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Abstract 
 
 

Measuring and tracking athletic performance is crucial to an athlete’s development and 

the countermovement vertical jump is often used to measure athletic performance, particularly 

lower limb power. The linear power developed in the lower limb is estimated through jump 

height. However, the relationship between angular power, produced by the joints of the lower 

limb, and jump height is not well understood. This study examined the contributions of the 

kinetic value of angular power, and its kinematic component, angular velocity, of the lower limb 

joints to jump height in the countermovement vertical jump. 

Kinematic and kinetic data were gathered from twenty varsity-level basketball and 

volleyball athletes as they performed six maximal effort jumps in four arm swing conditions: no-

arm involvement, single-non-dominant arm swing, single-dominant arm swing, and two-arm 

swing. The displacement of the whole body centre of mass, peak joint powers, peak angular 

velocity, and locations of the peaks as a percentage of the jump’s takeoff period, were computed. 

Linear regressions assessed the relationship of the variables to jump height. 

 Results demonstrated that knee peak power (p = 0.001, ß = 0.363, r = 0.363), its location 

within takeoff period (p = 0.023, ß = -0.256, r = 0.256), and peak knee peak angular velocity (p = 

0.005, ß = 0.310, r = 0.310) were moderately linked to increased jump height. Additionally, the 

location, within the takeoff period, of the peak angular velocities of the hip (p = 0.003, ß = -

0.318, r = 0.419) and ankle (p = 0.011, ß = 0.270, r = 0.419) were positively linked to jump 

height. These results highlight the importance of training the velocity and timing of joint motion 

beyond traditional power training protocols as well as the importance of further investigation 
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into appropriate testing protocol that is sensitive to the contributions by individual joints in 

maximal effort jumping. 
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Chapter One 

Introduction 
 

 

Identifying and recruiting athletes with amazing abilities as well as guiding an athlete’s 

training has led to the development of tests of athletic ability. These tests use measures purported 

to be indicative of athletic ability and are administered by team managers, recruiters, coaches, 

and strength and conditioning professionals to determine if an athlete is the right fit for their 

team or how an athlete’s training can be altered to promote continual improvement (Harman, 

2008). Investigations into simple sport performance tests that match the demands of a sport have 

highlighted the ineffectiveness of identifying athletic talent through particular tests and suggests 

the need for analysis of the factors that promote positive in-game sport performances (Robbins, 

2010; Sierer, Battaglini, Mihalik, Sheilds & Tomasini, 2008; Robbins 2012).  

One popular test of athletic ability is the vertical jump, specifically the countermovement 

vertical jump. Its popularity maybe because it is simple to measure the change in height of the 

reaching arm (Harman, 2008; Lees, Vanrenterghem, & De Clercq, 2004a; Lees, Vanrenterghem, 

& De Clercq, 2006). The height attained in the countermovement vertical jump is often used to 

estimate lower limb power (Bobbert, Gerritsen, Litjens, & Van Soest, 1996) and several 

researchers have developed formulae to estimate power from the height jumped (Sayers, 

Harackiewicz, Harman, Frykman, and Rosenstein, 1999; Feltner, Fraschetti, & Crips, 1999; 

Ham, Knez, & Young, 2007; Harman, Rosenstein, Frykman, & Rosenstein, 1990). However, the 

countermovement vertical jump is more complex than it might seem, as an excellent jump 

requires excellent technique. The influence of a two-arm swing over no arm involvement 
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increases the maximum jump height (Harman et al., 1990; Hara, Shibayama, Takeshita, & 

Fukashiro, 2006; Feltner, Bishop, & Perez, 2004; Chiu, Bryanton, & Moolyk, 2014; Cheng, 

Wang, Chen, Wu, & Chiu, 2008; Lees et al., 2004a). This study utilizes the novel approach of 

including several arm swing conditions in the countermovement vertical jump; a condition of no 

arm involvement, a one-arm swing, and a two-arm swing. This provides a broader data set from 

maximal effort jumping for analysis over previous work that has solely compared two-arm 

swinging to no arm involvement. 

Previous studies and deterministic models of the vertical jump have linked linear power 

and, in some cases more weakly, joint angular power to vertical jump height (Harman, 

Rosenstein, Frykman, Rosenstein, & Kraemer, 1988; Sayers et al., 1999) (Figure 1.1). 

 

 

Figure 1.1: Deterministic model of the vertical jump; adapted from Ham et al. 2007. 
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In figure 1.1 “Power” refers to linear power, which results from three sources, one of 

which is the angular “Power of [the] Hip”. However, there is limited research on the nature of 

the relationship between angular power and vertical jump height (Ham et al. 2007; Ford, Myer, 

Brent, & Hewett, 2009; Hara et al., 2006; Gutiérrez-Dávila, Campos, & Navarro, 2009). Ham et 

al. (2007) identified that joint angular power constituted the basis for the whole-body power 

within the vertical jump. However, since there are numerous segments involved in generating 

joint angular power across the lower limb, it is challenging to evaluate the transfer of joint 

angular power through the whole-body (Robertson, Caldwell, Hamill, Kamen, & Whittlesey, 

2004). The exact contributions of angular power generated by each joint in the lower limb, or 

even the kinematic component of angular power, joint angular velocity, as moderators of jump 

height are not well understood. Through the manipulation of the arm swing, this thesis seeks to 

determine the role of lower limb joint kinetics and kinematics in determining maximal vertical 

jump height.  
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Chapter Two 

Literature Review 
 
 
 

2.1. Contextual Basis for the Evaluation of Sport Performance 

2.1.1. Scouting 

 
Scouting young athletes to evaluate future sports success is a common and long-standing 

tradition and while the exact origins of scouting are unclear, most North American references to 

scouting begin to appear in the 1900’s. These references include cases where horseracing jockeys 

were scouted based on the height of their older family members, and professional rowers being 

recruited to crews specifically for heated races between rival colleges (Hillenbrand, 2001, Siegel, 

n.d.). In 1906, the Intercollegiate Athletic Association of the United States, now the National 

Collegiate Athletic Association, was created to limit the recruitment of professional athletes to 

colleges, which was an advantage over teams with only amateur athletes (Smith, 1999). As a 

consequence, the search for the elite amateur athlete drove the recruitment process (Smith, 

1999). 

In the mid-1900’s several colleges often sought prospective star athletes from across the 

country, with film being the main method of documenting an athlete’s abilities (Gabriel, 2014). 

However, the 1956 National Football League (NFL) Draft marked the beginning of the modern-

day combine movement (Orr, n.d.). Teams began to host events in which young athletes were 

invited to attend; an early combine (Orr, n.d.). However, with many teams vying for top players, 

having many separate events became impractical. Finally, in 1982, the first NFL National 

Invitational Camp, or NFL Scouting Combine was held (National Football Scouting, n.d.). By 
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1985 all NFL teams were participating in the scouting combine (National Football Scouting, 

n.d.).  

 
2.1.2. Combines 

In essence, the combine is a tool for scouts from many teams to observe many players in 

a single location, all doing the same activities (Crouse, 2007). The combine standardizes the 

scouting process using a predetermined set of tests, performed in a fixed order, using clear 

evaluation measures for the tests. Today, nearly all professional sports leagues in North America 

host scouting combines including the National Football League (NFL), Canadian Football 

League (CFL), National Basketball Association (NBA), Major League Soccer (MLS), Major 

League Ultimate (MLU), the American Ultimate Disc League (AUDL), and the National 

Lacrosse League (NLL) (National Football Scouting, n.d.; CFL.ca, n.d.; Rappaport, 2014; 

Stejskal, 2015; Lowenthal, 2013; Cieslik-Miskimen & Ruffner, 2015, NLL.com, 2013).  

 
2.1.3. Athlete Testing in Combine Settings 

The tests at a combine event are meant to evaluate skills an athlete must have in order to 

be successful as well as an athlete’s sporting abilities (Robbins, 2010). While different leagues 

emphasize different skills, several common tests are used in many league combines (Table 2.1).  
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Table 2.1: List of athletic tests evaluated at combines by select North American sports leagues. 
League Combine Tests 

National Football League & Canadian Football League 

(NFL.com, n.d.; CFL.ca, n.d.) 

 

Note: While different leagues, both run identical combine 

tests. 

• 40-yard dash 

• Bench press (225 lbs) 

• Broad jump 

• Vertical jump* 

• 3-cone agility drill 

• Shuttle run (5-10-5) 

National Basketball Association (Rappaport, 2014) • Bench press (185 lbs) 

• Vertical jump* 

• ¾ court sprint (75 feet) 

• 4-cone lane agility drill 

Major League Soccer (Stejskal, 2015) • 30-metre sprint 

• Shuttle & cut agility run (5-10-5) 

• Vertical jump* 

Major League Ultimate (Lowenthal, 2013) • 5-30 yard agility drill 

• Vertical jump (standing & run-up)* 

• Beep test 

• Maximum throwing distance (forehand, 

backhand, & hammer throw) 

American Ultimate Disc League (Cieslik-Miskimen & 

Ruffner, 2015; Smith 2011; Toronto Rush, 2012) 

 

 

 

Note: The AUDL combine is not standardized by the league 

but is run by individual teams, each team uses a selection of 

these tests. 

• 40-yard dash 

• Vertical jump* 

• Zig-zag/serpentine agility test 

• Broad jump 

• Vertical reach 

• Throwing accuracy at 20, 30, & 40 yards 

(backhand & forehand) 

• Shuttle run 

National Lacrosse League (NLL.com, 2013) • Shot speed & shot speed recovery 

• Vertical jump* 

• Broad jump 

• Medicine ball toss for distance 

• T-Test/Weave/Serpentine for agility 

• 300-yd shuttle run 

*Note the vertical jump is the only test common to all leagues. 
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There is some debate about the effectiveness of combines at predicting an athlete’s ability 

to contribute to the team’s success (Robbins, 2010; Sierer et al., 2008; Robbins 2012). This could 

be due, in part, to the lack of sport-specific, objective tests present in many of the leagues’ 

combines (Robbins 2012). It is worth noting that sports with younger leagues, such as the MLU, 

founded in 2013, or the AUDL, founded in 2012, two sports based on the Frisbee, have made 

efforts to include sport-specific tests such as throwing accuracy and throwing distance using the 

common disc throwing styles (Lowenthal 2013; Cieslik-Miskimen & Ruffner, 2015; Smith 2011; 

Toronto Rush, 2012). 

Despite the lack of sport-specific activities, and the variations of the tests, each league’s 

combine tries to evaluate some form of agility, endurance, and power. The vertical jump, a test 

of power, is the only test that appears across all leagues (Table 2.1). 

 
2.1.4. General Athlete Testing 

 Athletes are tested for general conditioning as well as for sports-related skills for various 

reasons. These may include identifying physiological and biomechanical strengths and 

weaknesses, evaluating the effectiveness of a particular training program, tracking performance 

across a season, or as is the goal of combines, predicting future performance (Rhea & Peterson, 

2012). Assessment of an athlete may take many forms, however, the tests are generally chosen to 

reflect some aspect of the sport. For example, the vertical jump is both useful as a measure of 

lower body power and a good reflection of jumping capabilities, useful for sports where jumping 

is present (Harman & Garhammer, 2008; Vanezis & Lees, 2005; Rhea & Peterson, 2012). 
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2.2. The Vertical Jump 

 
2.2.1. Overview of the Vertical Jump 

Attaining maximum height for defensive or offensive reasons is the goal of the vertical 

jump (Simonian, 1981). In training circles, three styles of vertical jump exist: the squat jump, the 

depth jump, and countermovement jump (Potach & Chu, 2008). These jumps may be executed 

with or without an arm swing (Harman et al., 1990; Bobbert et al., 1996; Ashby & Heegaard, 

2002; Gutiérrez-Dávila, Amaro, Garrido, & Javier Rohas, 2014; Lees et al., 2004a; Stegall & 

Abraham, 1985). 

 
2.2.2. Vertical Jump Techniques 

The squat jump requires an athlete to begin from a squat position with “thighs slightly 

above parallel with the ground [and] feet shoulder-width apart” (Potach & Chu, 2008). From this 

position, the athlete must execute an explosive, vertical jump to their maximum height (Potach & 

Chu, 2008). The squat jump is most commonly used as a training tool to introduce jumping prior 

to more formal plyometric training since the squat jump does not include the more challenging 

feature of eccentric-concentric coupling (Potach & Chu, 2008). 

The depth jump, also called a drop jump, starts with the athlete standing on a plyometric 

box (Potach & Chu, 2008). The athlete begins standing on the box before stepping straight out 

from the box with one foot, landing on the floor on two feet, and, “upon landing, immediately 

[jump] up as high as possible” (Potach & Chu, 2008). In this jump, maximum height is not the 

primary goal, rather the goal of the jumper is to minimize the contact time with the floor between 

the drop and jump phases of the movement (Potach & Chu, 2008). Minimizing contact time with 

the floor can allow for the evaluation of the reactive strength index, a measure of explosive 
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strength, or springiness, which is the jump height divided by ground contact time in the drop 

jump (Ebben & Petushek, 2010). While this vertical jump technique is a plyometric training tool, 

the drop jump is also used as a clearance measure for a return to sport following anterior cruciate 

ligament (ACL) reconstruction given that explosive strength often suffers with ACL injuries due 

to changes in lower limb weight acceptance patterns (Potach & Chu, 2008; Paterno et al., 2010). 

To execute a countermovement jump the athlete begins standing with their feet shoulder-

width apart (Potach & Chu, 2008). From this position, they perform a countermovement, or “a 

quick bend of the knees during which the body’s centre of mass drops somewhat before being 

propelled upwards” (Harman et al., 1990), which helps increase jump height (Potach & Chu, 

2008). The countermovement jump is a plyometric training tool as well as the recommended 

technique for testing maximum lower-body muscular power by the National Strength and 

Conditioning Association (Potach & Chu, 2008; Harman & Garhammer, 2008). 

 
2.2.3. Comparison of Jump Techniques 

Most research investigates the countermovement jump because it has been recommended 

as the tool of choice for testing lower body power (Harman & Garhammer, 2008). The 

countermovement jump generates greater jump height than the squat jump and without the 

technique required for transfer from dropping to jumping present in the depth jump (Bobbert et 

al., 1996; Komi & Bosco, 1978).  

The higher centre of mass of the countermovement jump compared to the squat jump is 

attributed to larger joint moments and the increased work at the joints, specifically the hip, in the 

countermovement phase, or dip, of the jump, a phase not present in the squat jump (Bobbert et 

al., 1996; Bobbert & Cassius, 2005). This countermovement phase also provides a greater time 
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over which force can be applied, therefore, the countermovement jump encourages greater 

maximum centre of mass height and greater joint power magnitudes than the squat jump. 

The depth jump, however, generates greater jump height and greater joint power than the 

countermovement jump (Bobbert, 1990; Komi & Bosco, 1978). While the depth jump 

demonstrates greater power across the joints, it requires more strength and ability to execute 

safely (Komi & Bosco, 1978; Bobbert, 1990). Typically, training programs only include a few 

depth jumps to minimize the risk of fatigue and the increased risk of injury due to fatigue (Chen, 

Wang, Peng, Yu, & Wang, 2009). This raises a concern about the depth jump’s applicability in 

training and testing athletic populations in sports where jumping is not a major demand, a 

concern that has yet to be resolved since noted by Bobbert (1990). 

The nature of the countermovement jump allows athletes to achieve good height while 

also minimizing the training risks of fatigue or injury. These factors help to explain why this 

vertical jump technique is the preferred evaluation tool for vertical jump performance (Bobbert 

et al., 1996; Bobbert, 1990; Harman & Garhammer, 2008). 

  
2.2.4. The Arm Swing in the Vertical Jump 

The countermovement jump is a measure of explosive lower body power, and involving 

the arms during the countermovement improves jump height. Using an arm swing in the jump 

increases takeoff velocity, the height of the centre of mass at takeoff, and the maximum centre of 

mass height (Harman et al., 1990; Hara et al., 2006; Feltner et al., 2004; Chiu et al., 2014; Cheng 

et al., 2008; Lees et al., 2004a; Lees et al., 2006; Slinde, Suber, Suber, Edwén, & Svantesson, 

2008; Stegall & Abraham, 1985; Walsh, Böhm, Butterfield, & Santhosam, 2007).  

In the vertical jump, several mechanisms by which the arms improve jump height have 

been proposed. The improvement has been hypothesized to be attributed to greater kinetic energy 
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developed and potential energy stored by the arms, as well as through reactive shoulder moment 

from the action of an arm swing (Lees, Vanrenterghem, & De Clerq, 2004b; Domrie, 2004). It is 

commonly accepted that the addition of an arm swing enables an improved transfer of energy 

from the arms to the trunk segments in the countermovement/arm-swing period (Lees et al., 

2006). This improved transfer of energy, especially in maximal effort conditions, stems from a 

larger source of potential and of kinetic energy in the movement of the arms (Lees et al., 2006; 

Lees et al., 2004b; Harman et al., 1990; Bobbert et al., 1996). Nevertheless, regardless of the 

exact methodology, the use of an arm swing consistently demonstrates an improvement in jump 

height over no arm involvement (Harman et al., 1990; Hara et al., 2006; Feltner et al., 2004; 

Chiu et al., 2014; Cheng et al., 2008; Lees et al., 2004a; Lees et al., 2006; Slinde et al., 2008; 

Stegall & Abraham, 1985; Walsh et al., 2007). 

