), and CV (coefficient of variations). 

 Landing Biomechanics Variables 

Figures 4.5 through 4.8 display the individual and mean data for the following landing biomechanical 

variables: GT Disp1, Stiff1, GRF, and EMG sum for vastus medialis (VM), respectively. Technical issues 

encountered in processing the EMG included: 7 subjects missing all EMG from all muscles for 15 or 

more jumps, and multiple outliers in almost every subject. For these technical reasons, it was decided not 

to analyze the EMG further (Appendix P). 
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Figure 4.5: The GT Disp1 during the last 45 landings of the fatiguing protocol. Each participant is 

represented by one thin line; whereas, the thick line represents the mean GT Disp1 during the last 45 

landings of the fatiguing protocol. GT Disp1 = The vertical displacement of the greater trochanter marker 

from landing to the maximum vertical ground reaction force. 
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Figure 4.6: The Stiff1 during the last 45 landings of the fatigue protocol. Each participant is represented 

by one thin line; whereas, the thick line represents the mean Stiff1 value. Stiff1 = The maximum vertical 

ground reaction force divided by the change in greater trochanter displacement from the time of landing 

to the time of maximum vertical ground reaction force (          

Eq. 3, pg 40). 
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Figure 4.7: The maximum vertical ground reaction force during the last 45 landings of the fatigue 

protocol. Each participant is represented by one thin line; whereas, the thick line represents the mean 

maximum vertical ground reaction force. 
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Figure 4.8: The summed vastus medialus EMG during the last 45 jumps of the fatiguing protocol. Each 

individual’s summed vastus medialis EMG, averaged between left and right legs, is presented by a thin 

line: whereas the thick line represents the mean summed vastus medialis EMG. 

 Overview of the Data Management Process for the Landing Biomechanical Variables 

A correlation analysis was conducted to determine the relationship among the landing biomechanical 

variables. The correlations were calculated for each participant and the mean correlations were also 

calculated.  

To determine the average rate of change in the biomechanical variables over the last 45 jumps, the 

mean slope was calculated for each of the biomechanical variables with a 95% confidence interval. 

Additionally, the coefficient of variation was calculated to compare the degree of variation between 

landing biomechanical variables. 



 

60 

 

 Landing Biomechanical Variables: Correlation 

For the biomechanical variables, the highest correlations were between Kmax and GT Disp1 (0.88), the Kmax and the GT Disp2 (0.93) (Table 

4.3). For the kinetic variables, the highest correlations are between GRF and Stiff1 (0.77), GRF and Stiff2 (0.79) (Table 4.7). Looking at the 

kinematic and kinetic together, the highest correlations are between the GT Disp2 and stiff1 (-0.60), and GRF Loc and Stiff1(-0.49) (Table 4.7). 

Table 4.7: Mean of the intrasubject correlations for the landing biomechanical variables 

 Kmax Hmax GT Disp1 GT Disp2 KSD MT GRF Loc        GRF Stiff1 Stiff2 

Kmax 1.00 0.61 0.88 0.93 0.14 -0.08 -0.03 -0.23 -0.01 -0.25 

Hmax 0.61 1.00 0.59 0.66 0.28 0.02 -0.20 -0.20 0.02 -0.19 

GT Disp1 0.88 0.59 1.00 0.89 0.19 -0.06 0.07 -0.23 -0.15 -0.28 

GT Disp2 0.93 0.66 0.89 1.00 0.18 -0.03 -0.11 -0.22 -0.60 -0.21 

KSD 0.14 0.28 0.19 0.18 1.00 0.43 -0.02 -0.09 -0.06 -0.05 

MT -0.08 0.02 -0.06 -0.03 0.43 1.00 -0.07 -0.06 -0.06 -0.01 

GRF Loc -0.03 -0.20 0.07 -0.11 -0.02 -0.07 1.00 -0.28 -0.49 -0.30 

GRF -0.23 -0.20 -0.23 -0.22 -0.09 -0.06 -0.28 1.00 0.77 0.79 

Stiff1 -0.01 0.02 -0.15 -0.60 -0.06 -0.06 -0.49 0.77 1.00 0.66 

Stiff2 -0.25 -0.19 -0.28 -0.21 -0.05 -0.01 -0.30 0.79 0.66 1.00 

Kmax = maximum knee angle, Hmax = maximum hip angle, GT Disp1 = the change in greater trochanter vertical displacement during 

the landing phase, GT Disp2 = the change in greater trochanter vertical displacement from landing to the location of peak vertical ground 

reaction force, KSD = knee separation distance, MT = medial trust, GRF Loc = the time from landing to the time of peak vertical group 

reaction force, GRF = the maximum vertical ground reaction force, Stiff1 = the stiffness calculation using equation 3 (p 40), Stiff2 = the 

stiffness calculation using equation 4, (p 41). 
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 Landing Biomechanical Variables: Mean Slopes 

For the kinematic landing biomechanical variables, the mean slopes are negative except for the 

medial thrust variable whereas all kinetic landing biomechanical variables have positive slopes (Table 

4.8) Comparing the coefficient of variation (CV) between the landing biomechanical variables, the knee 

separation distance (KSD) variable has the largest CV at -11.10, followed by the medial thrust (MT) at 

5.4. The confidence interval for the following landing biomechanical variables slope did not cross zero 

Kmax [-0.220, -0.040], GRF Loc [-0.107, -0.004], and Stiff5 [0.197, 0.438] (Table 4.8). Each of the 

participants' individual slopes for the last 45 jumps of the fatigue protocol for each of the landing 

biomechanical variables are provided in Appendix Q. Additionally, each participant’s individual slope for 

the full 60 jumps of the fatigue protocol and the mean across all participants are provided in Appendix R. 

Table 4.8: Landing biomechanical variables slopes for the last 45 landings of the fatigue protocol. 

Variables Mean     STD       CV 

Positive 

slope 

count 

Negative 

slope 

count 

Lower 95% 

confidence 

Bound 

Upper 95% 

confidence 

Bound 

Kmax (deg)* -0.13 0.21 -1.64  19 -0.220 -0.040 

Hmax (deg) -0.11 0.34 -3.15  15 -0.251 0.036 

GT Disp1 (m) -0.0008 0.0011 -1.51  18 -0.001 0.000 

GT Disp2 (m) -0.0006 0.0014 -2.33  16 -0.0012 0.0000 

KSD (m) -0.0002 0.0017 -11.10 13  -0.001 0.001 

MT (m/s) 0.0012 0.0065 5.4  10 -0.002 0.004 

GRF Loc (s)* -0.0556 0.1226 -2.21  17 -0.107 -0.004 

GRF (N) 4.20 9.97 2.34 17  -0.012 8.410 

Stiff1 (N/m) 0.05 0.25 5.39 17  -0.059 0.152 

Stiff5 (N/m)* 0.32 0.29 0.90 21  0.197 0.438 

Kmax = maximum knee angle, Hmax = maximum hip angle, GT Disp1 = the change in greater trochanter 

vertical displacement during the landing phase, GT Disp2 = the change in greater trochanter vertical 

displacement from landing to the location of peak vertical ground reaction force, KSD = knee separation 

distance, MT = medial trust, GRF Loc = the time from landing to the time of peak vertical group reaction 

force, GRF = the maximum vertical ground reaction force, Stiff1 = the stiffness calculation using equation 3 

(p 40), Stiff2 = the stiffness calculation using equation 4, (p 41). * slope significantly different from zero.  
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4.6.1 Jump Height Correlations 

To determine the relationship between jump height and all other variables, correlations were computed 

between the slope of jump height and the slope of all the other fatigue and landing biomechanical 

variables. The correlations were computed for each participant and the mean correlations were calculated. 

All correlations between jump height and any of the fatigue or landing biomechanical variables were less 

than 0.50 (Table 4.9). Additionally, the strongest correlations with jump height were the three other 

fatigue variables (HR, RPE, TEA) (Table 4.9).  

Table 4.9: Correlations between jump height and all other fatigue and landing biomechanical variables. 

 JH  

HR -0.39  

RPE -0.42  

TEA -0.42  

Kmax 0.35  

Hmax 0.13  

GT Disp1 0.37  

GT Disp2 0.31  

KSD 0.00  

MT -0.11  

VGRF Loc -0.06  

VGRF 0.09  

Stiff1 0.11  

Stiff5 -0.09  

JH = jump height, RPE = rating of perceived exertion, TEA = task effort awareness, Kmax = maximum 

knee angle, Hmax = maximum hip angle, GT Disp1 = the change in greater trochanter vertical 

displacement during the landing phase, GT Disp2 = the change in greater trochanter vertical displacement 

from landing to the location of peak vertical ground reaction force, KSD = knee separation distance, MT 

= medial trust, GRF Loc = the time from landing to the time of peak vertical group reaction force, GRF = 

the maximum vertical ground reaction force, Stiff1 = the stiffness calculation using equation 3 (p 40), 

Stiff2 = the stiffness calculation using equation 4, (p 41). 