 
2.3. Measures of Importance in the Vertical Jump 

Since the goal of the vertical jump is to gain height in the sagittal plane, through the 

vertical displacement of the body, measures of movement in this plane are the most common 

(Lees et al., 2004a; Lees et al., 2004b; Hewett, Stroupe, Nance, & Noyes, 1996; Feltner et al., 

1999; Chiu et al., 2014; Decker, Torry, Wyland, Sterett, & Steadman 2003; Stearns, Keim, & 

Powers, 2013; Ashby & Delp, 2006; Read & Cisar, 2001; Haug, Spratford, Williams, Chapman, 

& Drinkwater, 2015). Flexion or extension in the sagittal plane accounts for the largest actions in 

the vertical jump (Lees et al., 2004a; Lees et al., 2004b; Hewett et al., 1996; Feltner et al., 1999; 

Chiu et al., 2014; Decker et al., 2003; Stearns et al., 2013; Ashby & Delp, 2006; Read & Cisar, 

2001; Haug et al., 2015). Measures such as jump height, takeoff velocity, joint sequence order 

and timing, ground reaction forces, impulse, rate of force development, linear centre of mass 

power, joint angular power, and energy have all been used to explore the vertical jump (Lees et 
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al., 2004a; Lees et al., 2006; Bobbert et al., 1996; Van Ingen Schenau, 1989; Cheng et al., 2008; 

McLellan, Lovell, & Gass, 2011; Harman et al., 1988; Sayers et al., 1999; Winter et al., 2015; 

Hubley & Wells, 1983).  

 
2.3.1. Jump Height 

The most popular measure of the vertical jump is the maximum height an athlete can 

reach and there are several ways to assess that height. A Vertec vertical jump measurement 

device (Power Systems Incorporated, Knoxville, TN, USA) is the most common and uses 

movable rods, coloured to denote specific height intervals, give an immediate record of the 

height achieved. To the sports observer, reach height is often the measure of an athlete’s vertical 

jump success, since “the effective use of the arms can add a few inches to the height of a jump” 

(Simonian, 1981), making blocking a shot or catching a throw far easier for the athlete with the 

higher vertical jump. However, in scientific circles, jump height is often defined as the vertical 

displacement of the centre of mass (Lees et al., 2004a; Lees et al., 2006).  

One way to measure the displacement of the centre of mass is from an initial standing 

height to the maximum height of the centre of mass (Lees et al., 2006). Hara et al. (2008) used 

calculations for the arc of a projectile using positional data at takeoff as the initial velocity. 

Vanrenterghem et al. (2004) calculated the difference in the body’s centre of mass from its 

lowest point in the countermovement to its greatest height. Bobbert & Cassius (2005) generated 

a model of centre of mass displacement in the jump based on an initial equilibrium from standing 

to maximum height. Given the non-cyclical nature of jumping, it can be challenging to evaluate 

the exact change in centre of mass height and numerous methods have been employed to do so. 
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2.3.2. Joint Sequencing in the Vertical Jump 

The timing of the sequence of joint involvement across the joints is crucial to effective 

jumping (Lees et al., 2004b). While all movements must occur in close succession, the hip tends 

to achieve the greatest angular extension velocity halfway to three-quarters of the way through 

the takeoff period, reflecting its early onset of extension compared to the knee and ankle in an 

arm swing countermovement jump (Lees et al., 2004a; Lees et al., 2004b). In fact, the sequence 

of extension from hip to knee and lastly to ankle in the countermovement vertical jump is 

identical to triple extension, a strength and conditioning concept of full extension of first the hip, 

next the knee, and lastly the ankle (DeWeese, Serrano, Scruggs, & Sams, 2012; Newton 2012). 

Joint sequencing in the countermovement jump has mostly been used to explore other 

variables, such as power or energy transfer across segments (Lees et al., 2004a; Vanrenterghem 

et al., 2004). Lees et al. (2004a) investigated the influence of a two-arm swing over a no-arm 

swing on takeoff velocity and determined that the takeoff velocity was strongly influenced by the 

order and timing in which the joints extended. Similar findings were presented by 

Vanrenterghem et al. (2004) who targeted energy transfer, determining that in both submaximal 

and maximal effort jumping there is a specific order for joint extension, however, the energy 

contributed to the overall system by each joint differs between submaximal and maximal effort 

jumping. Both of these studies have the aim of evaluating jumping performance, Vanrenterghem 

et al. (2004) even suggests they are investigating “movement effectiveness as a criterion for 

movement control” (Vanrenterghem et al., 2004), with movement effectiveness being presented 

as an optimization between the amount of the variable of interest involved and the maximal jump 

height achieved.  
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The optimization of movements that promote a high vertical jump has led to the creation 

of computational models designed to determine exactly how jump height is maximized in human 

motion (Bobbert & Cassius, 2005; Bobbert et al., 1996; van Ingen Schenau, 1989). Optimal 

jumping models suggest a coupling of the knee and ankle joints due to the biarticular 

gastrocnemius connecting these joints (Van Ingen Schenau, 1989; Lees et al., 2004b). In knee 

extension the gastrocnemius remains at a constant length, allowing for the plantar flexion of the 

ankle, enabling a transfer of power between the knee and ankle via the gastrocnemius which 

crosses both joints (Lees et al., 2004b). However, optimal models are recognized as being 

different from observed patterns in jumpers (Alexander, 1989). Optimal models have a hard time 

explaining the optimal control of the jumping movement in humans through relevant 

physiological phenomenon including a reflex response to muscular pre-stretch achieved during 

the countermovement, the potential rate of time to recruit muscles to develop force, or even the 

management of the biarticular muscles that cross the hip and the knee (Bobbert et al., 1996; 

Bobbert & van Ingen Schenau 1988). More broadly, optimal models are not always able to 

explain the movement patterns employed by every individual given the diverse functional 

responses by individuals to dynamic performance environments (Glazier & Davids, 2009). 

Nevertheless, in both studies and models, the sequence, including the order and timing of initial 

movement and of peak magnitude, of joint extensions in the vertical jump have been noted as 

important influences on other variables investigated in the vertical jump including power and 

angular velocities (Bobbert et al., 1996; Van Ingen Schenau, 1989; Lees et al., 2004b; Lees et al., 

2004a; Harman et al., 1990; Lees et al., 2006). 
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2.3.3. Takeoff Velocity 

In efforts to explain how vertical height is achieved, takeoff velocity has been identified 

as a key explanatory measure (Feltner et al., 1999; Vanrenterghem, Lees, Lenoir, Aerts, & De 

Clerq, 2004; Cheng et al., 2008; Lees et al., 2004a; Linthorne, 2001). Felter et al. (1999), using 

Hay & Reid’s (1988) deterministic model of the long jump and adapting it to the vertical jump, 

were the first to report that an increase in takeoff velocity led to an increase in jump height 

(Feltner et al., 1999). This information, later explored in other works is certainly reasonable 

given the nature of uniform acceleration achieved by a projectile (Vanrenterghem et al., 2004; 

Lees et al., 2004a; Hara et al., 2008; McGinnis, 2013). Once the body leaves the ground it is a 

projectile and its vertical takeoff velocity can be used to compute its maximum height (Equation 

2.1).  
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Equation 2.1: Vertical position of a projectile; y is the vertical position of the point of interest 

(centre of mass), v is the takeoff velocity, i refers to the initial time, f refers to the final time,  

t is the elapsed time, and g is the acceleration due to gravity. 

 

 The velocity of the centre of mass during the jump and its final takeoff velocity gives us 

some information about how the jump was executed and can be used to diagnose flaws in a 

jumping profile. Lees et al. (2004a) and Vanrenterghem et al. (2004) both suggested that the 

conservation of energy through its transfer between energy types led to an improved takeoff 

velocity which in turn, led to a greater jump height. However, takeoff velocity does not give us 
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more specific information about which joints were involved and contribution between the two 

legs to the generation of that velocity.  

 
2.3.4. Vertical Ground Reaction Force & The Impulse-Momentum Relationship 

The vertical ground reaction force, measured by floor-mounted force plates, gives 

information about the vertical impulse generated during the jump. A large vertical ground 

reaction force is linked with a large impulse leading to an increased takeoff velocity and 

subsequently greater height (Cheng et al., 2008). In situations of constant mass, the impulse-

momentum relationship links changes in velocity to the change in application of force over of 

time (McGinnis, 2013). In a vertical jump, the jumper generates a vertical ground reaction force 

that leads to a greater impulse (Linthorne, 2001). The force and impulse information is then used 

to determine the takeoff velocity of the body, allowing for the calculation of the jump height 

(Linthorne, 2001).  

The role of impulse is generally explored through the use of the ground reaction forces in 

jumping as the forces generate net ground reaction impulses (Feltner et al., 2004; Harman et al., 

1990). Unfortunately, these net data from the ground reaction forces come as a single measure 

for an entire time period. This single value does not provide information relating to the 

contributions or activities of individual segments in the jump, nor does it offer information about 

the timing of specific events such as the sequential extension of joints in the vertical jump. 

2.3.5. Rate of Force Development 

Rate of force development is the “speed” at which forces are generated by the body; in 

jumping this means that the takeoff forces at the ground are developed quickly. It can be 

measured using a force plate, either under both limbs or under each limb. Rate of force 

development is the target of plyometric activities including jumping where maximal forces must 
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be developed quickly (Laffaye, Wagner, & Tombleson, 2014; McLellan et al., 2011). This 

variable presents some insight into the speed at which forces are generated by the muscles. 

McLellan et al. (2011) analysed the rate of force development, as an average across the entire 

takeoff period, and as a peak value, the maximum force during the takeoff period. Peak rate of 

force development is considered to be representative of explosive strength and is therefore a 

popular method of considering rate of force development (McLellan et al., 2011). However, this 

variable is challenging to measure as confounding factors such as sex or experience with 

jumping affect the rate of the developed force of the limb (McLellan et al., 2011; Laffaye et al., 

2014; Vanezis & Lees, 2005). Furthermore, while the rate of force development can be 

determined for each limb provided when two force plates are used, it is unable to provide 

information about the contributions from individual elements, such as lower limb joints or upper 

limb segments.  

2.3.6. Linear Power 

 “The ability to generate high human power output is instrumental to performance in 

many sports” (Harman et al., 1988). Linear power is the idea of whole-body power generated 

through ground reaction forces, where power is the applied force times the instantaneous velocity 

(Robertson et al., 2004). Several equations have been presented that, in conjunction with simple 

tests like the vertical jump, predict power output, defined as the rate of doing work (Harman et 

al., 1988; Sayers et al., 1999; Winter et al., 2015). In fact, Sayers et al., (1999) developed a 

predictive equation from a regression model of peak linear power based solely on the jumper’s 

weight and change in height with a one arm-swing-and-reach (Equation 2.2). This regression 

model was original based on peak powers calculated through ground reaction forces (Sayers et 

al., 1999). 
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Equation 2.2: Predictive equation for peak power (Sayers et al., 1999). 

 

Harman et al. (1990) demonstrated a strong relationship (R2 = 0.93) between peak centre 

of mass linear power and countermovement vertical jump height through their own predictive 

equation (Equation 2.3). 

 

012345678	 9 = 65.3	×	?@AB	ℎ3D,ℎ(	 EA + 3.08	×	I1J!	AKLL	 M, − 	1759 

Equation 2.3: Predictive equation for peak power (Harman et al., 1990). 

 

The development of equations like those of Harman et al. (1990) and Sayers et al. (1999) 

with strong R2 values indicate that linear power may be predicted from vertical jump height and 

vice versa. Later analysis of the countermovement vertical jump using the Sayers et al. (1999) 

predictive equation showed a much weaker rrelationship (R2 = 0.53) (Tessier, Basset, Simoneau, 

& Teasdale, 2013). The low statistical power is most likely due to the fact that the scalar, linear 

power value presented by Sayers et al. (1999) was used in the regression model that generated 

the predictive equation, meaning that the data from the Sayers et al. (1999) study only supported 

an equation related to that sample and was not as widely applicable to a broader population. 

Unfortunately, linear power values are unable to describe the activities of individual joints, 

making it more complicated to discern why certain linear powers are more related to predictive 

equations of jump height than others. Additionally, linear power measure cannot offer an 
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appreciation for the specific events that must occur in a time-dependent sequence in order for a 

jumper to achieve great height in a jump. 

2.3.7. Energetics 

Investigations into the conservation of energy have also been used to explain jump height 

in the vertical jump. There are numerous transfers between potential and kinetic energies 

experienced by the body when jumping and the magnitude of the transfers can ultimately affect 

the height achieved in a vertical jump (Lees et al., 2006; Lees et al., 2004b; Harman et al., 1990; 

Bobbert et al., 1996). 

These energy transfers are based on arm swing, body position, and even experience with 

the movement (Lees et al., 2004a; Lees et al., 2004b; Vanrenterghem et al., 2004). Lees et al. 

(2004a) explored the relationship of conservation of energy as it transfers forms in a 

countermovement jump with an arm swing, noting that the transfer from potential to kinetic 

energy as the arm swing initiates movement leads to improve energy transfer from the trunk 

through the lower limbs, creating a larger source of energy from which to improve takeoff 

velocity and centre of mass height. Vanrenterghem et al. (2004) suggested that the position and 

movement of the upper body, including non-swinging arm segments, alters the vertical as well as 

rotational kinetic energy in jump takeoff about the hips, knees, and ankles, affecting the takeoff 

velocity and centre of mass height. Both of these studies tracked energy transfer through 

individual lower limb joints to better understand the involvement of each joint in the energy 

generation and/or absorption in the sequence of joint extensions that lead to improved jump 

height (Lees et al., 2004a; Vanrenterghem et al., 2004). The management of the transfer of 

energy in the lower limb system suggests that a jumper’s experience with the movement can lead 

them to self-select a movement strategy that is most functionally optimal for their body and the 
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demands of the activity in order to achieve a high vertical jump (Glazier & Davids, 2009; 

Vanrenterghem et al., 2004). 

The tracking of energy as it moves through the body inherently allows for individualized 

assessment at the levels of the joints (Robertson & Winter, 1980). It is possible that the high 

magnitude generation of energy about one joint requires energy absorption at another to ensure 

that the mechanical energy is controlled safely without being wasted (Robertson & Winter, 

1980). However, in maximal effort jumping energy loss can be as high as 14% (Vanrenterghem 

et al., 2004). 

In short, models of energy are useful in tracking individual joint involvement, as well as 

providing some limited commentary on the nature of the sequence of joint involvement. 

However, the assumptions about the flow of energy are not true in the dynamic nature of 

jumping given the extreme energy losses of up to 14% that are not fully accounted for by the 

order and timing of peak joint extensions, meaning that, in quick dynamic motions, energy flow 

continues to only provide general estimates of the movement of energy through the limbs. 

2.3.8. Joint Angular Power 

Joint angular power is the power that occurs about each joint that is the product of the 

joint moment multiplied by the joint angular velocity (Robertson et al., 2004). Ham et al. (2007) 

suggested, through their deterministic model of the vertical jump, that power from the lower limb 

joints, or angular power, plays a crucial role in “successful vertical jumping” (Ham et al., 2007), 

that is to say jumping high (Figure 1.1). This means that angular power about the joints of the 

lower limb is another possible measure of vertical jump performance (Ham et al., 2007; Ford et 

al., 2009; Hara et al., 2006; Gutiérrez-Dávila et al., 2009).  
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Angular power has been used to describe the contributions by the hip, knee, and ankle to 

the net angular power produced by the lower limbs (Vanezis & Lees, 2005; Hara et al., 2006; 

Lees et al., 2004a; Lees et al., 2004b; Decker et al., 2003). Lees et al. (2004b) found that the 

order extension of the lower limb joints altered the amount of power from the joints, for example 

powers about the knee and ankle are maximized later than those about the hip. The angular 

power contributions distributed across the joints differ based on experience jumping, general 

athleticism, and even sex (Vanezis & Lees, 2005; Hara et al., 2006; Lees et al., 2004a; Lees et 

al., 2004b; Decker et al., 2003). In most cases, experienced jumpers demonstrate greater hip 

power followed by contributions from the knee and then the ankle in maximal effort vertical 

jumps (Vanezis & Lees, 2005; Lees et al., 2004b). However, females tend to demonstrate more 

knee and ankle contribution than males and in some cases greater knee than hip contribution, due 

to a preference for upright landing postures (Decker et al., 2003). 

Peak joint angular power is not statistically significantly linked with vertical jump height, 

however, it is representative of single joint involvement (Aragón-Vargas & Gross, 1997). This 

representation allows for the analysis of power about single joints as well as consideration for the 

sequential order of single joint extension and the timing of the peak powers about single joints.  

2.4. Measuring the Performance of the Vertical Jump 

The importance of recognizing the individual joint contributions to the larger lower body 

value are linked to improved training outcomes and targeted injury prevention programs, 

ultimately promoting strong, predictable athletic performances (Ham et al., 2007; Ford et al., 

2009). Numerous models and studies have attempted to understand of the biomechanical events 

in the vertical jump that occur at individual joints (Ham et al., 2007; Lees et al., 2004a; Lees et 

al., 2006; Cheng et al., 2008; Ford et al., 2009; Hara et al., 2006; Gutiérrez-Dávila et al., 2009; 
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Vanrenterghem et al., 2004; Vanezis & Lees, 2005). Unfortunately, there are few variables that 

are able to account for individual joint contributions to overall vertical jump height. Section 2.3 

outlines key vertical jump measures and of those, only joint sequencing and joint angular power 

are able to examine to the role of individual joints in the jumping movement. 

Angular power is calculated through the use of force plates to gather kinetic information 

about the forces acting on segments and moments at work at the joints and through the use of 

kinematic information, such as distances travelled or angular velocities at the joints (Bailey, 

2015). Force plates that capture kinetic information present a more expensive tool compared to 

inertial sensors (Bailey, 2015). The use of joint angular velocity, a component of joint power, 

provides a useful link to a potential field-based surrogate measure of power since joint angular 

velocity can more easily be measured in the field using small, portable, wireless, inertial sensors 

placed on the lower limb rather than subjecting the athlete to a full motion capture session with 

the required markers and constraining them to jump on a force plate (Robertson & Winter, 

1980). As well, joint angular velocity, while much less invasive, can provide individualized data 

from all joints of both lower limbs (Robertson et al., 2004). To calculate the angular velocity of 

the knee, for example, one sensor would be placed on the thigh and a second on the shank. In this 

way, data from the angular velocities that mirrors the developed powers can be collected without 

interfering with an athlete’s movement patterns or asking an athlete to perform a movement on a 

force plate in an environment off the field of play, as the sensors are small, lightweight, and often 

transmit data wirelessly or store data for later analysis.  As such, angular velocity presents a 

promising kinematic measure as a reflection of joint angular power in future areas of field-based 

analysis. 
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Chapter Three 

Purpose of Work 
 
 
 

Through the manipulation of the arm swing, this thesis seeks to determine the role of 

lower limb joint kinetics and kinematics in determining maximal effort countermovement 

vertical jump height.  

 

 
3.1. Objectives 

The following objectives were identified: 

1. To evaluate how the magnitude and timing of peak joint power of the ankle, knee and hip 

are related to height attained in the maximal vertical countermovement jump. 

2. To evaluate how the magnitude and timing of peak joint angular velocities of the ankle, 

knee and hip are related to height attained the in maximal vertical countermovement 

jump. 
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Chapter Four 

Methods 
 

 

4.1. Participants 

Twenty-two male participants were recruited as participants from local university varsity 

basketball and volleyball teams; sports where jumping is a major physical demand (Manguine et 

al., 2014; Neves et al., 2011). Males tend to present vertical jumps that more evenly utilize all 

three joints of the lower limb than females, as well as producing less variable jumping patterns 

(Decker et al. 2003; Chappell, Creighton, Giuliani, Yu, & Garrett, 2007). Selecting experienced 

jumpers as participants ensured that the jump strategies of the participants were less variable and 

the jump heights were greater compared to novice jumpers (Hoffman, Liebermann, & Gusis, 

1997; Laffaye, Bardy, & Durey, 2005). A homogenous population of experienced jumpers 

provides higher maximum effort jumps as well as a reduced variability which minimizes the risk 

of identifying false trends, or a Type I statistical error. 

A power estimate based on previous literature suggested between six and twenty-two 

participants were necessary for the detection of differences in jump height between no-arm 

involvement and a two arm swing (Harman et al., 1990; Hara et al., 2006; Feltner et al., 2004; 

Chiu et al., 2014; Cheng et al., 2008; Lees et al., 2004a; Lees et al., 2006; Slinde et al., 2008; 

Stegall & Abraham, 1985; Walsh et al., 2007). 

All participants who were cleared by their team trainers and therapists for full 

participation in training and competition at the time of data collection were eligible to participate 

in the study. Data were collected for all twenty-two participants, however, due to the 
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irrecoverable loss of some motion data, two participants were removed from the study. The 

remaining twenty participants had an average height and mass (± standard deviation) of 1.87 m ± 

0.11 m and 81.04 kg ± 9.52 kg, respectively. 

All twenty participants were self-reported as right-side dominant in both the arm, by 

hitting or shooting preference, and the leg, by hopping or kicking preference. Of the twenty 

participants, ten were basketball players, who had been playing at the varsity level for a group 

average of 3.00 years ± 0.94 years. The other ten participants were volleyball players who had 

been playing at the varsity level for a group average of 2.90 years ± 1.37 years. Additionally, the 

participants reported the number of years they had been participating in their respective team 

sport. Basketball players reported participating, on average, for 12.70 years ± 2.00 years while 

volleyball players reported participating, on average, for 7.20 years ± 1.40 years. Within each 

sport, a range of playing positions was represented (Table 4.1). While four volleyball participants 

were liberos, a playing position restricted to the back row in volleyball, thereby general avoiding 

hitting roles, they trained consistently with their whole team as well as followed their teams’ 

strength and conditioning programs. Nevertheless, this ensured that, while they may have fewer 

foot contacts in games or hitting-specific drills, they were comfortable with the physical 

demands required to execute the jumping skill. 

 

Table 4.1: Number of participants by position in sport. 
Basketball  Volleyball 

Position Number of 
Participants 

 Position Number of 
Participants 

Post 1  Libero 4 
Forward 2  Middle Blocker 3 
Guard 6  Right Side Hitter 1 

Guard/Forward 1  Left Side Hitter 2 
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4.2. Instrumentation 

Kinematic data were tracked using a 15 Oqus camera Qualisys Motion Tracking System 

(Qualisys AB, Gothenburg, Sweden). At a sample rate of 200 Hz, the Qualisys system tracked 

the position of 89, 10mm reflective markers that were placed on the participant at anatomical 

landmarks and on selected body segments (see Appendix E for additional details). Since extreme 

jump heights were expected, the cameras were positioned in a range from floor level to a height 

three meters. This required a custom camera orientation frame located three meters above the 

force platforms was used to calibrate the vertical space ensuring that all cameras could view the 

platform and be calibrated as one group.   

The kinetic data from the jumps were recorded using two portable force plates (BERTEC 

Corporation, Columbus, OH, USA), one under each foot of the participant. One plate per foot 

isolated each lower limb, avoiding the assumption that the lower limbs produce equal efforts 

(Sugiyama et al., 2014). The force plates’ orientations were aligned with the motion capture 

system using the ‘L’ frame provided by Qualisys AB.  

Ford et al. (2005) demonstrated that the presence of an overhead goal significantly 

improves vertical jump output. Therefore, a Vertec vertical jump measurement device (Power 

Systems Incorporated, Knoxville, TN, USA) was used to give participants a visual goal to reach 

for in the one-arm and two-arm swing conditions. In the no-arm swing conditions, the 

participants were asked to visualize where they were aiming to jump to. The Vertec (Figure 4.1) 

is commonly used by trainers to evaluate an athlete’s vertical jump height and is, therefore, 

familiar to the basketball and volleyball athletes (Harman & Garhammer, 2008). 
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Figure 4.1: Image of Vertec vertical jump measurement device that acted as an overhead goal for 
participants during data collection. 

 
 

 
 

4.3. Protocol 

The experimental protocol was approved by the Queen’s General Research Ethics Board 

(Appendix A). Upon arriving at the lab, participants read the letter of information and signed a 

letter of informed consent (Appendix B). Next, participants completed a PAR-Q+ Questionnaire 

to determine if they had any new health issues that would prevent participation on the day of data 

collection given that collections occurred during a mid-season break in team practices due to 

academic exams, and so athletes were not regularly meeting with their team’s coaching staff 

despite still being in-season. The participant’s age, height, weight, arm and leg dominance, sports 

type, sports position, years of varsity level sports participation, and years of organized team 

sports participation were recorded. The length of both left and right forearms, from elbow to 

wrist centre, and left and right upper arms, from the glenohumeral joint to elbow, as defined by 
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Dempster (1955), were also measured and recorded. These measures were taken to assist in 

recovering marker data lost due to extreme jump height and arm reach. More detail on marker 

management is included in section 4.4.3. Prior to being instrumented, participants performed a 

light warm-up promoting joint mobility through joint circles (i.e. leg swings, arm circles), 

walking, and light jogging for about five minutes. 

Participants were then instrumented for motion capture data collection using the markers 

listed in Appendix E. To begin, a one five-second static calibration trial was recorded while the 

participant stood in the anatomical position. Participants were then permitted up to five practice 

jumps with any combination of the possible arm swings. Then, the participants performed six 

countermovement jumps in each of four conditions, for a total of 24 maximal effort jumps 

(Appendix G). The four conditions were: no-arm swing (no-arm), one-arm swing with the 

dominant arm (dom-arm), one-arm swing with the non-dominant arm (non-dom arm), and two-

arm swing (2 arms). The twenty-four jumps were presented in a fully randomized order. For the 

single-arm conditions (dom-arm and non-dom arm) and the zero arm swing condition (no-arm), 

the non-swinging arm(s) was placed on the head immediately prior to the start of the collection 

period to limit that shoulder’s range of motion and ability to influence the generated power. In all 

jumps participants were asked to jump as high as they were able, a common coaching cue that 

results in high jumps without significantly altering lower limb jumping strategies to promote 

unsafe patterns (Khuu, Musalmen, & Beach, 2015). A rest break of forty-five seconds was given 

between each jump to allow the participant to rest, manage the data, and to give the participant 

the instructions about the proceeding jump type (Appendix F). Participants were invited to 

request any additional time as needed for rest breaks and, anecdotally, few participants extended 

their rest breaks with additional time most often being requested for water breaks if participants 
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did not bring water bottles into the collection space. However, participant fatigue levels were not 

formally tracked given the pilot study on fatigue, Appendix F, did not demonstrate any concern 

with the selected rest break time. The total protocol was completed in forty-five to sixty minutes. 

 
4.4. Data Analysis 

Marker data were processed in a three-step process. Initial preparation and inspection 

were done using Qualisys Track Manager software. Next, the data were imported into Visual 3D 

(Version 5, C-Motion, Inc., Germantown, Maryland, USA) for model development and analysis. 

Finally, the processed results were exported to MATLAB (v. R2012b, The MathWorks, Inc., 

Natick, MA, USA) for final processing. 

 
4.4.1. Qualisys Track Manager 

Marker data were visually inspected in the Qualisys Track Manager software. Where 

small gaps in the marker trajectory were found, under ten frames in length, these gaps were filled 

using the third-order polynomial function built-into the Qualisys Track Manager software. 

However, due to the extreme height achieved by the jumpers data were missing from large 

sections of some trials. In these cases, data losses were further managed in Visual 3D, and if 

necessary finally in MATLAB. Unfortunately, missing data for some trials could not be gap 

filled following this three-stage process. Nevertheless, once all trials for a participant were 

checked and small gaps of missing data were corrected in QTM, the marker trajectory and force 

data were exported to Visual 3D for further data management and analysis. 

 
4.4.2. Visual 3D 

Marker trajectory and force data were imported, gaps were filled, and the data were 

filtered using a fourth order dual-pass Butterworth filter at an effective cut-off frequency of 
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6.0Hz, as determined by residual analysis (Appendix H) and supported by previous jumping 

studies (Lees et al., 2004a; Vanrenterghem et al., 2004; Lees et al., 2006; Hara et al., 2006; 

Pappas, Hagins, Sheikhzadeh, Nordin, & Rose, 2007; Lees et al., 2004b). Once filtered, the 

marker data were used to develop a fourteen-segment bottom-up linked-segment model 

consisting of the right and left feet, shanks, and thighs, the pelvis, the trunk, and the right and left 

upper arms, forearms, and hands. This kinematic model was developed based on the segment 

development procedure described by Robertson et al. (2004). Within Visual 3D the segments 

were defined using marker data corresponding to that segment. For the upper and lower limb 

segments the anatomical landmarks were based on the segment definitions specified by C-

Motion for segment creation. In addition, the pelvis was defined using the Visual 3D Coda pelvis 

option, which uses the anterior sacro-iliac spine markers and the posterior sacro-iliac spine 

markers to create the pelvis segment and to estimate the hip joint centres according to the work 

of Bell, Brand and Pederson (1989) and Bell, Pederson, & Brand (1990). Kinematic-only, or 

virtual, segments were created for the shanks, allowing for the ankle joints to have angles 

normalized such that upright standing was zero degrees. 

Once the full body model was created, it was applied to motion files to compute segment 

kinetics, following a X-Y-Z decomposition; representing flexion, abduction, and axial rotation 

respectively. Visual 3D uses the works of Dempster (1955) and Havanan (1964) to estimate 

segment anthropometrics and segment inertial properties respectively. The variables of interest, 

including joint power, joint angular velocity, were then computed using the Visual 3D software 

for each trial for each participant. Joint power was normalized by kilograms of body mass. These 

outcome variables were exported for additional analysis in MATLAB.  
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4.4.3. MATLAB 

The final analysis phase involved extracting only the jump from the collected data, time 

normalizing the data, extracting the variables of interest, and calculating the whole body centre 

of mass using custom MATLAB scripts. Once the Visual 3D data were imported into Matlab, the 

takeoff period was defined. The end of the takeoff period was determined as the point at which 

the participant left the ground (Figure 4.2; point c) and was operationalized as the frame where 

the ground reaction force went below zero for the first time.  The start of the takeoff period (a) 

was equal to four times the number of frames preceding the peak GRF (b) to off the ground (c) 

(Figure 4.2). This starting point ensured that the entire countermovement period was captured. 

Once each variable imported from Visual 3D was clipped, the data were time normalized to one 

hundred points before the outcome measures were extracted and angular velocity data were 

converted from the Visual 3D output degrees per second to radians per second. 

 

 
Figure 4.2: Vertical ground reaction force of sample right limb showing analysis cutoff points,  

a: start; b: peak (for us in finding start); c: off force plate/end. 
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Due to the extreme height attained by several participants in a few jumps, their reaching 

arm and head segments were lost from the motion capture systems field of view. With a loss of 

segments Visual 3D was unable to compute the whole body centre of mass and so this was done 

using a custom MATLAB script (Appendix J). The whole body centre of mass was computed in 

two parts. First, a model of the whole body centre of mass location was built using the 

anthropometric data from Dempster (1955). Dempster’s (1955) data was used to determine 

segment centre of masses based on segment end points and centre of mass ratios. In special cases 

the arm segments lengths were missing and so the Dempster’s (1955) anthropometric data could 

not be applied against the kinematic segment endpoint data. When this occurred, the measured 

arm segment lengths gathered from participants during data collection were used as surrogate 

segment endpoints, projecting of the new “measured arm” from the shoulder, allowing for the 

estimation of the segment centre of mass using Dempter’s (1955) anthropometric data and 

subsequent whole body centre of mass calculation. Second, the displacement of the whole body 

centre of mass calculated as the weighted sum of segment centres of mass. The displacement of 

the centre of mass was defined as the change from its height during quiet standing and is 

explored in more detail in section 4.5.1. 

 
4.5. Outcome Measures 

The primary outcome measures were: 

1. Jump height in meters, 

2. Peak instantaneous joint power in Watts,  

3. Location of peak joint power in terms of percentage of the takeoff period,  

4. Peak instantaneous joint angular velocity in radians per second, 

5.  Location of peak joint angular velocity in terms of percentage of the takeoff period. 



 33 

All outcome measures were taken from the sagittal plane (Lees et al., 2004a; Lees et al., 

2004b; Hewett et al., 1996; Feltner et al., 1999; Chiu et al., 2014; Decker et al., 2003; Stearns et 

al., 2013; Ashby & Delp, 2006; Read & Cisar, 2001; Haug et al., 2015). 

 
4.5.1. Jump Height 

The vertical displacement of the centre of mass was defined as the change in height from 

the whole body centre of mass during quiet upright standing before initiating the downward 

phase of the countermovement to the maximum vertical height attained by the whole body centre 

of mass in the jump. This method permitted for a straight-forward measure of centre of mass 

(maximum height minus standing height) that mirrors the methodology in which field-based 

jump height measures are taken (maximum arm reach height minus standing arm reach height 

measured using a Vertec). 

 
4.5.2. Peak Instantaneous Angular Power 

The peak instantaneous power was calculated as the maximum power generated during 

the takeoff period. This was calculated for the hip, knee, and ankle joint of both sides of the 

lower limb. Power was defined as the product of the joint moment and joint angular velocity 

(Robertson et al., 2004, Equation 4.1.).  

 

01234Q7R = 	
S	×	 T5UVR$Q7W − TX$YZ7W

I1J!	AKLL Q7R
 

 
Equation 4.1: Equation to calculate maximum joint power normalized by body mass in 

kilograms. 
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4.5.3. Peak Instantaneous Angular Velocity 

The peak instantaneous angular velocity was calculated as the maximum angular velocity during 

the takeoff period. The instantaneous angular velocity was calculated for the hip, knee, and ankle 

joint frame by frame. The peak instantaneous angular velocity was the largest instance of angular 

velocity within the takeoff period and was calculated for each joint of each leg of the lower limb. 

To calculate the instantaneous angular velocity, the following equation was used:  

 

TQ7R = 	
J[
J( 	 Q7R

 

 
Equation 4.2: Equation to calculate maximum angular velocity. 

 
 

4.5.4. Location of Peak Instantaneous Joint Power and Joint Angular Velocity 

The location of the peak instantaneous powers and angular velocities was determined as a 

percentage of the takeoff period. This was done for the power and angular velocities of the hip, 

knee, and ankle joints.  

 

4.5.5. Use of Arm Swing in Generating Height Variability 

Given that a two arm-swing improves jump height over no-arm involvement, four types 

of arm swings were employed to vary maximum jump heights (Harman et al., 1990; Hara et al., 

2006; Feltner et al., 2004; Chiu et al., 2014; Cheng et al., 2008; Lees et al., 2004a; Lees et al., 

2006; Slinde et al., 2008; Stegall & Abraham, 1985; Walsh et al., 2007). It was expected that a 

wider range of jump heights would provide a richer data set of maximal effort vertical jumps for 

statistical analysis.  
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4.6. Statistical Analysis 

All outcome measures were aggregated for each participant, for each arm swing 

condition. Descriptive data including means, standard deviations, minimums, and maximums for 

each outcome measure were calculated by limb and by arm swing condition. All variables met 

the assumptions of normality and homoscedasticity. One one-way repeated measures ANOVA 

was performed to assess centre of mass displacement by arm swing condition to ensure that the 

arm swing conditions did provide variability in maximal effort jump heights. Four stepwise 

general linear regression models were used to evaluate the location and discrete values of the 

peak power and peak angular velocities. This form of regression modelling did account for all 

arm swing conditions from each participant, thereby including the same participant several times.  