 Individual Cases 

Table 4.10 displays the slopes for all the landing biomechanical variables for all participants. The 

shaded slopes are those kinematic slopes that are less than the group mean, whereas the shaded kinetic 

slopes are those that are greater than the group mean. In the case of both the kinematic and kinetic 

variables, the shaded slopes indicate an instance where, over the course of the last 45 jumps, the variable 
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was changing in the direction that was expected by the onset of fatigue. Table 4.10 shows that the pattern 

of change across the variables was not the same for all participants. Although there were no significant 

differences between the mean novice and elite slopes for all variables, it was decided to further 

investigate if there were any visual differences between the novice and elite groups. We compared the 

groups mean slopes for a few variables. Figures 4.9 through 4.13 highlight the novice group mean and the 

elite group mean slopes for a given landing biomechanical variable. For most of the 5 figures below 

(Figures 4.9 through 4.13), the mean novice slope is slightly steeper (either more negative or more 

positive) than the mean elite slope and the average elite participant initiated the fatiguing protocol with 

different mechanics than average novice participant. 
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Table 4.10: Landing biomechanical variables slopes for landings 16 through 60. Shaded slopes are slopes 

categorized as fatigue based on the mean slope for all participants. 

Subject Kmax  Hmax GT Disp1 GT Disp2 KSD MT GRF Loc GRF Stiff1 Stiff2 

S01 -0.02 0.10 0.0001 0.0001 0.0000 -0.008 -0.05 -2.4 0.00 0.08 

S02 -0.21 -0.16 -0.0007 -0.0007 0.0003 0.002 -0.04 15.8 0.18 1.01 

S04 -0.42 -0.40 -0.0019 -0.0019 0.0015 0.012 0.06 0.1 0.03 0.80 

S05 0.06 0.19 0.0002 0.0006 -0.0021 -0.001 -0.07 11.6 0.52 0.90 

S06 0.16 0.06 0.0006 0.0007 0.0002 0.000 -0.13 10.0 0.12 0.21 

S07 0.04 0.01 -0.0001 0.0001 0.0007 0.001 -0.01 3.1 0.13 0.17 

S08 -0.14 0.34 -0.0005 -0.0005 0.0015 0.007 -0.13 1.6 0.03 0.33 

S09 -0.39 -0.27 -0.0017 -0.0019 -0.0003 -0.001 0.10 -6.7 -0.22 -0.05 

S10 -0.23 -0.31 -0.0016 -0.0017 -0.0056 -0.005 -0.43 4.0 0.03 0.27 

S11 -0.73 -1.30 -0.0046 -0.0049 -0.0022 0.008 0.14 15.5 0.04 0.15 

S14 -0.06 -0.03 -0.0002 -0.0003 -0.0011 -0.002 -0.11 7.8 0.12 0.40 

S15 -0.27 -0.26 -0.0011 -0.0010 0.0013 0.002 -0.02 -0.2 0.08 0.60 

S16 -0.04 0.23 0.0003 0.0003 0.0032 0.006 0.04 -6.7 -0.16 0.14 

S17 0.04 -0.03 -0.0003 0.0002 -0.0008 -0.004 -0.21 19.6 0.60 0.55 

Novice 

Mean 
-0.16 -0.13 -0.0008 -0.0008 -0.0002 0.001 -0.06 5.2 0.11 0.40 

Novice 

STD 
0.24 0.40 0.0013 0.0015 0.0021 0.005 0.14 8.4 0.22 0.33 

S13 -0.07 -0.11 -0.0002 -0.0003 0.0005 0.001 0.03 2.2 -0.02 -0.03 

S19 -0.08 0.16 0.0000 -0.0004 0.0016 0.01 -0.28 14.0 -0.72 0.18 

S20 -0.06 -0.12 -0.0005 -0.0003 -0.0003 0.006 -0.02 11.1 0.15 0.28 

S22 -0.26 -0.18 -0.0019 -0.0016 -0.0002 0.012 -0.13 -4.2 0.08 0.34 

S26 -0.02 0.20 0.0000 0.0002 0.0003 0.007 -0.05 -1.0 0.11 0.19 

S27 0.30 0.30 0.0003 0.0031 -0.0008 0.000 -0.01 -25.2 -0.29 -0.07 

S31 -0.31 -0.44 -0.0021 -0.0022 -0.001 -0.005 0.03 0.6 -0.05 0.27 

S33 -0.08 -0.01 -0.0004 -0.0004 0.0008 0.001 -0.05 1.4 0.02 0.07 

S35 -0.32 -0.41 -0.0015 -0.0017 -0.0007 -0.012 -0.07 18.0 0.17 0.47 

S36 -0.02 -0.13 -0.0002 -0.0002 -0.0003 -0.010 0.05 10.7 0.17 0.35 

Elite 

Mean 
-0.09 -0.07 -0.0007 -0.0004 0.0000 0.001 -0.05 2.8 -0.04 0.21 

Elite 

STD 
0.18 0.24 0.0009 0.0014 0.0008 0.008 0.10 12.2 0.28 0.17 

All 

Mean 
-0.13 -0.11 -0.0008 -0.0006 -0.0002 0.001 -0.06 4.2 0.05 0.32 

All STD 0.21 0.34 0.0011 0.0014 0.0017 0.006 0.12 10.0 0.25 0.29 

Non-

Fatigue 
> -0.13 > -0.11 > -0.0008 > -0.0006 > -0.0002 > 0.001 > -0.06 < 4.2 < 0.05 < 0.32 

Fatigue < -0.13 < -0.11 < -0.0008 < -0.0006 < -0.0002 < 0.001 < -0.06 > 4.2 > 0.05 > 0.32 

Kmax = maximum knee angle, Hmax = maximum hip angle, GT Disp1 = the change in greater trochanter vertical displacement 

during the landing phase, GT Disp2 = the change in greater trochanter vertical displacement from landing to the location of peak 

vertical ground reaction force, KSD = knee separation distance, MT = medial trust, GRF Loc = the time from landing to the time 

of peak vertical group reaction force, GRF = the maximum vertical ground reaction force, Stiff1 = the stiffness calculation using 

equation 3 (p 40), Stiff2 = the stiffness calculation using equation 4, (p ). 
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Figure 4.9: The maximum landing knee angle for the last 45 jumps of the fatiguing protocol for the 

novice group mean and the elite group mean. 
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Figure 4.10: The change in landing GT Disp1 over the last 45 jumps of the fatiguing protocol for the 

novice group mean and the elite group mean. GT Disp1 = the displacement of the greater trochanter 

marker from landing to maximum force. 



 

67 

 

 
Figure 4.11: The change in landing Stiff1 over the last 45 jumps of the fatiguing protocol for the novice 

group mean and the elite group mean. Stiff1 = the maximum vertical ground reaction force divided by the 

change in greater trochanter vertical displacement from the time of landing to the time of maximum 

vertical ground reaction force (Eq. 3, pg 40).  
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Figure 4.12: The change in landing vertical ground reaction force (GRF) over the last 45 jumps of the 

fatiguing protocol for the novice group mean and the elite group mean. 
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Figure 4.13: The change in landing knee separation distance (KSD) over the last 45 jumps of the fatiguing 

protocol for the novice group mean and the elite group mean. 
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Chapter 5 

Discussion 

 General Summary of Jumping Studies 

Historically, research on jumping and fatigue has used one of two methods for data analysis. The first 

method compares pre and post fatigue jumps for analysis with no data collection during the fatiguing 

protocol (Chappell et al., 2005; Edwards et al., 2014, 2010; S. G. McLean et al., 2007; Skurvydas, 

Jascaninas, & Zachovajevas, 2000; Weinhandl et al., 2011). Typically, these studies use two to five pre 

and post fatigue jumps, and the average is computed for analysis (Chappell et al., 2005; Edwards et al., 

2014, 2010; S. G. McLean et al., 2007) 

The second method involves collecting pre and post fatigue jumps while also periodically collecting 

data during the fatiguing protocol (Borotikar et al., 2008; Pereira et al., 2011). To our knowledge, no 

other jump fatiguing study has continuously collected data during the fatigue protocol and analyzed the 

landing portion during the entire fatiguing protocol.  

 Warm-up Phase 

Due to the unique data collection process and the variations between jump landings (Table 4.4), it was 

decided that slopes and correlations would be the best methods to analyze the data to determine the rate of 

change and relationship among the fatigue variables. Additionally, based on the fatigue variables, it was 

decided not to analyze the first 15 jumps of the fatigue protocol as they were considered a warm-up. The 

rationale for this decision was based on the two distinct slopes found in the heart rate (HR), rating of 

perceived exertion (RPE) and task effort awareness (TEA) data (Figure 4.2 – 4.4). For all three variables, 

the first 15 jumps had a steeper slope than the last 45 jumps, indicating a difference in the physiological 

adaptation to the fatiguing protocol in the remaining 45 jumps. To date, no study has mentioned the 
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removal of the initial phase, although several studies do note that the participant did ‘warm-up’ before 

beginning the study (Edwards et al., 2014; McNeal, Sands, & Stone, 2010; Pereira et al., 2008; Skurvydas 

et al., 2000) 

Typically, research on jumping and fatigue consists of a generic warm-up of either cycling, light 

exercise, or jogging (McNeal et al., 2010; Skurvydas et al., 2000; Weinhandl et al., 2011). One study did 

incorporate two minutes of countermovement jumps in addition to five minutes of running and three 

minutes of stretching in their warm-up (Pereira et al., 2008).  The only study we are aware of that has 

considered part of the beginning phase was the study by Weinhandl, Smith, & Dugan (2011) who 

calculated the non-fatigue variables from the first 10% of the fatigue protocol and the fatigued variables 

from the last 10% of the fatigue protocol. By disregarding the initial warm-up jumps, the change due to 

fatigue reported here is likely less than that presented by others.  