However, this analysis minimized the risk of type II error by using a single larger sample rather 

than by exploring each arm swing condition separately (Field, 2013). To visualize the effect of 

arm swing condition across individuals, individual participant data for each variable were 

graphed against jump height for each participant’s four arm swing condition values (Appendix 

K). All statistical tests were performed using IBM SPSS v.21.0.0.0 (IBM Corp. Armonk, NY, 

USA) with significant data being indicated by p < 0.05. 
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Chapter Five 

Results 
 
 

5.1. Overview of Data Management Processes 
 

Beyond the data management processes described in Chapter Four, there were additional 

measures taken to further reduce data as well as eliminate trials where the data gathered from the 

models was inaccurate.  

In the two-arm swing condition one participant had valid kinematic marker data for less 

than 4 trials and so a valid average could not be computed for that condition. Therefore, in the 

data reported below, the two-arm condition has only 19 participants, while all other arm swing 

conditions have 20 (Appendix G details minimum jump trial requirements). 

As a method of reducing the data, the outcome variables of the dominant and non-

dominant limbs were compared using a paired samples t-test. The results of the paired samples t-

test showed no significant differences between limbs (p = 0.842), therefore only the dominant 

limb was further analysed in the regression models. 

5.2. Arm Involvement in Generating a Range of Jump Heights 
 

There was a main effect of arm swing condition on jump height, defined as the 

displacement of the body’s centre of mass (Table 5.1). A Fisher’s least significant post hoc test 

showed that participants demonstrated an increase in jump height in the two-arm swing condition 
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over the other three conditions as well as an increase in jump height in the single-dominant-arm 

swing over the no-arm swing condition. 

 
 

Table 5.1: Descriptive data for jump height (m) by arm swing condition. 

Arm Swing Condition 
 Jump Height (m) 

 Mean 
(m) 

Minimum 
(m) 

Maximum 
(m) 

Standard 
Deviation (m) 

No Arms (N=20)  0.47a 0.32 0.58 0.07 

Non-Dom Arm (N=20)  0.48a,b 0.31 0.65 0.15 

Dom Arm (N=20)  0.53b 0.37 0.68 0.09 
Two Arms (N=19)  0.58c 0.23 0.77 0.13 

a, b, c Means with superscripted letters in common are not different (p = 0.05). 
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5.3. Joint Angular Power as a Predictor of Jump Height 
 

Figure 5.1 shows the angular power curve data for the hip, knee, and ankle where positive 

work is a function of the flexors flexing or the extensors extending. Table 5.2 displays the mean 

powers and location of the mean peak powers by joint. 

 

 
Figure 5.1: Aggregate power curves for the hip, knee, and ankle of the dominant limb for all 
participants in the no-arm swing condition (N = 20).   
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Table 5.2 Mean peak power and location of mean peak power for each joint during 
the takeoff period (SD = standard deviation), N = 79. 
  Hip Knee Ankle 

Mean SD Mean SD Mean SD 
Peak Power  
(W/kg) 

 3.6 2.0 7.1 5.1 4.1 4.0 

Location of Peak Power  
(% Takeoff Period) 

 70 12.6 76 11.3 77 10.3 

 

The relationship between the peak hip, knee, and ankle powers and jump height was 

assessed using a stepwise linear regression model. Peak knee power was positively related to 

jump height (Pearson’s r = 0.363, a moderate effect size (Field, 2013), ß = 0.363). The 

magnitudes of peak hip and peak ankle power were not significant contributors to the regression 

model. Figure 5.2 depicts the relationship between the peak knee power and jump height.  
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Figure 5.2: Peak knee power (W/kg) compared to jump height (m). 

 
 

The relationship between the locations of the peak hip, knee, and ankle powers and jump 

height was also assessed using a stepwise linear regression model. The location of the peak knee 

power was positively related to jump height (Pearson’s r = 0.256, a moderate effect size (Field, 

2013), ß = -0.256). The locations of peak hip and peak ankle power were not significant 

contributors to the regression model. Figure 5.3 depicts the relationship between the location of 

the peak knee power and jump height. 
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Figure 5.3: Location of peak knee power (% takeoff period) compared to jump height (m). 
 

5.4. Joint Angular Velocity as a Predictor of Jump Height 
 

Table 5.3 reports the mean peak angular velocity values as well as the location of those 

peak values for each joint. Figure 5.3 contains the curve data by joint of angular velocities across 

the entire takeoff period, where hip extension is negative, knee extension is positive, and ankle 

extension is negative. 
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Table 5.3 Mean peak angular velocity and location of peak angular velocity for each 
joint during the takeoff period (SD = standard deviation), N = 79. 
  Hip Knee Ankle 

Mean SD Mean SD Mean SD 
Peak Angular Velocity 
(rad/s) 

 4.3 1.1 11.8 1.4 8.4 3.2 

Location of  
Peak Angular Velocity  
(% Takeoff Period 

 
54 13.7 71 4.1 92 10.1 

 
 

The relationship between the peak hip, knee, and ankle angular velocities and the jump 

height was assessed using a stepwise linear regression model (Table 5.3). The peak knee angular 

velocity was related to the jump height (Pearson’s r = 0.310, a moderate effect size (Field, 2013), 

ß = 0.310). The magnitudes of peak hip and peak ankle angular velocity were not significant 

contributors to the regression model. Figure 5.5 depicts the relationship between the peak knee 

angular velocity and jump height. 
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Figure 5.4: Aggregate angular velocity curves for the hip, knee, and ankle for all participants in 

the no-arm swing condition (N = 20). 
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Figure 5.5: Peak knee angular velocity (rad/s) compared to jump height (m) by arm swing 

condition. 
 
 

The location of the peak instantaneous angular velocities of all three joints was assessed 

using a stepwise linear regression model against jump height (Table 5.3). The resulting model 

(Pearson’s r = 0.419, representing a medium effect size (Field, 2013)) showed that the location 

of the peak hip (p = 0.003, ß = -0.318) and ankle (p = 0.011, ß = 0.270) angular velocities were 

significant predictors of jump height while the location of the peak knee angular velocity was 

not. 
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Chapter Six 

Discussion 
 
 
 

6.1. General Summary of Results 

The two-arm swing jump demonstrated an increase in jump height over the other arm 

swing patterns. Of the power variables, only peak knee power was related to the centre of mass 

displacement (r = 0.363, p = 0.001, ß = 0.363); its location was also related to the centre of mass 

displacement (r = 0.256, p = 0.023, ß = -0.256). Additionally, when assessing the angular 

velocities, peak knee angular velocity was related to the displacement of the centre of mass (r = 

0.310, p = 0.005, ß = 0.310). Interestingly, in terms of the locations of the peak angular 

velocities, the hip (p = 0.003, ß = -0.318) and the ankle (p = 0.011, ß = 0.270) were linked to 

centre of mass displacement whereas the knee peak angular velocity was not link to centre of 

mass displacement. 

 
6.2. Involvement of the Arm Swing in Creating Alternate Heights 

 
The involvement of the arms in the two-arm swing condition led to a significant increase 

in vertical displacement of the centre of mass (Table 5.1; Results). Numerous works have 

previously shown the increase in centre of mass displacement in two-arm swing conditions 

compared to conditions of no arm involvement (Harman et al., 1990; Hara et al., 2006; Feltner et 

al., 2004; Chiu et al., 2014; Cheng et al., 2008; Lees et al., 2004a; Lees et al., 2006; Slinde et al., 

2008; Stegall & Abraham, 1985; Walsh et al., 2007).  
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The jump height achieved in the dominant arm swing condition was reduced compared to 

the two-arm swing condition. Interestingly, there was no difference in jump height between the 

dominant and non-dominant arm swing conditions and the non-dominant arm swing condition 

was not different from the no-arm swing condition. This lack of difference may be due to the fact 

that the study had estimated the statistical power for the detection of differences between the no-

arm involvement and the two-arm swing, rather than single dominant and non-dominant arm 

swings, which previously have not been reported (Methods, section 4.1). However, a range of 

heights was still achieved, fulfilling the purpose of the inclusion of multiple arm swing 

conditions. The single arm reach is more common than the two-arm reach in many sports and, 

anecdotally, our athletes reported feeling awkward when performing the single-arm swing with 

their non-dominant side. The use of an arm swing remains a specific, subtle technique requiring 

attention in training to promote the appropriate transfer of energies across the joints. 

Beyond training, an interesting implication may be present for exercise testing. Since 

differences in jump height appear to exist depending on the type of arm swing used, it may be 

useful for researchers, trainers, and coaches to consider implementing a testing protocol that 

accurately reflects their athlete’s handedness as well as the specific demands of the sport. 

Traditional testing, as described by the NSCA, involves a single, dominant arm swing from a 

two-foot stance (Harman & Garhammer, 2008, thereby making an investigation into the nature 

of the single arm swing, whether dominant or non-dominant, an interesting future extension. 

Volleyball middle blockers, for example, may not benefit from single arm testing and instead 

move towards testing using a two-arm swing to record height when tracking progress as their 

role generally requires the use of both arms (Neves et al., 2011). Additionally, athletes who are 
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required to reach with either hand could train or be tested with both arms since it appears there 

are subtle differences between limbs (Epp-Stobbe & Costigan, 2016).  

 

 
6.3. Jump Height as a Function of Lower Limb Peak Power 

 
The joint angular power values, normalized by body mass, generated in this study are 

similar to those generated by Lees et al. (2004a, 2006) (Figure 5.1, Table 5.2). The knee 

produced the greatest angular joint power, followed by the hip, and lastly the ankle (Table 5.2; 

Results). In fact, the results suggest that peak knee power contributed significantly to 

improvements in centre of mass displacement. Vanrenterghem et al. (2004) suggested that while 

the hip’s contributions only increase at maximal effort compared to submaximal jumping, the 

knee produces large amounts of power in both submaximal and maximal effort 

countermovement jumps. 

The influence of peak joint angular power on vertical jump height was limited to that of 

the knee. The low predictive ability of joint angular power has been noted before when assessing 

vertical jump height. Tessier et al. (2013) found that joint powers were not strongly predictive of 

vertical jump height in the countermovement vertical jump. In their work, peak joint angular 

power differed dramatically from linear peak power calculated from the Sayers et al. (1999) 

predictive equation. Joint powers have not yet been found to be related to the predicted linear 

power (Tessier et al., 2013). When testing athletes, consideration should be given to whether a 

single measure, such as lower body linear power, is the priority or whether the actions at the 

level of the individual joint are of greater importance. 
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In the future, the role of individual joints in the countermovement vertical jump could be 

evaluated using submaximal and maximal effort jumps. This will enable an even broader range 

of centre of mass displacements, which might produce clearer trends. The idea of appropriate test 

construction reinforces the importance of demonstrating care and consideration in selecting and 

administering tests that will correctly assess an individual athlete’s ability to meet the demands 

of their sport and of their playing position within that sport (Gutiérrez-Dávila et al., 2014).  

 
6.4. Role of Timing of Joint Power Peaks 

The location, and therefore the order, or timing, of the joint peak powers suggest that the 

point in the jump when the knee produces its peak power is important in maximizing the centre 

of mass displacement. Previous works have found that the knee power generated during the 

countermovement vertical jump increases with the presence of a two-arm swing (Feltner, 1999, 

Lees et al., 2004a). An increase in activity, suggested through an increase in net joint powers, 

about the knee with the presence of an arm swing, over no arm swing, implies that muscular 

activation changes with arm involvement (Feltner, 1999, Lees et al., 2004a). In the current study 

the timing of the peak knee power was the only timing variable related to vertical jump height.  

This is interesting since the hip and knee joint share a two-joint musculature and there is 

the possibility to transfer energy from the hip to the knee (Umberger, 1998). Fortunately, the 

musculature of the hip and the knee are often trained together, though the focus is more often on 

the musculature of the hip (Ford et al., 2009). It is possible that the knee’s peak power may be 

due in part to some transfer of power from the hip (Umberger, 1998; Lees et al., 2004a). 

Regardless, the timing of the knee peak power production is a key variable, particularly if one is 

interested in lower limb peak power patterns. 
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Previous work by Epp-Stobbe and Costigan (2016) has shown that lower limbs do 

generate differences in power patterns within and between individuals (Figure 6.1). Differences 

in the location and the value of the peak power between legs suggest the presence of 

asymmetries in musculature or in biomechanical movement patterns between the lower limbs 

(Epp-Stobbe & Costigan, 2016; Sugiyama et al., 2014). Given significant asymmetries between 

the legs the power produced by each leg must be different and, therefore, both cannot be optimal. 

While the whole body may generate large power outputs and reasonable jump heights, limb 

asymmetries, present due to alterations of the interplay between the joints, lead to reduced peak 

power generation (Epp-Stobbe & Costigan, 2016; Ernst, Saliba, Diduch, Hurwitz, & Ball, 2000). 

 

 

 

 

 
 

P05	

P03	

Figure 6.1: Power profiles (W/kg) for two-arm swing jumps from select participants, indicating 
total lower limb, hip, knee, & ankle. The blue line indicates the non-dominant side; the red line 

indicates the dominant side. 
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6.5. Jump Height as a Function of Joint Angular Velocity 

The joint angular velocities generated in this study are similar those generated by Lees et 

al. (2004a, 2006) (Table 5.3, Figure 5.4) and the regression results showed that peak knee 

angular velocity was related to jump height (r = 0.310, p = 0.005, ß = 0.310). This suggests that 

the knee, not the hip, is the major producer of large angular velocities in maximal effort jumping. 

The ankle’s range of motion is limited since the foot is planted until takeoff (Newton, Cormie, & 

Kraemer, 2012). Interestingly, in the countermovement jump, the knee has the largest range of 

motion of the lower limb joints and, therefore, is capable of generating large angular velocities 

(Ford et al., 2009).  

The results of the current study suggest that the ability to move the lower limbs 

throughout the entire takeoff period in a particular sequence results in a large centre of mass 

displacement. In both the power and angular velocities the hip tends to peak first and the ankle 

tends to peak last (Table 5.3; Results). The knee peak power also plays a role in vertical jump 

height, as does the knee’s peak angular velocity, suggesting that the angular velocity of the lower 

limb segments in the vertical jump presents a kinematic measure of jump performance that is a 

useful surrogate for the kinetic measures. 

Both joint power and joint angular velocities are trainable and often combined under the 

“power” exercise umbrella and “power” is often used interchangeably with “explosive” to 

describe quick movements (Winter et al., 2015). Unfortunately, training for improved joint 

angular velocity is a challenging concept to teach in strength and conditioning as training for 

velocity is generally tied to training for power, which requires both speed of limb movements as 

well as strength to move larger loads. (Newton et al., 2012; Potach & Chu, 2008; Wathen, 

Baechle, & Earle, 2008; Chiu, 2007). In fact, power development is enhanced through strength 
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training (Newton, et al., 2012; Bauer, Thayer, & Baras, 1990; Clutch, Wilton, McGown, & 

Bryce, 1983; Wilson, Newton, Murphy, & Humphries, 1993; Adams, O’Shea, O’Shea, & 

Climstein, 1992). Once a strength base is established, it is possible to promote the development 

of speed-strength, in which an athlete is asked to move quickly under load (Hoffman, Brown, & 

Smith, 2012). Training for power has traditionally followed a pattern of high strength 

development at low speeds, based on the premise that maximal strength increases at low 

velocities will translate into submaximal strength increases at higher velocities (Newton et al., 

2012). Moving quickly under load, however, presents a challenge to athletes. Turner, Tobin, and 

Delahunt (2015), found that training athletes in a power phase through weighted jump squats led 

to a decrease in their 10- and 20- meter sprint times. Therefore, while a strength base may be 

beneficial, it does not directly translate into exceptional movement speed under load. This 

suggests that traditional power training formats, training strength before speed, may not be the 

most appropriate way of inducing quick limb movements, specifically the joint extension 

necessary for jumping. 

More recently, velocity-based training has become a popular way of training for power 

improvements, given that a key goal of this training form is to produce force as quickly as 

possible, however it is often done at submaximal strength values, promoting quick movement 

(Mann, Ivey, & Sayers 2015; González-Badillo et al., 2015). Therefore, one recommendation 

from this current study is that measures of angular velocity appear to be useful in reporting 

kinematic measures as a surrogate to kinetic variables. This means that velocity-based training, 

which sometimes uses inertial sensors to determine angular velocities of limbs to better tailor 

training programs to individuals, is an appropriate training technique. 

 
6.6. Role of Timing of Joint Angular Velocity Peaks 
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The timing of the peak angular velocities of the hip and ankle were relevant to jump 

height. The location of the instantaneous peak hip angular velocity was related to improved 

centre of mass displacement (p = 0.003, ß = -0.318). The negative beta value suggests the unique 

finding that an earlier hip peak angular velocity is related to a higher jump height. While for the 

ankle (p = 0.011, ß = 0.270) a later peak is related to a higher jump height. These results imply 

that the sequence of joint extensions, as well as the timing of peak angular velocities of the lower 

limb represent key factors in successful vertical jumping, that is to say, jumping high. 

Triple extension is the concept of full extension hip, knee, and ankle, which is desirable 

in power-based movements such as Olympic weightlifting and its training-based derivatives, 

including plyometric work, like the countermovement jump (DeWeese et al., 2012; Newton, 

2012). The extension sequence itself should be quick and the hip begins producing work first, 

followed by the knee, and lastly the ankle (Lees et al., 2004a). When referring to triple extension 

in Olympic weightlifting, Everett (2011) describes the hip extension as “extremely violent” 

suggesting a fast, yet well-timed, hip extension. Previous work suggests that the hip remains 

activated longer in vertical jumps with the inclusion of an arm swing, while in all jumps the hip 

activates earliest with joints beginning activation moving in a proximal to distal sequence 

(Cheng et al., 2008; Umberger, 1998). The sequence of these extensions, expressed through the 

timing of peaks, in this study peak angular velocities, are important in optimizing jump height. 

The key link between the early peaking of the hip and triple extension lies in the fact that to 

achieve true triple extension, the hip must initiate extension before the rest of the lower limb may 

extend (Umberger, 1998).  

Triple extension represents the timed, coordination of lower limb extension in a skill that 

requires explosive power, like jumping. Everett (2009) suggests there is an interplay of 
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movement between the hip and knee in Olympic weightlifting, another skill requiring explosive 

power. This interplay of hip and knee movement may be linked to the anatomy of the lower leg 

in which several muscles, as well as connective tissues, cross both the hip and the knee or the 

knee and the ankle (Umberger, 1998). In the vertical jump, the mechanical energy of this two-

joint musculature that is generated during the countermovement may be transferred across joints, 

so that energy at the hip may manifest at the knee or at the knee to the ankle (Umberger, 1998). 

Without exceptional timing in joint extension, power may be absorbed or lost about the joint 

instead of generated. Given the two-joint musculature of the lower limb, triple extension of the 

hips, knees, and ankles requires training, which is a complex skill to teach (Earle & Baechle, 

2008).  

Limitations in modeling the vertical jump are related to the many unknown relationships 

within the body. One such relationship is the biarticular musculature of the thigh. The interplay 

of power flowing between the hip and the knee is not fully understood in the countermovement 

jump. As a result, the hip and knee are treated together as predictors of vertical jump height 

(Ford et al., 2009). A sequence of extension is necessary for successful jumping; asymmetries 

across legs negatively affect limb kinetics, leading to changes in the timing or magnitude of peak 

values, such as power or angular velocity (Epp-Stobbe & Costigan, 2016). With differences 

present between legs, the joints of the lower limb must be individually assessed given the 

presence of asymmetries (Sugiyama et al., 20014; Epp-Stobbe & Costigan, 2016). In considering 

individual joints, Van Ingen Schenau (1989) suggested a model for optimizing muscular co-

activation in which the lower limb joints would extend simultaneously, however, this would 

result in a decrease in joint work and, therefore, a lower jump height, given that the jumper 

would be in the air before all joints were fully extended, as argued by Alexander (1989). 
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Therefore, sequential, not simultaneous, joint extension is a key feature of the vertical jump. 

Therefore, the challenge in understanding sequential extension is the interplay of the joints and 

how both limbs are controlled in the takeoff process to produce a physically advantageous jump 

height. 

In practical aspects, training individuals to jump optimally is a multi-faceted problem that 

requires consideration of biomechanical and motor control principles. Traditionally, a power 

development training plan allows for a strength period where athletes move large loads under 

control, as strength builds the loads are reduced with a final power-development period that 

focuses on quick movements with extremely reduced loads and technical soundness. The 

promotion of true triple extension and quick movements should be prioritized over moving 

heavy loads quickly since excessive loads have a detrimental effect on joint speed (Turner et al., 

2015). Then the athlete would return to using moderate loads to integrate their strength base with 

their newfound velocity or to incorporate plyometric work to train an athlete’s power production 

pattern (Potach & Chu, 2008).  

A general program that supports the development of triple extension may be suitable, to 

some extent, for all athletes involved in sports where bouts of explosive power or strength of the 

lower limbs are required. However, it is important to consider athletes as individuals and as 

individuals there are three main programs that could help athlete better execute the power-based 

skills, like jumping. The first is for the athlete that produces low height due to low joint power 

production while maintaining a symmetrical pattern between limbs and an appropriate order of 

joint extensions. In this case, the athlete needs to gain strength in order to produce more power 

while maintaining their already appropriate jumping pattern. The second is the athlete that 

presents with severe asymmetries between limbs, jumping with different joint powers across the 
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lower limbs. In this case, the athlete needs to be encouraged to perform unilateral work to 

strengthen the weaker side followed by power-based training, or the development of speed-

strength, to encourage the lower limbs to move quickly under load given the new changes in 

strength. The third is the most complex, where the athlete jumps symmetrically and with great 

power but with suboptimal joint extension sequences either in order or timing of extension. In 

this case an athlete is extending a joint at the wrong time, resulting in a lower jump. This is a 

case of a suboptimal motor pattern that needs to be corrected. Unfortunately, strength and 

conditioning trainers have yet to come to a consensus on how best to develop optimal jumping 

motor patterns for these individuals. Isolating one joint may help train the order of triple 

extension about the ankle. For example, standing on the edge of a lifting platform with the heels 

on the platform and the forefoot hanging out over the front edge of the plaatform is a useful 

training exercise to encourage triple extension. In performing a hang clean from this position, the 

athlete must extend their joints in the correct order or risk tipping forward if their ankles begin to 

extend ahead of the knees or hips where the weight+athlete unit would be unbalanced. This 

technique may be suitable for modifying the extension of the ankle. However, the presence of 

much larger, biarticular, musculature between the hip and the knee makes the training process 

towards an optimal pattern from a suboptimal pattern a very individualized process as there may 

be numerous strategies by which the musculature is managed (Bobbert & van Ingen Schenau, 

1988; Feltner et al., 2004; Hara et al., 2008).  

Despite the multiple training methodologies that can be employed in helping athletes to 

develop their jumping abilities. Successful vertical jumping, in which the athlete jumps high, 

appears to require triple extension, through appropriate sequences of joint extension and timings 

of extension peaks. 
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6.7. Limitations  

6.7.1. Single-Leg Jumping 

This work explored lower limb angular velocity and power on jump height in symmetric, 

no-arm and two-arm swing conditions, and asymmetric, single-arm swing conditions in 

controlled two-foot jumps. However, in sport performance jumping using both legs is not always 

desirable given the possibility of physical contact with another player or a player’s need to 

change direction at takeoff (Sugiyama et al., 2014). However, we are unable to comment on the 

single-leg jumps that occur in sports performances. Unilateral jumping will dramatically alter the 

low limb joint powers and velocities thereby dramatically affecting jump height. Another 

variation of this work for future investigations could extend to include single-leg jumping efforts 

coupled with the various arm swing conditions for insight into the effects on power and velocity. 

 

6.7.2. Timing of Testing 

During data collection, participants were tested during their mid-season break. Both 

varsity volleyball and basketball have relatively long seasons that span the fall and winter terms 

of university and a mid-season break is necessary for players to recover from the fatigue of 

training and playing and to manage their academic commitments. Even though players were 

testing during their mid-season break they did exhibit some signs of central fatigue, some ground 

reaction force profiles lacked a clear peak at maximum and some ground reaction force profiles 

had a rolling or jagged slope as it neared maximum compared to a fresh, unfatigued jump (Figure 

6.2) (Davis & Walsh, 2010; Zwarts, Bleijenberg, & van Engelen, 2008). Samples of these 

phenomena are demonstrated in Figure 6.3, 6.4, 6.5. 
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Figure 6.2: Vertical ground reaction force of athlete demonstrating appropriate curve 
shape with upward slope (grey shaded area) to single peak (area in circle). 

 
Figure 6.3: Vertical ground reaction force of athlete demonstrating increased time to peak (grey 

shaded area), and rolling peak (bracket). 
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Figure 6.4: Vertical ground reaction force of athlete demonstrating increased time to peak (grey 

shaded area), and rolling peak (bracket). 
 

 
Figure 6.5: Vertical ground reaction force of athlete demonstrating increased time to single peak 

(grey shaded area). 
 

 

The presence of fatigue may have caused a reduction in their overall maximal jump 

heights. Appendix F reports on the effect of rest break length and self-reported fatigue in a pilot 
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group of recreationally active athlete. The optimal rest break was chosen to manage fatigue. In 

this study no participant reported the need for an increased break time between jumps. 

 
6.7.3. Injury History 

Given the participant pool, another concern was that injury history was not gathered for 

each participant. We know that injuries create limb asymmetries in joint moments, and 

subsequently joint powers (Ernst, Saliba, Diduch, Hurwitz, & Ball, 2000). It is possible that 

participants with previous injuries had reduced power production and perhaps had altered power 

profile between limbs.  We have already noted that participants displayed differences in power 

curves between lower limb joints (Epp-Stobbe & Costigan, 2016). In sport, athletes may compete 

and train during the injury recovery process despite having been cleared for participation from 

team trainers and medical staff (Safai, 2003).  

6.7.4. Data Loss in Modeling 

The nature of the countermovement vertical jump led to data loss during data collection. 

The extreme jump heights meant that in some cases the arms, head, and even shoulders of a 

participant moved out of the field of view of the motion tracking cameras. Where possible the 

missing segment data was reconstructed in Visual 3D and Matlab. In these cases, the segment 

lengths for the upper body were used to generate the skeletal model and the model was then 

applied to the motion files. However, in several cases important tracking markers were lost and 

Visual 3D could not correctly apply the skeletal model, resulting sections of missing data for a 

trial. Since most of these missing sections occurred around the anticipated peak of the 

participant’s jump, these trials could not be used for further analysis. 
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6.7.5. Selection of Jump Starting Point in Centre of Mass Calculations 

The challenge of modeling a non-cyclic event such as the countermovement vertical jump 

is that there are no clear markers from which to define a starting point. The jump may be defined 

as beginning from the initiation of movement downward into the countermovement phase, or 

beginning from the lowest point in the countermovement (Potach & Chu, 2008; Vanrenterghem 

et al., 2004). In this study, the choice was made to use a standardized distance working 

backwards from the clear end point of being in the air; described in more detail in section 4.4.3, 

resulting the starting point occurring during quiet standing before the initiation of the 

countermovement. This starting point was then used to evaluate the initial height of the centre of 

mass in determining the change in height during the jump. 

Unfortunately, whole body centre of mass is highly dependent on the positioning of the 

limbs of the body (McGinnis, 2013). This means that when the arms are raised above the head, 

the centre of mass also rises in the body. Therefore, in the takeoff period, before the feet even 

leave the force platform, the centre of mass undergoes some changes, rising and falling, with the 

arm swing and countermovement of the body. It is possible that the jump height estimates, 

provided through the displacement of the centre of mass of the body, were increased for the two-

arm condition over one-arm condition and the one-arm condition over the no-arm condition. It is 

possible that using the location of the centre of mass at toe-off as the initial COM height would 

provide less variable height estimates. 

6.7.6. Normalization of Jump in Calculation of Location of Peak Values 

The location of peak values was expressed as a percentage of the jump. However, the 

location of the start of the jump was determined as the time of maximum ground reaction force 

minus four times the time from the maximum ground reaction force until toeoff. The entire jump 
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was from this start point until toeoff. Visual inspection showed that this algorithm produced 

jump profiles that were consistent within a participant and similar across participants. Other 

algorithms, such as initial COM movement, maximum COM depth during the countermovement, 

or time of landing were not as robust as the algorithm chosen. However, given the variability in 

the jumping profile the normalized will have a smaller impact on events that occur closer to point 

of maximum GRF rather the start of the jump, where the peak values near takeoff, such as those 

about the ankle, are less likely to be skewed than those occurring towards the start of the jump, 

such as those about the hip.  

 

6.8. Recommendations for Future Investigation 

Future work would benefit from using of a wider range of centre of mass displacements. 

While this study sought to generate a range of heights using different arm swing conditions, 

submaximal height targets should be considered in the future. Interestingly, there are studies that 

analyse submaximal jumping and have determined trends about the involvement of particular 

joints, such as that of the hip producing less power in submaximal efforts (Vanrenterghem et al., 

2004). However, these studies still show extreme variability in the joint powers generated across 

the lower limb in vertical jumping, particularly at maximal efforts between a no-arm swing and a 

two-arm swing alone (Vanrenterghem et al., 2004, Lees et al., 2004b). It is possible that 

incorporating single-arm swings as well as submaximal jumps may broaden the range of 

displacements, making it easier to parse out trends linked to movement patterns.  

No matter the arm swing used, future investigations would also benefit from the use of a 

fixed event such as toe-off to be used as the starting point from which to evaluate the 

displacement of the centre of mass as a more stable centre of mass is present at that point in the 
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jump. This stable starting point may help in the event that single-subject design studies are 

undertaken to better understand intra-individual variation in jumping as a method of explaining 

the high variability seen in maximal effort vertical jumps. 

In assessing movement patterns, future studies may seek to understand the training effect 

on improving joint sequencing. The sequence, and timing of peaks, of joint extension may act as 

a means to investigate optimal power transfer across the lower limb. Transfer of power across the 

hip and knee in the vertical jump remains yet unclear, however, this represents an important 

contributor to the understanding of optimal movement patterns in jumping. 
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Chapter Seven 

Conclusion 
 
 
 

This thesis contributed a better understanding of the hip, knee, and ankle kinetics and 

kinematics in the vertical jump across a wide range of upper body positions. Lower limb joint 

power and joint angular velocity were related to changes in jump height under various arm swing 

patterns in a group of twenty athletes.  

Peak knee power, as well as the location of peak knee power, acted as moderate 

predictors of vertical jump height. Peak knee angular velocity also had a moderate influence on 

vertical jump height. The locations of the peak angular velocities of the hip and ankle suggested 

that the timings of these joint measures were important to vertical jump height. Suggesting, 

overall, that the extension sequences as well as the timings of peak values, of powers and of 

angular velocities, of lower limb joints influence in vertical jumping. 

In summary, the inclusion of multiple lower limb joints, through angular power analysis, 

increases the complexity of analysis of the vertical jump process compared to single lower body 

calculations such as those for linear lower body power. Presently, the simpler sport tests linking 

linear power and vertical jump height are not sufficient in explaining the biomechanical 

contributors to a high vertical jump as they are not reflective of the individual joint efforts in the 

movement (Robbins, 2010; Sierer et al., 2008; Robbins 2012). Testing of the vertical jump must 

incorporate investigations into events at the level of the joint through the measurement of angular 

power or of angular velocity, and not simply linear power, given the variability in trends and 

moderate contributions of the knee in modifying jump height. 
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Appendices 
 

Appendix A: Ethics Approval Including Amendments 

 

 
July 29, 2015 
 
Ms. Amarah Epp-Stobbe 
Master�s Student 
School of Kinesiology and Health Studies 
Queen's University 
28 Division Street 
Kingston, ON, K7L 3N6 
 
G R E B Ref #: GPH E-197-15; Romeo # 6016067 
T itle: " GPH E-197-15 Investigating the Differences in A rm Swing Type during a Countermovement Vertical 
Jump "  
 
Dear Epp-Stobbe: 
 
The General Research Ethics Board (GREB), by means of a delegated board review, has cleared your proposal 
entitled " GPH E-197-15 Investigating the Differences in A rm Swing Type during a Countermovement Vertical 
Jump "  for ethical compliance with the Tri-Council Guidelines (TCPS) and Queen's ethics policies. In accordance 
with the Tri-Council Guidelines (article D.1.6) and Senate Terms of Reference (article G), your project has been 
cleared for one year. At the end of each year, the GREB will ask if your project has been completed and if not, what 
changes have occurred or will occur in the next year. 
 
You are reminded of your obligation to advise the GREB, with a copy to your unit REB, of any adverse event(s) that 
occur during this one year period (access this form at https://eservices.queensu.ca/romeo_researcher/ and click 
Events - GREB Adverse Event Report). An adverse event includes, but is not limited to, a complaint, a change or 
unexpected event that alters the level of risk for the researcher or participants or situation that requires a substantial 
change in approach to a participant(s). You are also advised that all adverse events must be reported to the GREB 
within 48 hours. 
 
You are also reminded that all changes that might affect human participants must be cleared by the GREB. For 
example you must report changes to the level of risk, applicant characteristics, and implementation of new 
procedures. To make an amendment, access the application at https://eservices.queensu.ca/romeo_researcher/ and 
click Events - GREB Amendment to Approved Study Form. These changes will automatically be sent to the Ethics 
Coordinator, Gail Irving, at the Office of Research Services or irvingg@queensu.ca for further review and clearance 
by the GREB or GREB Chair. 
 
On behalf of the General Research Ethics Board, I wish you continued success in your research.  
 
Yours sincerely,  

 
Joan Stevenson, Ph.D. 
Chair 
General Research Ethics Board 
 
c:  Dr. Patrick Costigan, Faculty Supervisor  
 Dr. Lucie Levesque, Chair, Unit REB  
 Ms. Josie Birchall, Dept. Admin.  
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September 21, 2015 
 
 
 
 
 
Ms. Amarah Epp-Stobbe 
Master�s Student 
School of Kinesiology and Health Studies 
Queen's University 
28 Division Street 
Kingston, ON, K7L 3N6 
 
Dear Ms. Epp-Stobbe: 
 
RE: Amendment for your study entitled: GPH E-197-15 Investigating the Differences in A rm Swing Type during 
a Countermovement Vertical Jump; ROMEO# 6016067 
 
Thank you for submitting your amendment requesting the following changes: 
 
1) To add remuneration of $15.00 to participants; 
 
2) To recruit only male participants. 
 
By this letter you have ethics clearance for these changes.  
 
Good luck with your research. 
 
Sincerely, 
 

  
Joan Stevenson, Ph.D. 
Chair 
General Research Ethics Board 
 
c.: Dr. Pat Costigan, Supervisor 
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Appendix B: Letter of Information & Consent Form 

 

 
   

 Biomechanics & Ergonomics Lab 
 SKHS Building 
 28 Division Street 
 Queen’s University 
 Kingston, Ontario, Canada   K7L 3N6 
 www.queensu.ca/skhs  
 
  
 

Letter of Information 
Investigating the differences in arm swing type during a countermovement vertical 

jump. 
 
Dear Participant,  
 
You are invited to participate in a study on the impact of different types of arm 
movements in the vertical jump. The current research project is being carried out by 
Amarah Epp-Stobbe in the School of Kinesiology and Health Studies at Queen’s 
University in Kingston, Ontario. 
 