The decision to omit the initial jumps from analysis should consider the current recommendations for 

an athlete’s warm-up. Current standards of warm-up advised against static stretching (Wallmann, Mercer, 

& Landers, 2008) and to include a general warm-up to raise muscle temperature (Abad, Prado, 

Ugrinowitsch, Tricoli, & Barroso, 2011; Young & Behm, 2002), and a progressive submaximal sport-

specific warm-up to increase neuromuscular activation (Abad et al., 2011; Young & Behm, 2002). For 

example, volleyball players perform a general warm-up followed by practicing hitting the volleyball prior 

to a game to adequately warm-up their lower body for jumping and their shoulder for hitting (spiking) the 

volleyball. Therefore, we must be cognizant of the warm-up used in research studies and determine if the 

warm-up during the study was adequate to mimic the sport-specific warm-up typically completed by 

athletes. 

 Fatigue Variables 

In comparison to other studies, we see similar responses to fatigue in jump height, heart rate, and RPE. 

And, while TEA shows the same pattern, there has been no report of its use with jumping and fatigue. The 
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literature on jumping and fatigue shows a clear decrease in jump height from pre-fatigue to post-fatigue 

(Edwards et al., 2010; McNeal et al., 2010; Pereira, Morse, et al., 2009; Skurvydas et al., 2000), which 

aligns with the progressive decrease in jump height seen in 22/24 (mean slope -0.0011 meters / jump, 

95% CI [-0.0014, -0.0006]) participants from this study. We also found that the heart rate slope for 23 

participants was positive (mean heart rate slope 0.36 bpm / jump, 95% CI [0.342, 0.407]) and for all 

participants their rating of perceived exertion progressively increased (mean slope 0.13 / jump, 95% CI 

0.481, 0.935]), which are similar to the slope changes found by Pereira et al. (2011) who found a heart 

rate slope of 0.51 and RPE slope of 0.12. The differences in mean heart rate slope may be attributed to the 

removal of the first 15 warm-up jumps of the current study from the analysis where the mean heart rate 

slope was steepest. 

There is a clear difference in the relationship between the performance fatigue variable, jump height, 

and the perception of fatigue variables, heart rate, rating of perceived exertion (RPE), and task effort 

awareness (TEA). Jump height is correlated with the other fatigue variables by -0.42 or less, whereas, the 

perception of fatigue variables are all correlated at 0.94 or higher. The heart rate and RPE correlations 

agree with the correlations reported by Gleber Pereira et al. (2011) of 0.95. The correlation values 

between the fatigue variables also support the conclusions by Enoka & Duchateau (2017) that for fatigue 

measures to be all-inclusive they need to encompass both performance fatigue and the perception of 

fatigue felt by the performer. 

 Kinematic Landing Biomechanical Variables 

The research on jumping fatigue has found discrepancies in the effects of fatigue on landing 

biomechanics. Research shows that with jumping fatigue there is a decrease in knee flexion on landing 

(Chappell et al., 2005; Edwards et al., 2010; McNeal et al., 2010; Rodacki et al., 2001); however, a 

submaximal jumping study found no significant decrease in knee flexion post fatigue (Edwards et al., 

2014). The current study agrees with the literature as 19/24 participants progressively decrease their 
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maximum knee angle (mean knee slope = -0.11 degrees/jump, 95% CI [-0.22, -0.04]) (Chappell et al., 

2005; Edwards et al., 2010; McNeal et al., 2010; Rodacki et al., 2001). 

Compared to the knee, more controversy exists with respect to changes in the hip angle as some 

researchers have found the hip angle decreases (Borotikar et al., 2008; Edwards et al., 2010), some argue 

that the hip angle increases (McNeal et al., 2010), and others indicate that there is no change in the hip 

angle with jumping fatigue (Edwards et al., 2014; A. Rodacki et al., 2001). The discrepancy in hip angle 

during landing between studies may be due to participants managing the fatigue by trading off which 

muscles are active during the weight acceptance phase of the landing. The current study found mixed 

results as only 15/24 participants progressively decrease their maximum hip angle (mean hip slope = -

0.13 degrees/jump, 95% CI [-0.251, 0.036]). 

Together the change in the knee and hip angle indicate that most participants shifted towards a more 

upright landing position as they fatigued (Table 4.8). Being more upright is reflected in a decrease in the 

vertical displacement of the greater trochanter (GT Disp1) as well as the greater trochanter’s displacement 

occurring later in the landing phase (GT Disp 2). In this study, 18 out of 24 participants decreased GT 

Disp 1 (mean GT Disp1 slope = -0.0008 m/jump, 95% CI [-0.001, 0.000]) while 16 out of 24 participants 

had the location of the displacement occur later (mean GT Disp2 slope = -0.0006 m/jump, 95% CI [-

0.0012, 0.0000]) (Table 4.4).The correlation between GT Disp1 and GT Disp2 (0.89) indicated that the 

landing biomechanics that occur at the start of the landing phase might dictate the landing biomechanics 

that follow for the rest of the landing phase. 

With the four sagittal plane kinematics, there are high coefficients of variation. We found high 

coefficients of variation in both the mean knee (-1.64) and hip (-3.15) angle slopes, with slightly lower 

coefficient of variations in the GT Disp1(-1.51), and GT Disp2 (-2.33). To our knowledge, no literature 

has looked at the variation in landing biomechanics. The possible explanations for the high variations may 

be that more variation exists in landing compared to takeoff, as the muscles are absorbing the force 
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instead of producing it, that fatigue increases the variation in landing biomechanics, or that fatigue causes 

muscles to trade-off in order to allow some muscles to recover.  

While most of the jumping movement happens in the sagittal plane movements, the frontal plane 

movements are also important for analyzing the landing phase of a jump (Cesar et al., 2017). While 3D 

analysis is more precise for determining frontal plane movement (Cesar et al., 2017), it was decided to use 

the knee separation distance (KSD), an alternative method, which provides information about the frontal 

plane posture of the knee during landing (Sigward et al., 2011). Cesar er al. (2017) found a strong 

relationship between 3D bilateral average knee joint angles and 2D normalized knee separation distance 

in the frontal plane during a vertical jump. The findings from the KSD variable in addition to the medial 

thrust (MT), were inconclusive as roughly half (13/24) of the participants progressively decreased their 

KSD (mean slope = -0.0002 m/jump, 95% CI [-0.001. 0.001) while the other half (10/24) progressively 

increased their MT during the landing phase (mean MT slope = 0.0012 m/jump, 95% CI [-0.002, 0.004]). 

However, the literature reports that individuals land with greater knee valgus when fatigued (Borotikar et 

al., 2008; McLean et al., 2007). The inconclusive findings in both frontal plane variables, KSD and MT, 

may be due to the high coefficient of variation in these variables, suggesting that there is a large amount 

of variability in the way individuals respond to fatigue in the frontal plane. 

 Kinetic Landing Biomechanical Variables and their Location 

In review, the kinetic variable slopes, most participants increased their landing force or stiffness as 

they fatigued. Seventeen of 24 participants increased their vertical ground reaction force as they fatigued 

(mean slope = 4.2 N/jump, 95% CI [-0.01, 8.41]), while 17/24 (mean slope = 0.05 N/m/jump, 95% CI [-

0.059, -.152] and 21/24 (mean slope = 0.32, 95% CI [0.197, 0.438] landed stiffer based on the Stiff1 and 

the Stiff2 respectively (Table 4.8). Not only are the participants landing with greater maximum vertical 

ground reaction forces but the maximum vertical ground reaction force also occurs closer to the start of 

the landing. Seventeen participants decreased the time to their maximum vertical ground reaction from 
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the start of the landing phase as they fatigued (mean slope = -0.0556 s/jump, 95% CI [-0.107, -0.004] 

(Table 4.8). The findings from this study agree with the findings from Edwards et al. (2010) where post-

fatigue vertical ground reaction forces increase and occur quicker in the landing phase. Between the two 

stiffness methods stiff1 and stiff2 we see similar changes over the fatigue protocol where the stiffness 

increases, however, the coefficient of variation is less in the stiff2, the dynamic stiffness method where 

the stiffness is the maximum of the stiffness values calculated during the landing phase over every five 

frames. The correlations between the three kinetic variables are all above 0.62, which may indicate some 

overlap in what each of the kinetic variables are describing. For instance, the stiffness variables are all 

calculated using the greater trochanter marker to represent the hip displacement, and the amount of hip 

displacement at landing would affect the maximum force. Larger hip displacements would result in lower 

maximum forces as well as increase the time to maximum force. Due to the relationship between the three 

kinematic variables it may not be necessary to use all three variables in future work. Although the stiff1 

method is primarily used by research in calculating landing stiffness, it may be worthwhile to determine if 

a dynamic stiffness method is more suitable. 

 Relationship between Jump Height and other Variables. 