What is this study about?  The purpose of this project is to understand how one- and 
two-arm swings impact the height, take-off velocity, and joint power in the vertical jump. 
You will be asked to perform twenty-four (24) maximal effort countermovement vertical 
jumps in total. The duration of this data collection session is approximately one (1) hour 
in length. The physical risks are limited to some muscle soreness due to fatigue from 
maximal effort jumping. You will not benefit directly from participating in this study. 
 
Is my participation voluntary? Yes, participation is this research is voluntary. If you 
choose to participate in this study you may withdraw at any time. If you choose to 
withdraw during testing announce to the principal investigator that you no longer wish to 
continue.  If, after completing testing, you later wish to have your data removed, contact 
the investigator using the email given below. In both cases all data pertaining to the study 
under your name will be removed from our records. If you are a student your withdrawal 
will have no effect on your academic or athletic records.  
 
What equipment will be used? This investigation will use motion tracking software. 
Motion tracking markers will be applied to your body using small, non-invasive plastic 
patches that will feel similar to a sticker on your skin. You will perform trials of moving 
your limbs slowly through their range of motion to calibrate the software. Then you will 
perform the twenty-four (24) countermovement jumps using a randomized order of arm 
swings: no arm swing, one-arm swing, and two-arm swings. The jumps will be performed 
on two force plates. These force plates will be on the same level, permitting an even-
footed landing with one foot on each plate. 
 
What about my personal information? The principal investigator will store your 
information, data and responses under a numeric subject code. Only the principal 
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investigator will be able to view the coded data. Data is stored in a password-protected 
computer, in a secure laboratory of the School of Kinesiology and Health Studies, a 
building that is closed to the public after regular business hours. Some of the data 
collected may be published in professional journals, scientific conferences or at academic 
gatherings. Any published results will present only aggregate data. It will not be possible 
to identify an individual. 
 
Will I be paid? You will be reimbursed $15 for your participation in this study. 
 
What if I have concerns? Any questions about study participation may be directed to the 
principal investigator Amarah Epp-Stobbe at 14ajes@queensu.ca. If you have any 
concerns about your rights as a research participant please contact the Chair of the 
General Research Ethics Board at chair.GREB@queensu.ca or at 613-533-6081. 
 
Your interest in participating in this study is greatly appreciated, thank you.  
 
This study has been granted clearance according to the recommended principles of 
Canadian ethics guidelines, and Queen's policies. 
 
Sincerely,  
 
Amarah Epp-Stobbe 
Principal Investigator  
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Consent Form  
 

Investigating the differences in arm swing type during a countermovement vertical 
jump. 

 
Name (please print clearly): ________________________________________ 
 

1. I have read the Letter of Information and have had any questions answered to my 
satisfaction. 
 

2. I understand that I will be participating in the study Investigating the differences 
in arm swing type during a countermovement vertical jump. I understand that 
this means that I will be expected to attend one 1-hour session. 
 

3. I understand that my participation in this study is voluntary and I may withdraw at 
any time.  

 
4. I understand that every effort will be made to maintain the confidentiality of the 

data now and in the future. Only experimenters in the Biomechanics and 
Ergonomics Laboratory will have access to this area. The data may also be 
published in professional journals or presented at scientific conferences, but any 
such presentations will be of general findings and will never breach individual 
confidentiality. Should I be interested, I am entitled to a copy of the findings. 

 
5. I am aware that if I have any questions, concerns, or complaints, I may contact the 

principal investigator, Amarah Epp-Stobbe at 14ajes@queensu.ca. If I have any 
concerns about my rights as a research participant I may contact the Chair of the 
General Research Ethics Board at chair.GREB@queensu.ca or at 613-533-6081. 

 
I have read the above statements and freely consent to participate in this research: 
 
 
 
 
Signature of Participant: _____________________________________    
Dated at Kingston, Ontario on: _________________________________ 
Signature of Person Conducting Consent Process: ______________________________ 
Witness: ___________________________________ 
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Appendix C: PAR-Q+ Questionnaire 
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Appendix D: Participant Information Data Sheet 

 

Thesis Collection Data Sheet – A. Epp-Stobbe 

Participant Information Data Sheet 

Subject Number: _____________ 

 

General Information: 

Age: ______ 

Handedness: _______ 

Legged-ness: _______ 

Height: _________ 

Weight: __________ 

 

Length of Left & Right Upper Arm & Forearms: 

LEFT UPPER ARM: _____ 

LEFT FOREARM: _______ 

RIGHT UPPER ARM: _________ 

RIGHT FOREARM: ________ 

 

Sport Information: 

Sport: ________________ 

 

Years at varsity level & years playing sport: 

YEARS VARSITY: ________ 

YEARS PLAYING SPORT: __________ 
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Appendix E: Motion Capture Marker List 

Table E.1: List of anatomical markers and rigid body segment markers for motion capture. 
ANATOMICAL MARKERS Acromion – right 
 Elbow lateral epicondyle – right  
Head – anterior Elbow medial epicondyle – right 
Head – posterior Wrist medial – right 
Head – left Wrist lateral – right 
Head – right Base of second metacarpal – right 
Ear – left Base of fifth metacarpal - right 
Ear – right  
 Acromion – left 
C7 vertebrae Elbow lateral epicondyle – left 
Suprasternal notch Elbow medial epicondyle – left 
Xiphoid process Wrist medial – left 
T8 vertebrae Wrist lateral – left 
 Base of second metacarpal – left 
ASIS – left Base of fifth metacarpal – left 
ASIS – right  
PSIS – left RIGID BODIES 
PSIS – right  
Iliac crest – left Thigh – right 
Iliac crest – right Thigh – left 
Greater Trochanter – left Shank – right 
Greater Trochanter – right  Shank – left 
  
Medial femoral condyle – left Back – lower back (between L2-L5) 
Lateral femoral condyle – left Back2 – upper back (between shoulder blades) 
Medial malleolus – left  
Lateral malleolus – left Arm – right 
Head of second metacarpal – left Arm – left 
Head of fifth metacarpal – left Forearm – right 
Base of fifth metacarpal – left Forearm – left 
Calcaneus - left 

 

 
Medial femoral condyle – right 
Lateral femoral condyle – right 
Medial malleolus – right 
Lateral malleolus – right 
Head of second metacarpal – right 
Head of fifth metacarpal – right 
Base of fifth metacarpal – right 
Calcaneus - right 

Figure E.1: Quick 
reference photo for 
marker placement. 
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 Appendix F: Evaluation of Rest Break Times and Self-Reported Fatigue 

 

Read & Cisar (2001) suggest that the absolute minimum amount of time necessary 

between maximal effort depth jumps is fifteen seconds. However, their work used depth jumps, 

only assessing ten jumps in each session (Read & Cisar, 2001). For the purposes of this 

investigation it was necessary to determine if similar rest break times held for the 

countermovement jump.  

Three participants, two females and one male, (age 24.66 years  ± 2.89 years; height 

175.00 cm ± 5.29 cm; weight 66.67 kg ± 10.50 kg) performed thirty two-arm swing 

countermovement jumps with thirty seconds of rest between each jump. The participants were all 

healthy individuals free from injury to their lower limbs. 

The jump profile data were measured using an AMTI in-ground force plate (BP6001200 

Force Platform, Advanced Medical Technology, Inc., Watertown, Massachusetts) and recorded 

by Qualisys Track Manager (Qualisys Track Manager, Qualisys AB, Gothenburg, Sweden). 

Thirty seconds was used as the rest break time as this ensured sufficient time for the measures to 

be recorded and saved by Qualisys Track Manager. Before jumping, participants were asked to 

evaluate their rate of perceived exertion using the Borg scale. Participants also reported their rate 

of perceived exertion after each jump during the rest break.  

The peak vertical ground reaction forces at takeoff were extracted using Excel (Microsoft 

Excel, Microsoft Corp., Redmond, Washington, USA). Statistical analysis was performed using 

SPSS (IBM SPSS Statistics Version 21, IBM Corporation, Armonk, New York, USA). Linear 

regression analysis was performed for the peak vertical ground reaction forces at takeoff each 

participant to determine the unstandardized coefficient of regression (Table F.1). 
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Table F.1: Unstandardized coefficient of regression analysis for all participants. 
Participant Unstandardized Coefficient 

1 0.050 

2 -0.050 

3 0.039 

 

The Borg scale values of participants were self-reported as an 8, which is identified as 

between 7 – “extremely light” and 9 – “very light”. During the session, participants’ self-

reported rates of perceived exertion only increased by two or three points on the Borg scale, 

identifying their levels of perceived exertion as “light”. 

The low Borg scale values combined with the distribution of unstandardized coefficients 

about zero suggests that individuals did not experience high levels of fatigue that compromised 

their jumps. Therefore, the thirty seconds of rest given between each jump was of an appropriate 

length to ensure that participants could perform a maximal effort jump each time.  
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Appendix G: Evaluation of Required Number of Jump Trials in Three Arm-Swing 

Conditions 

 

Multiple trials of the three arm swing conditions of the countermovement jump were 

assessed to determine the minimum number of trials to note differences in arm swing patterns.  

Two participants, both right-hand dominant males, (age 24.50 years  ± 2.12 years; height 

177.50 cm ± 0.71 cm; weight 74.00 kg ± 1.41 kg) performed a total of thirty jumps, ten with a 

two-arm swing, ten with a one-arm swing with their dominant arm, and ten with a one-arm swing 

with their non-dominant arm. The participants were healthy, active, individuals free from injury 

to their lower limbs who participated in sports that required them to jump during games. This 

experience with jumping ensured that participants understood the technique of performing the 

movement, eliminating potential errors due to timing of the jump (Chiu et al., 2014; Gerodimos, 

Zafeiridis, Perkos, Dipla, Manou, & Kellis, 2008). 

The jump profile data were measured using an AMTI in-ground force plate (BP6001200 

Force Platform, Advanced Medical Technology, Inc., Watertown, Massachusetts) and recorded 

by Qualisys Track Manager (Qualisys Track Manager, Qualisys AB, Gothenburg, Sweden). 

Forty-five seconds was used as the rest break time as this ensured sufficient time for the 

measures to be recorded and saved by Qualisys Track Manager as well as delivering instructions 

about the next type of jump to perform to the participant. The jump types were fully block 

randomized.  

The peak vertical ground reaction forces at takeoff were extracted and analyzed using 

Excel (Microsoft Excel version 14.3.5, Microsoft Corp., Redmond, Washington, USA). The 

means and standard deviations of each peak vertical ground reaction force were determined. 
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Next, the percentage of the standard deviation as accounted for in the mean force was 

determined. Dividing the mean force by the standard deviation and multiplying the value by 100 

found this percentage. This process was repeated for all arm swing types and all ten trials and is 

shown in Figure G.1. 

 

 

 

Figure G.1: Percentage contribution of the standard deviations about the means in the three arm 
swing conditions for all ten trials. (The light line represents the second order polynomial line of 
best fit. The dark line at six jumps represents the inflection point after which the group standard 
deviation stabilizes.) 
  

The one-arm dominant swing pattern was used as the major line of evaluation due to its 

weak exponential decrease across all jumps. Six jumps is the inflection point at which the 

standard deviation percentage values stabilize, as all values following this point are relatively 

stable despite performing more jumps. However, at four jumps the graph demonstrates some 
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initial stability for the two-arm swing and one-arm non-dominant swing patterns. The rate of the 

decrease of the one-arm dominant swing values also slows, with only a decrease in percentage of 

about 1.0% between four and six jumps.  Therefore the most stable measures of the 

countermovement jump may be determined following six jumps of a specific arm swing type, 

however, should marker data be missing from some trials, four jumps is the minimum acceptable 

number of jumps for further processing. 
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Appendix H: Residual Analysis for Data Filtering 

 

The residual analysis was performed on a hip marker, using methods outlined by Winter 

(2009) and Wells and Winter (1980). This process was repeated on a selection of both left and 

right greater trochanter markers for eight participants, for a total of 16 hip markers for analysis. 

While the speed of the hip compared to that of the swinging arm may be different, given the 

hip’s proximity to the whole-body centre of mass, the hip was determined to be an appropriate 

marker for filtering. Through these methods it was determined that a cut-off frequency of 6.0Hz 

would be appropriate to filter this data set. 

 

 

Figure H.1: Residual cut-off for hip marker in countermovement vertical jump.  
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Appendix I: MATLAB Custom Code 

Globals; written by A. Epp-Stobbe 
 
% global variables 
  
global varName trialmatrix condlist subjlist sampleRate gravity;  
condlist = ['0a'; '1d'; '1n'; '2a'];  
subjlist = ['p03'; 'p04'; 'p05'; 'p06'; 'p07'; 'p08'; 'p09'; 'p10'; 'p11'; 'p12';'p13'; 'p14'; 'p15'; 'p16'; 'p17'; 'p18'; 'p19'; 'p20'; 
'p21'; 'p22']; 
baseFolder = '/Users/amarahepp-stobbe/Dropbox/Epp-Stobbe_Thesis/'; 
load jumpList; 
trialmatrix = trialmatrix; 
varNames; 
  
specialEnd = ['p04'; 'p05'; 'p06']; 
  
% some handy variables; 
axisX = 1;  
axisY = 2;  
axisZ = 3;  
jhip = 1; jknee = 2; jankle = 3;  
joint = 'HKA'; 
sampleRate = 200; 
gravity = -9.81;  
 
 
varNames; written by A. Epp-Stobbe 
 
% varNames 
  
global varName Rpow Lpow; 
  
Rang = [1,2,3]; 
Lang = [13,14,15]; 
Angs = [1,2,3,13,14,15]; 
  
Rmom = [4,5,6]; 
Lmom = [16,17,18]; 
Moms = [4,5,6,16,17,18]; 
  
Rvel = [10,11,12]; 
Lvel = [22,23,24]; 
Vels = [7,8,9,22,23,24]; 
  
Rpow = [7,8,9]; 
Lpow = [19,20,21]; 
Pows = [7,8,9,19,20,21]; 
  
varName{1} = 'RHang'; 
varName{2} = 'RKang'; 
varName{3} = 'RAang'; 
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varName{4} = 'RHmom'; 
varName{5} = 'RKmom'; 
varName{6} = 'RAmom'; 
  
varName{7} = 'RHpow'; 
varName{8} = 'RKpow'; 
varName{9} = 'RApow'; 
  
varName{10} = 'RHvel'; 
varName{11} = 'RKvel'; 
varName{12} = 'RAvel'; 
  
varName{13} = 'LHang'; 
varName{14} = 'LKang'; 
varName{15} = 'LAang'; 
  
varName{16} = 'LHmom'; 
varName{17} = 'LKmom'; 
varName{18} = 'LAmom'; 
  
varName{19} = 'LHpow'; 
varName{20} = 'LKpow'; 
varName{21} = 'LApow'; 
  
varName{22} = 'LHvel'; 
varName{23} = 'LKvel'; 
varName{24} = 'LAvel'; 
  
varName{25} = 'WBcom'; 
varName{26} = 'TRvel'; 
  
varName{27} = 'LFgrf'; 
varName{28} = 'RFgrf'; 
  
varName{29} = 'RWpos'; 
varName{30} = 'LWpos'; 
  
varName{31} = 'RHpos'; 
varName{32} = 'LHpos'; 
  
varName{33} = 'RT2'; 
varName{34} = 'RAL'; 
varName{35} = 'RAM'; 
varName{36} = 'RKL'; 
varName{37} = 'RKM'; 
varName{38} = 'RGT'; 
  
varName{39} = 'LT2'; 
varName{40} = 'LAL'; 
varName{41} = 'LAM'; 
varName{42} = 'LKL'; 
varName{43} = 'LKM'; 
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varName{44} = 'LGT'; 
  
varName{45} = 'RSh'; 
varName{46} = 'REL'; 
varName{47} = 'REM'; 
varName{48} = 'RW5'; 
varName{49} = 'RW2'; 
  
varName{50} = 'LSh'; 
varName{51} = 'LEL'; 
varName{52} = 'LEM'; 
varName{53} = 'LW5'; 
varName{54} = 'LW2'; 
  
varName{55} = 'RH5'; 
varName{56} = 'LH5'; 
varName{56} = 'RB5'; 
varName{56} = 'LB5'; 
 
Importing Script – doClipNorm; written by A. Epp-Stobbe 
 
close all;  
clear all;  
  
matName1 = 'jumpdata_comwbody.mat'; 
matName2 = 'jumpdata_grfdata.mat'; 
matName3 = 'jumpdata_wristhipposition.mat'; 
matName4 = 'jumpdata_segends.mat'; 
globals; 
  
%start single subject processing loop 
for subject = 1:size(subjlist,1) % by subject 
    subCode = subjlist(subject,:);  
    disp (subCode);  
  
    isSpecial = 0; %makes isSpecial false 
  
    for i = 1:length(specialEnd) 
            if strcmpi(subCode, specialEnd(i,:)) 
            isSpecial = 1; 
            end % end if 
    end %i, isSpecial 
     
    %load subject folder & all variables     
    load ([baseFolder subCode '/' matName1]);    
    load ([baseFolder subCode '/' matName2]);  
    load ([baseFolder subCode '/' matName3]);  
    load ([baseFolder subCode '/' matName4]); 
     
    makeDataStruct; 
    clear FILE_NAME FRAME_RATE ANALOG_VIDEO_FRAME_RATIO;  
    clear LAangle LAmoment Lang LApower LAvelocity;  
    clear LHangle LHmoment LHpower LHvelocity LHposition;  
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    clear LKangle LKmoment LKpower LKvelocity; 
    clear RAangle RAmoment Rang RApower RAvelocity;  
    clear RHangle RHmoment RHpower RHvelocity RHposition;      
    clear RKangle RKmoment RKpower RKvelocity; 
    clear LWposition RWposition COMposition;  
    nData = data; 
       
    Rfp  = getfield(data, 'RFgrf'); %get for all trials just once b/c just 1/sub 
    Lfp  = getfield(data, 'LFgrf'); 
    Rhip = getfield(data, 'RHpos'); 
    Lhip = getfield(data, 'LHpos');       
  
   for trial = 1:24  %condition %process by trials         
        if isTrialGood(subCode, trial)           
            RfpTrial  = Rfp{trial}; %now all variables BY trial 
            LfpTrial  = Lfp{trial}; 
            grf = RfpTrial + LfpTrial;                
  
            if isSpecial 
            %special_findJumpStartEnd (grf, subCode); 
            [jStart(trial), jEnd(trial)] = special_findJumpStartEnd (grf, subCode); 
             
            else 
            [jStart(trial), jEnd(trial)] = pc_findJumpStartEnd (grf); 
            end %isSpecial 
             
            jLength = jEnd(trial) - jStart(trial); % as a check    
            disp (sprintf('trial: %2d   startJ: %3d stopJ: %3d lengthJ: %3d ', trial, jStart(trial), jEnd(trial), jLength));  
        end 
    end 
  
    for v = 1:length(varName) %must load with varname and getfield! by outcome 
        %disp (v); 
        outcome = getfield(data, varName{v});  
        nOutcome = [ ];  
        for trial = 1:24 
            %disp(trial) 
            if isTrialGood(subCode, trial)  
                trialVar = cell2mat(outcome(trial));        %determines which trial in outcome is being 
    
                if isempty(trialVar);    %for managing empty segment sections 
                    continue 
  
                trialVar = (trialVar(jStart(trial):jEnd(trial),:)); %clip based on start/end funcs                         
                end %isempty 
  
                trialVar = timeNorm(trialVar, 100); %timeNorm to 100 points                         
 

nOutcome{trial} = trialVar; %save normalized trial  
            end %is good trial 
        end % trial 
        nData = setfield(nData, varName{v}, nOutcome); 
    end % variable         
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    nData = setfield(nData, 'start', jStart); 
    nData = setfield(nData, 'end', jEnd); 
     
    save ([baseFolder subCode '/', 'nData'], 'nData'); %save new nData for every subject 
end 
 
makeDataStruct; written by A. Epp-Stobbe 
 
% combine all variables into one structure 
  
data.RHang = RHangle; 
data.RKang = RKangle; 
data.RAang = RAangle;  
  
data.RHmom = RHmoment; 
data.RKmom = RKmoment; 
data.RAmom = RAmoment;  
  
data.RHpow = RHpower; 
data.RKpow = RKpower; 
data.RApow = RApower;  
  
data.RHvel = RHvelocity; 
data.RKvel = RKvelocity; 
data.RAvel = RAvelocity;  
  
data.LHang = LHangle; 
data.LKang = LKangle; 
data.LAang = LAangle;  
  
data.LHmom = LHmoment; 
data.LKmom = LKmoment; 
data.LAmom = LAmoment;  
  
data.LHpow = LHpower; 
data.LKpow = LKpower; 
data.LApow = LApower;  
  
data.LHvel = LHvelocity; 
data.LKvel = LKvelocity; 
data.LAvel = LAvelocity;  
  
data.WBcom = COMposition; 
data.TRvel = Tvelocity; 
  
data.LFgrf = Lgrf; 
data.RFgrf = Rgrf; 
  
data.RWpos = RWposition; 
data.LWpos = LWposition; 
  
data.RHpos = RHposition; 
data.LHpos = LHposition; 
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data.RT2 = RT2; 
data.RAL = RAL; 
data.RAM = RAM; 
data.RKL = RKL; 
data.RKM = RKM; 
data.RGT = RGT; 
  
data.LT2 = LT2; 
data.LAL = LAL; 
data.LAM = LAM; 
data.LKL = LKL; 
data.LKM = LKM; 
data.LGT = LGT; 
  
data.RSh = RSh; 
data.REL = REL; 
data.REM = REM; 
data.RW5 = RW5; 
data.RW2 = RW2; 
  
data.LSh = LSh; 
data.LEL = LEL; 
data.LEM = LEM; 
data.LW5 = LW5; 
data.LW2 = LW2; 
  
data.RH5 = RH5; 
data.LH5 = LH5; 
data.RB5 = RB5; 
data.LB5 = LB5; 
 
isTrial Good; written by P. Costigan 
 
function status = isTrialGood (subCode, trialNumber) 
     
    load('jumpList.mat'); 
  
    col = str2num(subCode(2:end));  
    tcode = trialmatrix (trialNumber+1, col); 
    %disp (tcode); 
    status = ~strcmpi (tcode{:}, 'XX'); 
  
end 
 
special_findJumpStartEnd; written by A. Epp-Stobbe 
 
function [ jStart, jEnd ] = special_findJumpStartEnd( grf, subCode ) 
%function [ jStart, jEnd ] = special_findJumpStartEnd( grf, subCode ) 
     
startval = grf(1,3); 
  
target = startval + 100; %baseline plus five newtons to ensure appropriate cutoff 
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onPlate = grf(:,3) > target; 
diffOnPlate = -1 * diff(onPlate); 
diffOnPlate = diffOnPlate > 0; 
  
land = find(diffOnPlate, 1, 'first'); 
  
jEnd = land + 3; %to be at end of jump 
  
goodZ = grf(1:jEnd, 3); 
[~, maxloc] = max(goodZ); 
downSlope = length(goodZ) - maxloc; 
  
jStart = round(maxloc - (downSlope * 5)); 
  
end 
 
pc_findJumpStartEnd; written by P. Costigan 
 
function [ jStart, jEnd] = pc_findJumpStartEnd( grf ) 
%function [ jStart, jEnd] = pc_findJumpStartEnd( grf ) 
  
target = 20;  
% look for first frame below target value (in Newtons)  
inAir = grf(:,3) < target;     % vertical direction 
inAir = find(inAir, 1, 'first'); 
inAir = inAir + 40;              % add 2 frames to get to zero on the plate 
if inAir > length(grf(:,3)) 
    inAir = length(grf(:,3)); 
end 
  
[~, peakLoc] = findpeaks(grf(1:inAir, 3)); % a piece of Z 
zPeak = max(peakLoc);           %We want the last peak 
  
peakToInAir = (inAir - zPeak) + 1;  
% Start some multiple of peakToInAir length before the peak 
jStart = round(zPeak - (peakToInAir * 5));  
if jStart < 1 
    jStart = 1;  
end 
jEnd = inAir;  
  
end 
 
timeNorm; written by P. Costigan 
 
function [ newSignal ] = timeNorm ( origSignal, nPoints ) 
% function  [ newSignal ] = timeNorm ( origSignal, nPoints ) 
% normalizes the 'oldSignal' to the number of points 'nPoints' 
  
nLength = length(origSignal); 
origX   = 1:nLength;  
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newX    = linspace (1, nLength, nPoints); 
  
newSignal = interp1(origX, origSignal, newX); 
  
end 
  
 
Processing Script – doDataMath; written by A. Epp-Stobbe 
 
globals; 
  
sub = 'p22'; 
subNum = str2num(sub(2:3)); 
baseFolder = '/Users/amarahepp-stobbe/Dropbox/Epp-Stobbe_Thesis/'; 
matName1 = 'jumpdata_segends.mat'; 
matName2 = 'jumpdata_grfdata.mat'; 
segData = load ([baseFolder sub '/' matName1]); 
grfData = load ([baseFolder sub '/' matName2]); 
load ([baseFolder sub '/nData.mat']); 
side = ['R','L']; 
curveLength = 100; 
  
axis = 1; %about x (ML) axis 
  
headerstr = 
'Subject,Condition,Side,Trial,HipPow,KneePow,AnklePow,TotalPow,HipVal,HipLoc,KneeVal,KneeLoc,AnkleVal,
AnkleLoc,HeightJump,HeightCom,HeightWrist,comStart\n'; 
formatstr = '%3s,%2s,%1s,%2f,%1.5f,%1.5f, %1.5f, %1.5f,%1.5f,%1.5f, %1.5f, %1.5f,%1.5f, %1.5f, 
%1.5f,%1.5f,%1.5f,%1.5f\n'; 
fid = fopen('DataMath.csv', 'w'); %for Power Math 
%fid = fopen('VelMath.csv', 'w'); %for Velocity Math 
fprintf(fid, headerstr); 
  
for trial = 1:24 %1:24 
     
    if isTrialGood(sub, trial)  
         
        condition = trialmatrix{trial+1, subNum}; 
         
        for s = 1:length(side) 
  
        sumInfo = find_powerSum(nData, side(s), trial); %scalar 
         
        %peakInfo = find_peakValLoc(nData, s, trial, axis); %scalar 
         
        %simple height, uses marker position data 
        heightJump = getJumpHeight(nData.RHpos, trial); %scalar 
         
        totalCom = getComInfo(segData, trial); %vector 
         
        [heightCom, comStart] = getComHeight(sub, nData, trial, totalCom); %scalar 
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        heightWrist = getWristHeight(nData, side(s), trial); %scalar 
 

fprintf 
(fid,formatstr,sub,condition,side(s),trial,sumInfo(1:10),heightJump(trial),heightCom,heightWrist(trial), comStart); 
  
        %totalComPLOT = plotTotalCom(totalCom); 
         
        end %s 
         
    end %isTrialGood 
     
end %trial 
  
%to print after end of condition loop 
fclose(fid); 
disp('done'); 
 
find_powerSum; written by A. Epp-Stobbe 
 
function [ sumInfo ] = find_powerSum( nData, side, trial ) 
%function [ sumInfo ] = powerSum( nData, s, sub, condition ) 
%   Extracts sum of powers values for Hip, Knee, & Ankle;  
%adjusted by knocking 2 off the top to account for NaNs 
  
[h, ~, ~] = getVarTrials(nData, [side 'Hpow'], trial); %trial of appropriate condition 
[k, ~, ~] = getVarTrials(nData, [side 'Kpow'], trial); %trial of appropriate condition 
[a, ~, ~] = getVarTrials(nData, [side 'Apow'], trial); %trial of appropriate condition 
 
%since NaNs adjusts first value to reflect when numbers start 
h = h(1:100,:);  
k = k(1:100,:); 
a = a(1:100,:); 
  
hka = h+k+a; 
  
sumH = nansum(h); 
sumK = nansum(k); 
sumA = nansum(a); 
  
sumHKA = nansum(hka); 
  
[valH, locH] = max(h); 
[valK, locK] = max(k); 
[valA, locA] = max(a); 
  
sumInfo = [sumH, sumK, sumA, sumHKA, valH, locH, valK, locK, valA, locA]; 
  
end 
 
getVarTrials; written by P. Costigan 
 
function [ varX, varY, varZ ] = getVarTrials( allData, field, varargin) 
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% function [ varX, varY, varZ ] = getVarTrials( alldata, field, varargin) 
% Extracts the waveforms from 'allData' that correspond to the variable 'field 
% ASSUMPTIONS: 
%   allData is a structure containing fields output from Visual3D 
%   each field is a cell and each cell has the same structure (n by 3) 
%   each field has 3 dimensions (columns) - X Y and Z 
%   all fields have the same number of rows 
% INPUTS:  
%   allData: a structure containg the data 
%   field: the name of a field, eg 'RHpow' 
% OPTIONAL INPUT:  
%   a one dimensional vector holding the trials to be extracted from the field 
%   the string 'avg' indicating that the average of the trials is to be output 
% OUTPUTS: 
%   varX, varY, varZ: the X Y and Z data for the field. Each matrix has one  
%   column of data for each trial and the same number of rows.  
% 
% Examples:  
% 
%[x, y, z] = getVarTrials (nData, 'RHpow'); 
% returns all trials for right hip power 
% 
% trials = getCondTrials ('p15', '2a'); 
%[x, y, z] = getVarTrials (nData, 'RHpow', trials); 
% returns only those trials for subject 'p15' condition '2a' 
% 
% trials = getCondTrials ('p15', '0a'); 
%[~, ~, z] = getVarTrials (moreData, 'LFgrf', 'avg', trials, ); 
% returns only the mean curve for subject 'p15' condition '0a' 
% 
  
fieldArray = allData.(field);  
calcAvg = false;  
trialList= [ ]; % list which trials to get from the array - start with none 
if nargin == 2 % no trial list entered - so use all trials 
    trialList = 1:length(fieldArray); 
end 
  
nVarargin = length (varargin); 
for i = 1:nVarargin 
    arg = varargin{i}; 
    if ischar (arg) 
        switch arg 
            case 'avg' 
                calcAvg = true; 
        end 
    elseif isvector(arg) 
        trialList = arg; 
    end 
end;  
  
current = 0;  
for t = 1:length(trialList) 
    current = current + 1; 
    trialData = cell2mat(fieldArray(trialList(current))); 
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    if ~isempty (trialData) 
        varX(:, t) = trialData(:, 1);     %#ok<*AGROW> 
        varY(:, t) = trialData(:, 2); 
        varZ(:, t) = trialData(:, 3); 
    end 
end 
  
if calcAvg 
    varX = mean(varX, 2);     
    varY = mean(varY, 2); 
    varZ = mean(varZ, 2); 
end 
  
end 
  
getJumpHeight; written by A. Epp-Stobbe 
 
function [height] = getJumpHeight( data, nTrial) 
%function [height] = getJumpHeight( data, nTrial) 
% calculates jump height from marker data (uses either R gt OR uses 
% LBpsis marker - based on V3D output for RH.pos 
% Currently uses nData.RHpos; can be set to use nData.LHpos 
  
y = (data{nTrial}(:,3)); 
  
comStart = nanmean(y(1:10)); 
comMax = max(y); 
change = comMax - comStart; 
  
height(nTrial) = change; 
fprintf('For trial %d comStart is %3.4f comMax is %3.4f and height is %2.4f \n', nTrial, comStart, comMax, 
height(nTrial)); 
  
end 
  
getComInfo; written by A. Epp-Stobbe 
 
function [ totalCom ] = getComInfo( segData, t ) 
%segCom = getComInfo(nData, sub, condition); 
%Builds segments to compute whole body COM; generally based off of 
%Dempter's model 
%USES: getBest, getBestFoot, getParameters  
  
        %R foot 
        seg{1}.name = 'foot'; 
        seg{1}.prox = getBest(1, segData.RAL, segData.RAM);  
        seg{1}.dist = getBestFoot(1, segData.RT2, segData.RH5, segData.RB5);  
        %R leg 
        seg{2}.name = 'shank'; 
        seg{2}.prox = getBest(2, segData.RKM, segData.RKL);  
        seg{2}.dist = getBest(2, segData.RAM, segData.RAL); 
        %R thigh 
        seg{3}.name = 'thigh'; 
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        seg{3}.prox = getBest(3, segData.RKM, segData.RKL); 
        seg{3}.dist = segData.RGT; 
        %L foot 
        seg{4}.name = 'foot'; 
        seg{4}.prox = getBest(4, segData.LAM, segData.LAL); 
        seg{4}.dist = getBestFoot(4, segData.LT2, segData.LH5, segData.LB5);  
        %L leg 
        seg{5}.name = 'shank'; 
        seg{5}.prox = getBest(5, segData.LKM, segData.LKL); 
        seg{5}.dist = getBest(5, segData.LAM, segData.LAL); 
        %L thigh 
        seg{6}.name = 'thigh'; 
        seg{6}.prox = getBest(6, segData.LKM, segData.LKL); 
        seg{6}.dist = segData.LGT; 
        %Head & trunk 
        seg{7}.name = 'headTrunk'; 
        seg{7}.prox = segData.RGT; 
        seg{7}.dist = segData.RSh; 
        %R upper arm 
        seg{8}.name = 'upperArm'; 
        seg{8}.prox = segData.RSh; 
        seg{8}.dist = getBest(8, segData.REL, segData.REM); 
        %R forearm & hand 
        seg{9}.name = 'forearmHand'; 
        seg{9}.prox = getBest(9, segData.REL, segData.REM);  
        seg{9}.dist = getBest(9, segData.RW2, segData.RW5);   
        %L upper arm 
        seg{10}.name = 'upperArm'; 
        seg{10}.prox = segData.LSh; 
        seg{10}.dist = getBest(10, segData.LEL, segData.LEM); 
        %L forearm & hand 
        seg{11}.name = 'forearmHand'; 
        seg{11}.prox = getBest(11, segData.LEL, segData.LEM); 
        seg{11}.dist = getBest(11, segData.LW5, segData.LW2); 
  
totalCom{t} = 0; 
         
        for s = 1:11 %gets COM location 
  
            segLength = getParameters(seg{s}.name, 'segCom', 'proximal'); %COMp 
            segMass = getParameters(seg{s}.name, 'segMass');  %Mass 
  
            prox = seg{s}.prox{t}; 
            prox = prox(:,1:3); 
            dist = seg{s}.dist{t}; 
            dist = dist(:,1:3); 
            centre = prox +((dist - prox) * segLength); 
            seg{s}.com = centre; 
  
            seg{s}.comMassLoc = seg{s}.com * segMass; %segMass = Mass 
  
            totalCom{t} = totalCom{t} + seg{s}.comMassLoc; %whole body COM 
        end % s 
end 



 112 

getBest; written by A. Epp-Stobbe 
 
function [best] = getBest (segment, m1, m2) 
%function [best] = getBest (segment, m1, m2) 
%Picks between medial & lateral points where m1 is Dempter's recommendation and m2 is back-up in case of 
missing data for trial 
 
for t = 1:min(length(m1),length(m2)) 
  
    if isempty(m1{t}) 
            m1Nans = 99999; 
        else m1Nans = sum(isnan(m1{t}(1))); 
    end %isempty m1 
  
    if isempty(m2{t}) 
            m2Nans = 99999; 
        else m2Nans = sum(isnan(m2{t}(1))); 
    end %isemtpy m2 
  
    if m1Nans < m2Nans 
            best{t} = m1{t}; 
        else 
            best{t} = m2{t}; 
    end %nans loop 
  
    if (m1Nans == length(m1{t})) && (m2Nans == length(m2{t})) 
        fprintf('For segment %d, trial %d both markers are empty \n', segment, t); 
    end %safety print 
         
end %t1 
  
end % function 
 
getBestFoot; written by A. Epp-Stobbe 
 
function [best] = getBestFoot (segment, m1, m2, m3) 
  
% m1 = m1(:,1:3); 
% m2 = m2(:,1:3); 
  
%is the marker space empty 
for t = 1:min(length(m1),length(m2)) 
    best{t} = m1{t};  
    if isempty(m1{t}) 
        best{t} = m2{t};  
        if isempty(m2{t}) 
            best{t} = m3{t}; 
            if isempty(m3{t}) 
                fprintf('For segment %d, trial %d both markers are empty \n', segment, t); 
            end %m3 is empty 
        end %m2 is empty 
    end %m1 is empty 
end %t1 



 113 

  
%picks less NaNs 
for t = 1:min(length(m1),length(m2)) 
    m1Nans = sum(isnan(m1{t})); 
    m2Nans = sum(isnan(m2{t})); 
    m3Nans = sum(isnan(m3{t})); 
     
    if (m1Nans(1) < m2Nans(1)) && (m1Nans(1) < m3Nans(1)) 
        best{t} = m1{t}; 
    elseif (m2Nans(1) < m1Nans(1)) && (m2Nans(1) < m3Nans(1)) 
        best{t} = m2{t}; 
    elseif (m3Nans(1) < m1Nans(1)) && (m3Nans(1) < m2Nans(1)) 
        best{t} = m3{t}; 
    end %nans loop 
end %t2 
  
end % function 
 
getParameters; written by A. Epp-Stobbe 
 
function [param] = getParameters (segName, whichParam, whichEnd) 
%function [param] = getParameters (segName, whichParam, whichEnd) 
%getParam is designed to generate the limb segment parameters based on the work by Dempster et al. (1973). 
  