Jump height changes with fatigue have been well researched (Edwards et al., 2014, 2010; Kamandulis 

et al., 2016; McNeal et al., 2010; G. Pereira, Morse, et al., 2009; Weinhandl et al., 2011). Due to the ease 

of collecting and the simplicity of obtaining a jump height with either a vertec or a wearable sensor such 

as the Vert, it is often appealing to collect jump height in the field setting, which could be used to 

determine if an individual is fatigued and at an increased risk of a fatigue-related injury. However, the 

relationship between jump height and other fatigue variables and landing biomechanical variables is 

questionable (Table 4.9). 

 There are no strong correlations between jump height and the fatigue and landing biomechanical 

variables (correlations are < 0.50 for all variables) (Table 4.9). Although jump height is a good measure 
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of performance fatigue, changes in jump height due to fatigue do not necessarily reflect a change in 

landing biomechanics. In short, the take-off phase or jump height does not necessarily indicate what will 

happen during the landing phase. We know that a change in jump height will change the impulse 

generated on landing. When fatigued, the decrease in jump height will lead to a decrease in the landing 

impulse, however, the decrease in jump height does not dictate a change in a particular landing 

biomechanical variable. From a risk management perspective, jump height alone cannot be used to 

determine if an athlete is at a greater risk for a fatigue-related injury. 

 Fatigue Changes and Injury 

One of the main reasons research has looked at landing and fatigue is due to the increase in fatigue-

related injuries, particularly to the ACL. Non-contact ACL injuries commonly occur when the leg is near 

full extension, accompanied by a forceful valgus knee collapse (Hughes & Watkins, 2006), with higher 

vertical ground reaction forces (Koga et al., 2010) and occur more frequently when an individual is 

fatigued (Bradley et al., 2002). In this study, as individuals fatigued, they progressively landed in a more 

upright position, with larger forces and stiffness. For all but the frontal plane landing biomechanical 

variables, the participants progressively moved towards the landing associated with ACL injuries.   

One of the issues with managing fatigue is that not everyone responds to fatigue in the same manner. 

Based on the literature, we expected that all participants would land with less hip and knee flexion, 

greater knee valgus, greater stiffness, larger maximum vertical ground reaction force and the larger force 

would occur earlier in the landing. With each of the variables listed above, we expect to see a change in 

landing biomechanics that deviates away from normal. However, for each of the landing biomechanical 

variables, there were some participants who’s landing biomechanical variables did not change in the same 

direction as the mean or according to the literature (Table 4.10). As all participants do not display the 

same changes with fatigue, it is clear that fatigue affects individuals differently. 
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 Individual Fatigue Changes 

Based on the literature some individuals displayed changes in some landing variables that were 

opposite to what was expected. For instance, participant S08 had a maximum hip angle (Hmax) slope of 

0.34 degrees/jump, indicating that they landed with more hip flexion when fatigued. However, for the 

remaining of S08’s landing biomechanics, they followed the normal pattern typically seen with fatigue 

such that they landed with less knee maximal flexion (Kmax) and greater vertical ground reaction forces 

(GRF). On the other hand, some individuals had multiple landing biomechanical variables change in an 

unexpected direction. For example, S07 increased their maximal hip and knee angle as they fatigued, 

while also decreasing their landing vertical ground reaction force and stiffness (Table 4.10). When 

fatigued some participants may display changes in landing biomechanics that are unexpected. 

In addition to the unexpected changes in landing biomechanics displayed by some individuals, the 

degree of change in a particular landing biomechanical variable varied between individuals. Some 

individuals changed one landing biomechanical variable to a greater extent than others when fatigued. For 

instance, both novice subjects S08 and S11 had a decrease in their Kmax landing variables, however, 

subject S08’s slope was -0.14 whereas subject S11 had a slope of -0.73. Between these two subjects, 

S11’s maximum knee joint angle decreased faster than S08 with fatigue. On the other hand, some 

participants had similar progressive changes, novice participants S10 & S15 had similar slopes at -0.23 

and -0.27 respectively. The variability in how the participants responded to fatigue suggests that fatigue 

needs to be considered individually. 

Some individuals had multiple fatigue-related changes in the landing biomechanics variables. For 

instance, subjects S09, S11, S22, and S35, S36 all had multiple landing biomechanical variables that 

negatively changed with fatigue (Table 4.10). In these five cases, the landing patterns shift towards the 

landing biomechanics typically seen with an ACL injury, a stiff landing with greater forces absorbed over 

a short period of time. In comparison S05, S14, and S17 all have negative changes but in the frontal plane 
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variables (KSD & MT) in addition to an increase in vertical ground reaction force (GRF) when fatigued.  

However, S05, S14, and S17 have no detriments to any sagittal plane landing biomechanical variables. 

These two participant groups suggest that there may be patterns of fatigue that are not evident when you 

consider only group averages. With the cases that have multiple changes occurring with fatigue, it would 

be interesting to determine if they are at a greater risk for injury due to multiple biomechanical variable 

changes or if a participant with only one large change in a participant biomechanical variable that’s 

associated with a specific injury is at a greater risk for injury. 

 Variability in Fatigue and Landing Biomechanical Variables 

The past research on the variation in kinetic and kinematic outcome measures of jumping usually 

considers the take-off phase (Cormack et al., 2008; Taylor et al., 2010). Together, the studies by Cormack 

et al. (2008) and Taylor et al. (2010) have found a coefficient of variation between 1 – 6% and 1 – 6% of 

typical error with most take off biomechanical variables. While the variation values are low, they are only 

valid for non-fatigue jumps of the takeoff phase. Based on Figures 4.5 – 4.8, individuals vary how they 

perform consecutive jump landings when fatigued. Depending on the degree of variability in jump 

landing biomechanical variables when fatigued, there may be issues with selecting the mean of five post 

fatigue jumps for analysis as the mean may not accurately display the individual's landing biomechanics. 

Looking at the current study, both the fatigue and landing biomechanical slope variables have a high 

coefficient of variability. The variability in slopes is due to some individual responding opposite to what 

is expected, and the individuals that did respond as expected had varying slopes. Due to the variation in 

landing biomechanics with fatigue, individuals will need to be individually assessed in order to accurately 

determine a participant's specific changes in landing biomechanics and the degree to which it will 

progressively change with fatigue.   
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 Effects of Training 

Individuals can change their landing biomechanics with proper training programs (Hewett, Stroupe, 

Nance, & Noyes, 1996) which decreases their risk for injury (Hewett, Lindenfeld, Riccobene, & Noyes, 

1999), Figures 4.9 – 4.13 support the idea that training has a tendency to make individuals fatigue 

resistant and reduce the effect fatigue has on the landing biomechanical variables. In most of the figures, 

the novice’s slope is steeper than the elite jumper who is well conditioned for jumping and has received 

jump training. Additionally, on average the trained group initiated the fatigue protocol with better landing 

mechanics, such that, they landed with greater Kmax, GT Disp1, and KSD (Figure 4.9, 4.10, and 4.13), 

and less Stiff1 (figure 4.11). While training programs can help reduce the risk for injury, there is likely a 

subgroup of individuals that do not respond to the training program as it may not target their deficiencies. 

With training to specifically target those deficiencies, it is likely that the risk of injury could be reduced 

further. For example, subject S05 progressively decreased their KSD and increased their MT and landed 

with progressively larger maximum ground reaction forces closer to the start of the landing phase. S05 

may, therefore, benefit from a program that targets knee collapse or valgus position on landing and 

emphasizing properly absorbing the vertical ground reaction forces (GRF). On the other hand, S04 who 

progressively landed in a more upright position would benefit more from a program that focuses on 

landing with adequate hip and knee flexion. In these cases, having coaches help with biomechanical 

technique, while strength and condition coaches provide strengthening exercises can help the participant 

achieve the desired landing biomechanics. Training programs can reduce the risk for injury; however, 

they could be further enhanced by ensuring that they target the specific individualized deficiency that the 

individual displays with fatigue. 

 Limitations 

One of the main limitations of this study was due to the unique methods for data collection. In order to 

collect every jump in the fatiguing protocol, this study collected data continuously, which came with a 
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unique set of challenges. Due to the length of the collection, technical issues arose with seven of the 

participant's EMG data and for many participants, virtual markers were required because a marker fell off. 

Additionally, each participant only had one testing session providing only one measure for analysis. Had 

participants had multiple testing sessions, perhaps the variability among participants would have been 

reduced. Additionally, the continuous data collection and method for analysis made it difficult to relate 

the statistical analysis used in this study (slopes and correlations) to past research. Previous research on 

jumping fatigue have used two time frames for analysis, pre-fatigue and post-fatigue with paired T-tests 

(Edwards et al., 2010; McNeal et al., 2010; G. Pereira, De Freitas, et al., 2009; A. Rodacki et al., 2001; 

Weinhandl et al., 2011) or a repeated-measures analysis of variance (ANOVA) (Edwards et al., 2010; 

Weinhandl et al., 2011) for statistical analysis. Although the continuous collection of data poses new 

challenges, it also increases our understanding of landing biomechanical changes that occur with jumping 

fatigue. 

Another limitation to this study was the sample size. Although two different groups of participants 

were collected, novice and elite jumpers, the expectation was that all participants would respond similarly 

to fatigue but at different rates. However, as evidenced in Table 4.10, the effects of fatigue vary between 

individuals, regardless of group, making it difficult to uncover a uniform set of changes for all 

individuals. In comparison to other studies, the number of participants used in this study still exceeds 

what is typically seen in research, where studies use 10 – 14 participants (Edwards et al., 2010; G. 

Pereira, De Freitas, et al., 2009; A. L. F. Rodacki et al., 2002; Weinhandl et al., 2011). Although an effort 

was made to have equal male and female participants, we were unable to obtain the desired number of 

females to include female for this study. Fortunately, females have been well researched in regards to 

ACL injuries (Borotikar et al., 2008; Ford, Myer, & Hewett, 2003; Hughes & Watkins, 2006; S. G. 

McLean et al., 2007; Traina & Bromberg, 1997) and therefore less was known regarding jump landing 

fatigue in males. 
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 Future Work 

This was the first study to continuously collect data during the entire fatiguing protocol and analyze 

the landing portion of each jump. Due to the individual responses of fatigue, a larger study may be 

necessary to categorize individuals based on the common landing biomechanical changes that occur with 

participants. Some individuals may be ‘fatigue-resistant’, at least to this protocol, and may not display the 

expected changes in landing biomechanics. It could also be that there are individuals who prioritized their 

landing biomechanics and actively seek to maintain proper landing form. Additionally, future work could 

look at using a principal component analysis to create a fatigue model for fatigue or fatigue resistance 

individuals if they have similar adaptations to fatigue. 

Due to the lack of robust EMG data, additional research is needed to determine the effect fatigue has 

on muscle activation. Specifically, future work could look at the onset of muscle reaction time as well as 

muscle coordination patterns with fatigue. It has already been demonstrated that fatigue can alter the 

sequencing of muscle activation in throwing sports (Forestier & Nougier, 1998), and the takeoff portion 

of the jump (Pupo, Dias, Gheller, Detanico, & Santos, 2013), however, it has yet to be determined if there 

are fatigue-related changes in jump landing.  

Although participants were asked to jump as high as possible with each jump, in addition to having 

self-selected motivational music and a motivator present during jumping, they may not have jumped as 

high as possible to reserve energy for all jumps of the fatiguing protocol. Future work may wish to have 

participants continuously jump until they perform consecutive jumps below a threshold or continuously 

jump at submaximal jump heights to help with motivation.  

Another aspect of fatigue and landing that is often not discussed is wherein the landing phase should 

the landing biomechanical variables be selected. The time points commonly used are at initial contact 

(Borotikar et al., 2008; Edwards et al., 2010; S. G. McLean et al., 2007), slightly after initial contact 

(Weinhandl et al., 2011) when injuries occur (Koga et al., 2010), at maximum vertical ground reaction 
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force (Koga et al., 2010; Watanabe et al., 2016), and at maximal knee flexion (Chappell et al., 2005; 

Walsh et al., 2012). We decided to analyses the landing biomechanical variables at two different time 

points, at maximum vertical ground reaction force, as well as, at maximal angular knee displacement. 

There may even exist a relationship between how an individual initiates the start of the landing phase and 

the final outcome of the landing phase. Future research should determine if specific time points should be 

used for analysis or if they are interchangeable as the initial contact phase landing biomechanics 

determines how the landing biomechanical will manifest throughout the landing.  

Lastly, future work should look at how connected or related the take-off phase of the jump is to the 

landing. Besides the change in jump height affecting changes in landing impulse, it would be helpful to 

determine if any takeoff variables are related to the landing phase. For example, does the takeoff knee and 

hip joint angle at the bottom of the eccentric phase relate to the landing knee and hip joint angle? Or does 

the muscular sequence prior to takeoff affect the sequence of muscles activating during the landing 

phase? Identifying specific takeoff or fatigue variables that may dictate landing biomechanical may help 

coaches identify when athletes are at a greater risk for injury. Currently, no strong correlations are seen 

between jump height and landing biomechanical variables with fatigue, as well we do not see consistent 

linear changes in landing biomechanical variables with fatigue. Not only could future work help with our 

understanding of fatigue and the related changed in landing biomechanics, but it could also help prevent 

future injuries. 

 Conclusion 

The results from this study show that fatigue from jumping causes a continuous decrease in 

performance fatigue indicated by a decrease in the maximum jump height. Additionally, there are 

physiological changes that occur with jumping fatigue that cause two distinct responses. Initially, there is 

a rapid increase in the heart rate and in the perception of fatigue followed by a less rapid progressive 

increase in heart rate and the perception of fatigue. The changes in jump height are not correlated with 
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changes in landing biomechanical variables for most participants, indicating decrements in jump height 

are not indicators of changes in landing biomechanics. 

While it is uncertain how decrements in jump height will affect landing biomechanics, it is clear that 

individuals respond differently to fatigue which is supported by the high coefficient of variation in 

landing biomechanical variables. The elite jumpers, who received jump training, on average displayed 

more efficient landing mechanics in comparison to the novice jumpers. Additionally, the elite jumpers 

fatigued appear to be more fatigue resistant than the novice jumpers (Table 4.6). Although the effects of 

fatigue are individualized and detrimental to performance and injury, the effects of fatigue appear to be 

minimized through training.  
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: Detailed Protocol for Force Plate Location 

1) A probe was constructed with a rigid body attached to a shaft and a projecting probe tip. The 

probe tip was constructed of a drilled marker to fasten around the tip of the pointer stick.  

2) collect a five second static trial with the pointer stick.  

3) In QTM, define the collected markers as a rigid body (four ridged body markers and one on the 

tip). 

4) In QTM, go to 6DOF and change the probe tip marker to a virtual marker 

5) Remove probe tip marker 

6) Perform a 30-second collection and touch the end of the pointer to each of the four corners of the 

force plate 

7) Using the force plate data, identify and clip one frame of the virtual marker as it touches each 

corner of the force plate 

8) Label each clipped frame 

9) In QTM, generate the force plate location based on the labeled frames. This take the location of 

the virtual marker at the select frames (4 corners of the force plate) and applies it to the corners of 

the force plate and determines it position in the global coordinate system. 

10) Inspect the generated location in QTM of the force plate to ensure each corner’s (X, Y, Z) 

location is correct. 

11) Repeat steps 6 – 10 for the other force plate. 
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: Ethics Approval Queen’s University 
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: Ethics Approval Royal Military College of Canada 
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: Letter of Information & Consent Form 

 

 

Ethics Consent Form 

Letter of Information 

 

 

 

Vertical Jump Landing Fatigue: The Kinetic, Kinematic and Muscular Adaptations.  

 

Dear Participant,  

 

You are being invited to participate in a research study by Markus von Hacht (Graduate 

student, Queen’s School of Kinesiology and Health Studies) and Dr. Patrick Costigan that 

examines how jump landing changes during fatigue. 

 

If you decide to take part in this study, you will complete a brief custom Qualtrics 

questionnaire and a vertical jump fatiguing protocol. Together, these activities including will 

take approximately one hour of your time. The Qualtrics questionnaire will gather information 

on your: age, gender, limb dominance, volleyball/basketball history/experience, injury history, 

and court time.  

 

Testing will take place in the biomechanics lab in the School of Kinesiology and Health 

Studies room 300. Research members (Josh Ehrlich, and Quentin Tsang) may be present to assist 

with data collection. Additionally, all lab personnel have signed confidentiality agreements for 

participant’s privacy. During testing, a motion tracking system will track markers placed on your 

skin or over your compression shorts or spanks on your lower back, hips, knees, ankles, and feet 

as you perform multiple jumps. You will be jumping 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 and a heart rate monitor around 

your chest will record your heart rate. 

 

You will perform a warm-up consisting of 10 jumps at an intensity of your choice. Next, you 

will complete 4 maximum countermovement vertical jumps with arm swing separated by 30 

seconds rest for pre-fatigue measurements. Before starting the fatiguing protocol, you will 

become familiarly with two visual scales, the Physical-Rating of Perceived Exertion (RPE) based 

off the Borg Scale and the Task Effort Awareness (TEA) scale. 

 

Afterwards, you will begin the fatiguing protocol. The protocol consists of completing a 

maximal countermovement vertical jump with arm swing every four seconds controlled by a 

metronome set to 60 beats per minute. Every 15 jumps you will complete the REP and TEA 

scale. Once you have completed 60 jumps you will have completed the study. You may self-

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 )  
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select the depth and speed of the countermovement for each jump. It is important that you try and 

jump as high as possible with every jump during the fatiguing protocol. You will receive verbal 

motivation and have music available to encourage you to jump as high as possible. The fatiguing 

protocol will last a total of four minutes long. 

 

Risks of Participation 

 

To the best of our knowledge, there are very few added risks to participating in this study. The 

number of jumps performed during this study is less than the typical amount of jumps you would 

perform during a practice. However, due to the physical exertion of the fatiguing protocol there 

is a risk of injury. To reduce any chance of injury you may choose to stop the protocol at your 

own discretion without any consequences. The direct benefits to you for taking part in this study 

is a small report analyzing your landing technique and the changes that occur as you fatigue. 

 

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 until the completion of the study without penalty. If you withdraw, your data will 

be removed. 

 

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 on a personal password-

protected database that contains no identifying information. Your data will be tracked using a 

randomly generated code, making it difficult to identify. Participant codes, names and contact 

information will be stored separately in a locked and secured location. Furthermore, all data will 

be compiled together and presented as a whole. Although all measures will be taken to keep your 

identification anonymous, there is a slight risk of identification. We may ask permission to take 

photographs during testing to show the experimental setup. 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. All 

data will be held indefinitely for future research. 

 

If at any time you have questions or concerns related to my participation in this study, you can 

contact:  

Markus von Hacht, 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 Queen’s University 

General Research Ethics Board (GREB) at 1-844-535-2988 (Toll-free in North America) or at 

chair.GREB@queensu.ca. 

mailto:chair.GREB@queensu.ca
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For participants from the Royal Military College, please note that your participation has been 

approved by the Research Ethics Board (REB). Any ethical concerns may be brought forth to the 

REB at the Royal Military College of Canada at 613-541-6000 x6017 or at sarah.hill@rmc.ca.  
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Ethics Consent: Participant’s Copy 

 

 

 

Vertical Jump Landing Fatigue: The Kinetic, Kinematic and Muscular Adaptations 

 

 

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 on a password-protected computer.  

• You realize that you can withdraw up until the study is completed. 

• You do not waive your legal rights nor release the investigator(s) and sponsors from their legal 

and professional responsibilities. 

 

(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 

 

 

Participant code:        

 

 

Vertical Jump Landing Fatigue: The Kinetic, Kinematic and Muscular Adaptations 

 

 

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 on a password-protected computer. 

• You realize that you can withdraw up until the study is completed. 

• You do not waive your legal rights nor release the investigator(s) and sponsors from their legal 

and professional responsibilities. 

 

(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. 
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Markus von Hacht, School of Kinesiology and Health Studies, Queen’s University.  
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: Qualtrics Survey
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: RPE and TEA Instructions for Participants 

□ PHYSICAL-RATINGS OF PERCEIVED EXERTION:  During the fatiguing protocol 

every 15 jumps you will be asked to report your Physical-Rating of Perceived Exertion (RPE) 

based on the Borg Scale. The Borg Scale is a visual scale containing numbers and words that are 

associated with various degrees of exertion. A copy of the Borg Scale will be provided in the 

participant package and a copy will be present to consult during the experiment. No risk 

involved. 

□ TASK EFFORT AWARENESS: During the fatiguing protocol every 15 jumps you will 

be asked to report your task effort awareness (TEA). This is a visual scale containing numbers 

and words that are associated with various degrees of mental effort required to maintain the 

exercise. A copy of the TEA scale and instructions will be provided in the participant package 

and a copy will be present to consult during the experiment. No risk involved. 

 

Purpose of measurement: 

The TEA scale will be used to subjectively quantify the level of effort associated with the 

exercise task. As central motor command increases, with fatigue, there will be an increase in 

corollary discharge which is associated with an increase in perception of effort. The P-RPE scale 

will be used to quantity the level of physical fatigue or stress associated with the exercise task. 

There is no risk in using either of these subjective scales.  
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Instructions for Participants: 

Using the Borg’s Scale 

While doing physical activity, we want you to rate your perception of exertion. This feeling 

should reflect how heavy and strenuous the exercise feels to you, combining all sensations 

and feelings of physical stress and fatigue. Do not concern yourself with any one factor such as 

leg pain or shortness of breath but try to focus on your total feeling of exertion. 

Look at the rating scale below while you are engaging in the activity; it ranges from 6 to 20, 

where 6 means "no exertion at all" and 20 means "maximal exertion." Choose the number from 

below that best describes your level of exertion which is based only on the physical sensations 

which you feel as a result of the exercise and NOT the mental and psychological effort required 

to continue the task. 

Try to appraise your feeling of exertion as honestly as possible, without thinking about what 

the actual physical load is. Your own feeling of physical effort and exertion is important, not 

how it compares to other people. Look at the scales and the expressions and indicate a number. 

RPE  

6 No exertion 

7 Very, very light 

8  

9 Very light 

10  

11 Fairly light 

12  

13 Somewhat hard 

14  

15 Hard 

16  

17 Very hard 

18  

19 Very, very hard 

20 Maximum exertion 
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Using the Task Effort Awareness Scale 

We want you to rate the psychological and mental effort required to perform this exercise 

bout at the intensity you have chosen. The feeling / emotion that you report should reflect 

how much attention, mental effort and difficulty you experience whilst continuing to 

exercise at the present intensity. Although your physical sensations will determine the mental 

effort required to continue, they should not be included in the TEA value that you report. In 

addition, the scale includes a component to measure how often you are conscious of the required 

effort. 

Look at the rating scale below while you are engaging in an activity; it ranges from -4 to 10, 

where -4 means that you are unaware of any mental effort required to continue and therefore 

have no sensations telling you to “slow down” and 10 means that you are constantly aware of a 

severe effort required to continue at the current pace and will need to “slow down”. Choose the 

number from below that best describes your level of exertion. 

Try to appraise your feelings as honestly as possible, without thinking about what the actual 

physical load is. Your own feeling of effort and exertion is important, not how it compares to 

other people. Look at the scales and the expressions and indicate a number. You can also use a 

decimal point to describe your value e.g. 6.5 or “six and a half”. 
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: EMG Sensor Placement 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Muscle Location 

rectus femoris (RF) 50% of the line from the anterior superior iliac spine (ASIS) to the superior 

part of the patella. 

vastus lateralis (VL) 67% of the line from the ASIS to the lateral side of the patella. 

vastus medialis (VM) 80% of the line between the ASIS and the joint space in front of the anterior 

border of the medial ligament. 

gluteus maximus (GM) 50% of the line between the sacral vertebrae and the greater trochanter. 

biceps femoris (BF) 50 % of the line between the ischial tuberosity and the lateral epicondyle of 

the tibia. 

gastrocnemius (GA) 33% of the line between the head of the fibula and the heel. 

Figure G.1: Anterior and posterior view of EMG electrodes and their location based on seniam guidelines 

(Hermens H, Frericks B, Merletti R, et al.).  
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 Reflective Marker Placement 

Figure H.1: Anterior and posterior view of reflective markers placed on the: iliac crest (IC), anterior 

superior iliac spine (ASIS), greater trochanter (GT), medial femoral epicondyle (MFEpi), lateral femoral 

epicondyle (LFEpi), medial malleolus (MM), lateral malleolus (LM), 5th metatarsal (5th MT), 2nd 

metatarsal (2nd MT), cervical spine 7 (C7), posterior superior iliac spine (PSIS), and the heel, in addition 

to rigid bodies placed on the thigh (Thigh RB), shank (Shank RB), and foot (Foot RB). 
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: Residual Analysis for Marker Data 

 
Figure I.1: The residual analysis was performed on the marker data from the Qualisys Track Manager 

(QTM), using the methods outlined by Winter (2009). The residual analysis was completed to determine 

the filter cut off frequency for the motion data prior to calculating the joint angle and medial thrust. 
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: Residual Analysis for EMG data 

 
Figure J.1: The residual analysis was performed on the electromyography (EMG) data using the methods 

outlined by Winter (2009). The residual analysis was completed to determine the filter cut off frequency 

for the EMG data prior to calculating the summed EMG and locating the peak amplitude. 
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: Sacral and hip marker comparison 

 
Figure K.1: Comparison between the mean left and right greater trochanter marker and the mean sacral 

marker, which was composed of four markers on a ridged plant attached to the sacrum, during a pre-

fatigue jump for one participant. The correlation between the two markers displacement is 0.9977 and the 

mean correlation across all participants maximum pre-fatigue jump is 0.9979. When the participant’s 

jump height is calculated using the sacral marker or greater trochanter marker the jump height values are 

0.3632 and 0.3615 meters, respectively.
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: Fatigue variables 45 Correlation 

Table L.1: Correlation values between the four fatigue variables using the last 45 jumps for each participant. 

Subject Category JH-HR JH-RPE JH-TEA HR-RPE HR-TEA RPE-TEA 

S01 N 0.23 0.16 0.10 0.95 0.88 0.98 

S02 N -0.06 -0.13 -0.11 0.92 0.96 0.96 

S04 N -0.26 -0.27 -0.27 0.97 0.97 1.00 

S05 N -0.82 -0.81 -0.79 0.97 0.95 0.99 

S06 N -0.21 -0.31 -0.25 0.93 0.98 0.94 

S07 N 0.00 -0.17 -0.11 0.86 0.95 0.97 

S08 N  -0.89 -0.90   0.96 

S09 N -0.70 -0.72 -0.68 0.99 0.87 0.89 

S10 N -0.43 -0.42 -0.36 0.97 0.81 0.87 

S11 N -0.47 -0.45 -0.35 0.99 0.87 0.88 

S13 E -0.25 -0.22 -0.21 0.98 0.97 0.99 

S14 N -0.11 -0.07 -0.06 0.98 0.98 0.96 

S15 N -0.62 -0.64 -0.65 0.97 0.98 0.98 

S16 N -0.71 -0.70 -0.69 0.98 0.91 0.95 

S17 N 0.22 0.16 0.08 0.95 0.92 0.94 

S19 E -0.60 -0.53 -0.59 0.95 0.98 0.97 

S20 E -0.65 -0.70 -0.70 0.96 0.96 1.00 

S22 E -0.75 -0.61 -0.69 0.82 0.94 0.96 

S26 E -0.76 -0.75 -0.76 0.99 0.99 1.00 

S27 E -0.46 -0.45 -0.47 0.99 0.99 1.00 

S31 E -0.86 -0.77 -0.80 0.92 0.94 0.99 

S33 E -0.17 -0.20 -0.26 0.97 0.91 0.94 

S35 E -0.52 -0.49 -0.50 0.94 0.95 1.00 

S36 E 0.09 -0.01 0.02 0.97 0.95 0.99 

 All Mean -0.39 -0.42 -0.42 0.95 0.94 0.96 

JH = jump height, HR = heart rate, RPE = rating of perceived exertion, TEA = task effort awareness.   
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: Fatigue variables 60 correlation 

Table M.1: Correlation values between the four fatigue variables using the last 60 jumps for each participant. 

Subject Category JH-HR JH-RPE JH-TEA HR-RPE HR-TEA RPE-TEA 

S01 N 0.03 0.09 0.03 0.83 0.91 0.98 

S02 N -0.48 -0.52 -0.50 0.97 0.93 0.98 

S04 N -0.20 -0.23 -0.23 0.95 0.95 1.00 

S05 N -0.74 -0.78 -0.80 0.97 0.92 0.98 

S06 N -0.73 -0.70 -0.74 0.88 0.98 0.87 

S07 N 0.02 -0.06 -0.02 0.92 0.93 0.99 

S08 N  -0.94 -0.95   0.99 

S09 N -0.86 -0.89 -0.89 0.88 0.97 0.89 

S10 N -0.74 -0.76 -0.74 0.94 0.93 0.99 

S11 N -0.84 -0.79 -0.81 0.88 0.96 0.90 

S13 E 0.08 0.03 0.06 0.90 0.93 0.99 

S14 N -0.62 -0.55 -0.62 0.86 0.93 0.96 

S15 N -0.74 -0.83 -0.78 0.88 0.94 0.92 

S16 N -0.20 -0.40 -0.39 0.91 0.90 0.98 

S17 N -0.14 -0.15 -0.18 0.96 0.95 0.99 

S19 E -0.45 -0.50 -0.45 0.96 0.97 0.98 

S20 E -0.65 -0.74 -0.73 0.95 0.96 1.00 

S22 E -0.70 -0.75 -0.70 0.95 0.98 0.97 

S26 E -0.56 -0.69 -0.66 0.90 0.93 1.00 

S27 E -0.36 -0.52 -0.53 0.74 0.73 1.00 

S31 E -0.92 -0.91 -0.94 0.89 0.97 0.97 

S33 E -0.26 -0.30 -0.30 0.90 0.98 0.93 

S35 E -0.92 -0.77 -0.81 0.84 0.88 1.00 

S36 E -0.41 -0.39 -0.37 0.97 0.96 1.00 

Mean -0.50 -0.54 -0.54 0.91 0.93 0.97 

JH = jump height, HR = heart rate, RPE = rating of perceived exertion, TEA = task effort awareness.   
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: Fatigue variables 45 slopes. 

Table N.1: The participants slopes for each of the four fatigue variables, calculated from jumps 16 – 60 of 

the fatigue protocol. 

Subject Category JH (m) HR (bpm) RPE TEA   

S01 N 0.0002 0.43 0.10 0.08   

S02 N -0.0002 0.43 0.09 0.13   

S04 N -0.0013 0.35 0.07 0.07   

S05 N -0.0020 0.44 0.12 0.14   

S06 N -0.0007 0.34 0.19 0.05   

S07 N -0.0007 0.38 0.14 0.13   

S08 N -0.0027  0.14 0.16   

S09 N -0.0022 0.43 0.22 0.10   

S10 N -0.0009 0.29 0.05 0.02   

S11 N -0.0008 0.40 0.17 0.06   

S13 E -0.0002 0.34 0.15 0.14   

S14 N 0.0000 0.24 0.14 0.05   

S15 N -0.0021 0.41 0.20 0.09   

S16 N -0.0012 0.51 0.12 0.16   

S17 N 0.0006 0.33 0.10 0.10   

S19 E -0.0007 0.28 0.10 0.05   

S20 E -0.0014 0.26 0.09 0.09   

S22 E -0.0015 0.41 0.10 0.07   

S26 E -0.0012 0.50 0.12 0.09   

S27 E -0.0024 0.29 0.17 0.10   

S31 E -0.0019 0.39 0.19 0.14   

S33 E -0.0016 0.48 0.19 0.11   

S35 E -0.0006 0.36 0.22 0.19   

S36 E 0.0000 0.33 0.09 0.10   

JH = jump height, HR = heart rate, RPE = rating of perceived exertion, TEA = task effort awareness 

 



 

115 

 

: Fatigue variables 60 slope 

Table O.1: The participants slopes for each of the four fatigue variables, calculated from all of the jumps 

of the fatigue protocol. 

Subject Category JH HR RPE TEA  

S01 N 0.0001 0.92 0.10 0.10     

S02 N -0.0007 1.08 0.14 0.17     

S04 N -0.0014 0.94 0.18 0.18     

S05 N -0.0020 0.94 0.18 0.16     

S06 N -0.0020 0.79 0.26 0.18     

S07 N -0.0002 0.78 0.17 0.17     

S08 N -0.0031  0.19 0.23     

S09 N -0.0032 0.80 0.25 0.18     

S10 N -0.0015 0.75 0.17 0.15     

S11 N -0.0017 0.90 0.22 0.16     

S14 N -0.0005 0.71 0.20 0.17     

S15 E -0.0028 0.74 0.23 0.19     

S16 N -0.0009 1.10 0.16 0.20     

S17 N 0.0000 0.65 0.18 0.20     

S13 N 0.0000 0.79 0.18 0.19     

S19 N -0.0011 0.64 0.18 0.17     

S20 E -0.0014 0.79 0.16 0.17     

S22 E -0.0018 0.88 0.16 0.17     

S26 E -0.0010 1.38 0.18 0.15     

S27 E -0.0011 0.99 0.19 0.11     

S31 E -0.0026 0.83 0.20 0.19     

S33 E -0.0015 1.01 0.20 0.18     

S35 E -0.0017 0.82 0.23 0.21     

S36 E -0.0003 0.67 0.15 0.16     

Mean E -0.0013 0.87 0.18 0.17     

JH = jump height, HR = heart rate, RPE = rating of perceived exertion, TEA = task effort awareness 



 

116 

 

: EMG variables 45 slope 

Table P.1: The time to peak EMG amplitude and summed area under the curve slopes. 

Elite Subjects 

Subject 
VM 

Time 

GM 

Time 

BF 

Time 

GA 

Time  

VM 

Sum 

GM 

Sum 

BF 

Sum 

GA 

Sum 

S13 0.0004 -0.0001 -0.0004 0.0001 
 

0.23 -0.37 -0.54 -0.05 

S19 -0.0003 0.0001 -0.0004 -0.0002 
 

0.92 0.18 -0.46 -0.57 

S20 0.0003 -0.0003 -0.0007 0.0005 
 

-0.03 0.04 1.01 -0.10 

S22 0.0001 -0.0006 -0.0003 -0.0001 
 

-0.07 0.05 -0.05 0.26 

S27 0.0003 0.0010 -0.0005 -0.0003 
 

1.51 1.04 -0.47 -0.11 

S31 -0.0008 0.0009 -0.0007 0.0005 
 

-0.19 -0.27 -1.10 0.79 

S33 -0.0007 -0.0012 -0.0002 -0.0001 
 

0.29 0.22 0.20 -0.11 

S36 -0.0006 -0.0001 -0.0003 -0.0001 
 

1.68 -0.08 -0.06 0.13 

Mean -0.0001 0.0000 -0.0004 0.0000  0.54 0.10 -0.18 0.03 

SD 0.0005 0.0007 0.0002 0.0003  0.74 0.43 0.63 0.39 

Novice Subjects 

S02 -0.0010 -0.0002 -0.0001 0.0006 
 

1.50 -0.61 0.26 0.91 

S04 0.0005 -0.0010 0.0002 -0.0002 
 

-0.50 -0.92 -0.26 -0.15 

S05 -0.0011 -0.0002 0.0005 -0.0002 
 

0.37 -0.21 -0.37 -0.23 

S06 -0.0001 0.0007 0.0012 0.0011 
 

-0.19 0.28 0.86 0.56 

S07 0.0001 -0.0002 -0.0005 0.0000 
 

0.22 -0.22 0.11 0.08 

S10 0.0006 -0.0002 0.0029 0.0002 
 

0.33 -0.49 -1.33 -0.01 

S11 -0.0024 -0.0043 -0.0045 0.0005 
 

-2.33 -2.08 -3.02 -1.30 

S14 -0.0013 0.0000 -0.0002 0.0000 
 

-0.13 0.06 -0.12 0.25 

S15 -0.0009 -0.0002 -0.0007 0.0000 
 

-1.84 -0.31 -0.08 -0.15 

Mean -0.0006 -0.0006 -0.0001 0.0002  -0.29 -0.50 -0.44 0.00 

SD 0.0010 0.0014 0.0020 0.0004  1.17 0.69 1.13 0.61 

All Subjects 

all Mean -0.0004 -0.0003 -0.0003 0.0001  0.10 -0.22 -0.32 0.01 

all SD 0.0008 0.0012 0.0014 0.0004  1.05 0.64 0.91 0.50 

VM = vastus medialis, GM = gluteus maximus, BF = biceps femoris, GA = gastrocnemius, SD = standard 

deviation 



 

117 

 

: Individual landing variables 45 slope 

Table Q-1: Individual and the mean slopes for each of the landing biomechanical variables calculated 

over the last 45 landings of the fatigue protocol.  

Subject 
Kmax 

(deg) 

Hmax 

(deg) 

GT 

Disp1 (s) 

GT 

Disp2 (s) 
KSD (m) 

MT 

(m/s) 

GRF 

Loc (s) 

GRF 

(N) 

Stiff1 

(N/m) 

Stiff2 

(N/m) 

S01 -0.02 0.10 0.0001 0.0001 0.0000 -0.008 -0.05 -2.4 0.00 0.08 

S02 -0.21 -0.16 -0.0007 -0.0007 0.0003 0.002 -0.04 15.8 0.18 1.01 

S04 -0.42 -0.40 -0.0019 -0.0019 0.0015 0.012 0.06 0.1 0.03 0.80 

S05 0.06 0.19 0.0002 0.0006 -0.0021 -0.001 -0.07 11.6 0.52 0.90 

S06 0.16 0.06 0.0006 0.0007 0.0002 0.000 -0.13 10.0 0.12 0.21 

S07 0.04 0.01 -0.0001 0.0001 0.0007 0.001 -0.01 3.1 0.13 0.17 

S08 -0.14 0.34 -0.0005 -0.0005 0.0015 0.007 -0.13 1.6 0.03 0.33 

S09 -0.39 -0.27 -0.0017 -0.0019 -0.0003 -0.001 0.10 -6.7 -0.22 -0.05 

S10 -0.23 -0.31 -0.0016 -0.0017 -0.0056 -0.005 -0.43 4.0 0.03 0.27 

S11 -0.73 -1.30 -0.0046 -0.0049 -0.0022 0.008 0.14 15.5 0.04 0.15 

S13 -0.07 -0.11 -0.0002 -0.0003 0.0005 0.001 0.03 2.2 -0.02 -0.03 

S14 -0.06 -0.03 -0.0002 -0.0003 -0.0011 -0.002 -0.11 7.8 0.12 0.40 

S15 -0.27 -0.26 -0.0011 -0.0010 0.0013 0.002 -0.02 -0.2 0.08 0.60 

S16 -0.04 0.23 0.0003 0.0003 0.0032 0.006 0.04 -6.7 -0.16 0.14 

S17 0.04 -0.03 -0.0003 0.0002 -0.0008 -0.004 -0.21 19.6 0.60 0.55 

S19 -0.08 0.16 0.0000 -0.0004 0.0016 0.010 -0.28 14.0 -0.72 0.18 

S20 -0.06 -0.12 -0.0005 -0.0003 -0.0003 0.006 -0.02 11.1 0.15 0.28 

S22 -0.26 -0.18 -0.0019 -0.0016 -0.0002 0.012 -0.13 -4.2 0.08 0.34 

S26 -0.02 0.20 0.0000 0.0002 0.0003 0.007 -0.05 -1.0 0.11 0.19 

S27 0.30 0.30 0.0003 0.0031 -0.0008 0.000 -0.01 -25.2 -0.29 -0.07 

S31 -0.31 -0.44 -0.0021 -0.0022 -0.0010 -0.005 0.03 0.6 -0.05 0.27 

S33 -0.08 -0.01 -0.0004 -0.0004 0.0008 0.001 -0.05 1.4 0.02 0.07 

S35 -0.32 -0.41 -0.0015 -0.0017 -0.0007 -0.012 -0.07 18.0 0.17 0.47 

S36 -0.02 -0.13 -0.0002 -0.0002 -0.0003 -0.010 0.05 10.7 0.17 0.35 

Mean -0.13 -0.11 -0.0008 -0.0006 -0.0002 0.001 -0.06 4.2 0.05 0.32 

SD 0.21 0.34 0.0011 0.0014 0.0017 0.007 0.12 10.0 0.25 0.29 

Kmax = maximum knee angle, Hmax = maximum hip angle, GT Disp1 = the change in greater trochanter 

vertical displacement during the landing phase, GT Disp2 = the change in greater trochanter vertical 

displacement from landing to the location of peak vertical ground reaction force, KSD = knee separation 

distance, MT = medial trust, GRF Loc = the time from landing to the time of peak vertical group reaction 

force, GRF = the maximum vertical ground reaction force, Stiff1 = the stiffness calculation using 

equation 3 (p 40), Stiff2 = the stiffness calculation using equation 4, (p 41).
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: Individual landing variables 60 slope 

Table R.1: Individual and the mean slopes for each of the landing biomechanical variables calculated over 

all of the landings of the fatigue protocol.  

Subject 
Kmax 

(deg) 

Hmax 

(deg) 

GT Disp1 

(m) 

GT Disp2 

(m) 
KSD (m) 

MT 

(m/s) 

VGRF 

Loc (s) 

VGRF 

(N) 

Stiff1 

(n/m) 

Stiff2 

(N/m) 

S01 -0.05 -0.06 -0.0001 -0.0001 -0.0010 -0.008 -0.06 3.9 0.04 0.14 

S02 -0.16 -0.10 -0.0006 -0.0008 -0.0016 -0.002 -0.02 10.8 0.06 0.76 

S04 -0.39 -0.54 -0.0020 -0.0020 0.0021 0.010 0.03 3.3 0.05 0.71 

S05 0.07 0.17 0.0002 0.0006 -0.0021 -0.004 -0.04 9.0 0.46 0.64 

S06 0.11 0.05 0.0003 0.0004 -0.0010 -0.002 0.01 0.2 0.03 0.11 

S07 0.08 0.01 0.0002 0.0002 0.0015 0.004 0.03 -0.5 -0.01 0.18 

S08 -0.10 0.29 -0.0004 -0.0003 0.0022 0.008 -0.03 -4.2 -0.02 0.30 

S09 -0.15 -0.19 -0.0010 -0.0008 -0.0004 0.004 -0.04 -3.4 0.07 0.35 

S10 -0.15 -0.15 -0.0010 -0.0012 -0.0041 -0.002 -0.28 -0.9 -0.08 0.09 

S11 -0.42 -0.78 -0.0028 -0.0029 -0.0011 0.002 0.13 1.8 -0.01 0.02 

S13 0.01 -0.09 0.0001 0.0002 -0.0004 -0.003 -0.01 -1.1 0.01 -0.08 

S14 -0.21 -0.38 -0.0013 -0.0013 -0.0018 -0.001 -0.08 4.6 0.12 0.54 

S15 -0.26 -0.18 -0.0010 -0.0009 0.0013 0.000 0.02 -9.5 -0.11 0.32 

S16 0.01 0.16 0.0004 0.0004 0.0013 -0.001 0.01 -4.7 -0.04 0.10 

S17 0.03 -0.07 -0.0003 0.0001 -0.0009 0.000 -0.21 12.7 0.39 0.58 

S19 -0.05 0.21 0.0000 -0.0003 0.0004 0.008 -0.21 10.4 -0.36 0.22 

S20 0.00 -0.07 -0.0001 -0.0001 -0.0003 0.008 -0.03 7.2 0.10 0.21 

S22 -0.08 0.14 -0.0009 -0.0003 0.0010 0.004 -0.09 -19.8 0.01 0.07 

S26 0.00 0.22 0.0000 0.0002 0.0008 0.008 -0.10 2.1 0.19 0.33 

S27 0.18 0.17 0.0004 0.0020 0.0010 0.004 0.07 -16.4 -0.22 0.10 

S31 -0.16 -0.20 -0.0010 -0.0010 0.0003 -0.001 0.04 -4.9 -0.09 0.14 

S33 -0.10 -0.08 -0.0007 -0.0007 0.0010 0.002 -0.13 -5.0 -0.06 0.10 

S35 -0.24 -0.20 -0.0012 -0.0012 -0.0004 -0.009 -0.18 7.0 0.11 0.30 

S36 0.00 -0.11 -0.0001 -0.0002 -0.0009 -0.008 0.07 2.8 -0.03 0.16 

Mean -0.09 -0.07 -0.0005 -0.0004 -0.0001 0.001 -0.05 0.2 0.03 0.27 

STD 0.15 0.25 0.0008 0.0010 0.0015 0.005 0.10 8.0 0.17 0.23 

Kmax = maximum knee angle, Hmax = maximum hip angle, GT Disp1 = the change in greater trochanter 

vertical displacement during the landing phase, GT Disp2 = the change in greater trochanter vertical 

displacement from landing to the location of peak vertical ground reaction force, KSD = knee separation 

distance, MT = medial trust, GRF Loc = the time from landing to the time of peak vertical group reaction 

force, GRF = the maximum vertical ground reaction force, Stiff1 = the stiffness calculation using 

equation 3 (p 40), Stiff2 = the stiffness calculation using equation 4, (p 41). 
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