% set defaults 
param = 0.0; 
colMass = 2; %columnMass comes from the second column in the 'table' 
colProxCom = 3; 
colDistCom = 4; 
colProxMoi = 5; 
colDistMoi = 6; 
colComMoi = 7; 
  
 
%Dempster's Body Segment Parameters 
%            Segment        Mass     CoMp    CoMd    MoIp    MoId    MoIcom 
segParam = {'forearmHand',  0.0220,  0.682,  0.318,  0.827,  0.565,  0.468; 
            'upperArm',     0.0280,  0.436,  0.564,  0.542,  0.645,  0.322; 
            'foot',         0.0145,  0.500,  0.500,  0.690,  0.690,  0.475; 
            'shank',        0.0465,  0.433,  0.567,  0.528,  0.643,  0.303; 
            'thigh',        0.1000,  0.433,  0.567,  0.540,  0.653,  0.323; 
            'headTrunk'     0.5780,  0.660,  0.340,  0.830,  0.607,  0.503};  
  
segRow = find(strcmpi(segName, segParam)); %finds Row in segParam array where the segment name exists, not 
case sensitive 
  
%start with safety check 
if segRow == 0 
    return 
end     
   
%define sections 
 if strcmpi (whichParam,'segMass'); 
    param = segParam {segRow, colMass};  
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 elseif strcmpi (whichParam,'segCom'); 
        if strcmpi (whichEnd,'proximal'); 
            param = segParam {segRow, colProxCom};  
        else 
            param = segParam {segRow, colDistCom};  
        end 
         
 elseif strcmpi (whichParam,'segMoi'); 
        if strcmpi (whichEnd,'proximal'); 
            param = segParam {segRow, colProxMoi};  
        elseif strcmpi (whichEnd,'distal'); 
            param = segParam {segRow, colDistMoi}; 
        else 
            param = segParam {segRow, colComMoi}; 
        end 
 end 
  
end 
 
getComHeight; written by A. Epp-Stobbe 
 
function [ heightCom, comStart ] = getComHeight( sub, nData, trial, totalCom ) 
%function [ height ] = getComHeight( grfData, nData, trial, totalCom ) 
%gets change in COM height from max to mean standing OR if missing 
%information moves into getComHeightPred to predict max COM height 
  
makeFirstCom; 
  
endLocPlus = nData.end(trial); %last frame of being on plate using raw grf + 41 frames 
offPlate = endLocPlus - 41; 
  
comZ = totalCom{trial}(offPlate:end,3); 
allTC = (totalCom{trial}(:,3)); 
  
heightCom = 0; 
  
    %no nans 
    if sum(isnan(comZ)) == 0 
        comStart = mean(allTC(1:10));   
        if sum(isnan(allTC(1:10,1))) >= 1 
            comStart2 = firstCom.(sub); 
            %comZ = naninterp(comZ); 
            comMax = max(comZ); 
            heightCom = comMax - comStart2; 
             
        else (sum(isnan(allTC(1:10,1))) < 1); 
            comStart = mean(allTC(1:10));  
            comMax = max(comZ); 
            heightCom = comMax - comStart; 
        end %nan in allTC not in comZ 
     
    %nans somewhere 
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    elseif (sum(isnan(comZ)) ~= (0)) && (sum(isnan(comZ)) ~= (length(comZ))) 
        comStart = mean(allTC(1:10,1)); 
        comMax = max(comZ); 
        heightCom = comMax - comStart; 
         
        if sum(isnan(allTC(1:10,1))) >= 1 
            comStart2 = firstCom.(sub); 
            %comZ = naninterp(comZ); 
            comMax = max(comZ); 
            heightCom = comMax - comStart2; 
        end %nanComStart 
     
    %the whole trial is nans 
    elseif sum(isnan(comZ)) == length(comZ) 
        heightCom = 0; 
        comStart = 99999; 
        fprintf('For segment trial %d totalCom is empty\n', trial);            
    end %height by nans         
end 
 
getWristHeight; written by A. Epp-Stobbe 
 
function [ height ] = getWristHeight( nData, side, nTrial ) 
%function [ height ] = getWristHeight( nData, side, sub, condition ) 
 
[~, ~, w] = getVarTrials(nData, [side 'Wpos'], nTrial); 
wristStart = nanmean(w(1:10,:)); 
wristMax = max(w); 
change = wristMax - wristStart; 
height(nTrial) = change; 
 
end 
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Appendix J: Individual Participant Data Aggregated by Arm Swing Condition 

Table J.1: Individual participant data by arm swing condition where 0= no-arm, 2=two-arm, 10=non-dominant, 11=dominant. 
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3 0 2.4 57 12.6 63 11.2 98 3.3 87 2 96 0.2 97 1.8 77 12.5 63 5.7 98 2.9 87 10.2 65 0.3 97 
3 2 1.9 40 12.9 67 10.5 90 2.8 88 1.8 97 0.1 97 2.1 60 15.1 67 5.1 88 1.7 78 3.1 97 0.2 88 
3 10 2.7 58 12.2 64 14.8 79 2.5 84 1.4 96 0.2 93 2 47 13.8 64 5.3 89 1.1 66 3.1 89 0.1 89 
3 11 1.8 29 12 64 8.8 99 0.8 76 2.6 96 0.1 98 3 78 13.2 64 6.5 99 7.6 89 3.1 96 0.2 98 
4 0 5.1 99 10.9 71 18.8 95 6.5 56 0.6 93 0.2 95 5 99 9.2 70 11 96 3 96 0.9 98 0.5 95 
4 2 3.6 37 11.8 71 7.8 78 2.6 76 1.3 68 0.3 73 3.7 41 9.9 71 10.8 92 8.8 66 0.7 74 9.2 69 
4 10 4.3 87 11.9 73 15 98 3.8 66 0.8 92 0.2 97 3.6 58 9.5 73 12.4 98 7.1 69 1.2 84 6.8 77 
4 11 4.2 33 11.1 71 3.4 74 1.5 57 1.9 97 0.3 58 4 34 9.6 71 10.2 98 3.2 88 0.9 95 0.4 90 
5 0 4 58 13 69 8.8 99 2 68 1.4 97 0.3 97 3.9 58 12.5 69 11.4 99 3 88 1.4 96 0.5 98 
5 2 4.2 76 14.7 65 3.5 78 3.1 65 1 89 0.2 88 4 53 12.9 65 11.1 91 2.4 78 1.2 86 0.3 89 
5 10 3.6 75 13 76 6.4 85 2.1 75 0.7 93 0.2 92 3.4 79 13 76 8.1 93 2.4 79 0.8 93 0.2 82 
5 11 3.1 72 12.5 73 2 71 0.5 72 1.2 98 0.1 76 3 45 12.3 73 6.1 91 1.4 69 1.3 98 0.3 89 
6 0 4.7 80 14.8 64 9.3 98 5.1 84 13.4 61 1.3 61 4.7 99 15.1 65 10.6 98 3.6 88 10.5 62 3.2 62 
6 2 5.4 66 14.2 64 10.6 98 4.6 80 1.9 97 0.3 97 5.3 66 15.1 65 12.1 98 4.1 74 2.5 97 0.4 97 
6 10 4.3 61 14.4 68 7.1 99 3.7 52 5.7 77 1.7 77 4.3 62 15.2 68 8 99 3 74 7.1 68 3.9 77 
6 11 5.7 98 13.7 60 3.6 54 2.5 66 1.9 94 0.4 93 5.7 98 14.2 59 9.3 96 5.2 96 5.3 75 1.7 74 
7 0 4.9 69 11.1 65 3.8 97 4 68 1.8 97 0.1 98 5.3 67 12.4 65 7.5 67 4.1 69 1 99 0.1 68 
7 2 4.7 44 12 68 5.2 80 1.6 40 1.3 83 0 86 5 43 12.3 68 10 91 6.3 80 2.1 97 0.3 99 
7 10 4.1 44 11.3 71 4.5 99 3.5 83 2.4 98 0.2 86 4.3 44 12.8 71 8.7 88 3 69 1.3 98 0.2 87 
7 11 4.2 38 11.5 68 3.9 43 1.1 38 1.4 71 0.1 86 3.9 39 13.6 68 15.3 99 4.7 99 1.9 81 0.7 99 
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8 0 4.3 37 13.2 68 3.9 76 3.5 67 1 74 0.3 74 5 31 11 68 2.8 77 6.6 44 0.6 51 0.2 87 
8 10 4 62 11.4 79 1.3 80 4 73 0.3 77 0.1 74 3.5 62 10.7 79 4.9 85 1.1 69 0.3 74 0.1 98 
8 11 3.5 56 11 77 3.9 75 2.3 66 0.3 76 0 74 3.1 55 11.5 77 3.7 83 1 74 0.2 74 0 81 
9 0 6.3 68 11.4 69 10.3 99 12.4 99 10.8 97 0.2 88 6 68 12 68 7.9 99 4.5 68 1.9 82 0.2 99 
9 2 5.2 37 8.3 68 5.4 85 1.5 47 2.2 87 0.2 85 5.2 38 12.4 68 8.8 84 2 54 2.3 80 0.1 86 
9 10 5.8 41 12.3 72 4.1 85 2.3 74 1 77 0.5 75 5.3 41 10.5 71 3.7 85 2.7 45 1.8 53 0.1 77 
9 11 5.8 38 11.1 67 11.2 99 7.8 99 0.6 96 0.4 98 6.1 99 12.2 67 8.9 97 7.2 98 0.6 95 0.3 98 
10 0 5.3 43 12.1 70 7.2 90 0.9 49 1.1 74 0.2 88 4.9 43 13.5 70 8.5 89 1.8 73 1.4 84 0.2 87 
10 2 8.8 46 11.6 68 7.3 89 5.5 60 2.6 86 0.3 80 10.1 46 14.3 68 7.4 88 6.6 33 2.7 91 0.2 85 
10 10 4.1 37 12.4 67 3.8 62 2 36 1.6 70 0.1 72 4.7 48 14 67 4.7 80 1.2 37 2.2 63 0.3 74 
10 11 6.8 41 12.4 68 5.2 81 3 45 1.8 80 0.2 84 6 43 13 68 10.4 92 2.4 61 2.3 87 0.4 90 
11 0 4 44 9.3 73 8.3 99 3 77 10.7 69 8.2 70 4 45 10.6 72 6.5 99 3.7 78 11.2 69 6.8 70 
11 2 5.4 51 10.8 71 7.7 99 5.3 61 13.9 68 10.6 69 5.5 51 11.5 71 7.7 92 5.3 61 14 68 9.1 69 
11 10 5.2 76 10.4 72 11 99 3.5 62 12.2 69 7.7 71 4.9 64 11.4 72 3.8 83 4.5 62 14 70 6.8 70 
11 11 3.9 67 9.3 75 4.2 95 5.2 66 8.5 73 7.7 74 3.9 67 11 76 3.5 88 2.8 66 12.7 73 7 74 
12 0 4.1 43 12.5 65 13.4 99 3.2 57 11.5 62 10.6 63 3.9 42 12.3 65 13.4 98 2.5 58 9.8 61 13.1 64 
12 2 4.5 45 12.7 65 7.2 96 4.1 55 11.7 62 12.4 64 4.3 45 12.5 65 8.4 92 3.5 66 10.6 61 15.1 64 
12 10 3.9 45 12.4 66 10.4 99 3.6 59 10.1 63 11.9 65 3.8 45 12 67 10.2 99 2.7 65 8.8 62 13.9 65 
12 11 4 44 12.5 66 8.9 91 2.8 56 12.5 63 10.8 64 3.9 44 12.3 66 9.1 99 2.5 69 11 62 13.1 65 
13 0 3.7 46 10.3 72 12.7 99 3 63 11.6 69 6 69 4 46 10.1 71 12 99 6.1 87 10.2 68 8.2 69 
13 2 3.9 46 11.1 71 13 99 3.2 60 12.6 67 7.1 68 4.1 46 10.9 70 11.1 99 2.8 60 11.5 67 9 68 
13 10 4.1 62 10.5 73 11.4 99 3 64 12.6 70 6.2 70 4.1 49 10.3 72 10 99 4 80 9.9 69 8 71 
13 11 3.4 48 10.5 72 11.9 99 2.5 62 13 69 6.4 69 3.7 52 10.3 72 11.4 99 3.2 61 11.6 68 8.2 70 
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14 0 3.1 43 12.7 71 10.6 99 3.1 66 9.8 68 3.1 83 3.1 52 12 71 8.3 98 3.7 65 10.4 67 3.5 79 
14 2 4 61 13 72 11 99 4.8 63 11 74 3.1 83 4 54 12.2 71 8.1 99 2.7 60 8.7 79 0.8 78 
14 10 3.5 53 12.6 72 10.2 99 4.6 66 6.3 80 2.9 74 3.5 52 12.1 72 8.9 99 5.2 64 6.6 74 5.1 74 
14 11 3.9 55 13.1 73 8.3 93 2.5 67 14.8 76 0.5 78 3.9 55 12.2 73 6.4 99 2.8 68 13.4 75 0.9 83 
15 0 2.9 75 9.2 78 4.5 91 1.9 87 0.5 48 1 91 2.9 64 10.2 78 6.3 94 1.8 63 0.8 88 0.1 62 
15 2 3.5 63 10.2 73 3.4 82 1.2 71 0.6 83 0.1 71 3.2 63 10.5 73 4.7 56 1.7 58 0.8 89 0.1 86 
15 10 3.2 54 9.6 75 2.5 80 1.2 73 0.2 67 0 82 3.3 53 10.3 75 2.3 85 0.7 59 0.9 79 0 52 
15 11 3.2 52 9.6 65 7.9 87 1.4 71 1.3 81 0.2 86 3.1 61 10.6 65 9.1 89 3 85 0.8 81 0.3 70 
16 0 3.3 45 11.3 74 8.4 99 2.2 73 13.1 72 7 72 3.2 45 10.7 74 7.6 99 2.4 68 12.1 72 4.7 72 
16 2 3.9 51 12.2 73 12.1 99 2.8 62 14.2 70 10 72 3.9 51 11.9 73 9.7 99 2.4 67 14.1 70 6.3 71 
16 10 3.5 48 11.5 74 8.7 99 3.1 65 13.3 71 8.4 72 3.5 48 11.3 74 6.2 86 2.9 72 13.6 71 5.2 72 
16 11 3.4 48 11.3 73 9.8 99 2.4 74 14.6 70 8.8 71 3.4 48 10.9 73 9.9 96 2.3 72 13.8 70 4.7 71 
17 0 4.6 39 11.1 72 5.6 98 3.4 70 9.5 69 3.6 70 4.7 39 11.3 72 7 99 2.6 63 10.5 69 3 69 
17 2 3.7 49 11.3 77 7.7 96 3 67 10.6 74 3.1 75 3.8 49 11.4 77 9.5 92 3.9 79 11.3 74 3.6 75 
17 10 4.2 48 11.3 76 9.1 98 3.7 67 9.8 73 3.8 74 4.1 48 11.1 75 2.8 59 3.2 66 11.8 73 3.2 73 
17 11 3.7 55 11.2 79 11.3 99 3.2 70 10.6 76 4.3 77 3.8 54 11.2 78 12.6 99 2.9 88 10.4 76 3.4 76 
18 0 4.9 51 12.6 73 10.3 99 2.6 83 9.6 70 4.9 72 5.1 59 12.4 73 9.7 99 3 87 12.2 70 3.1 71 
18 2 5.2 51 13.8 72 9 99 1.4 68 11.6 69 6.4 74 5.3 52 13.5 72 7.1 99 1.8 75 14.9 69 3.3 70 
18 10 5 52 13 72 16.3 97 3 93 11 69 5.4 70 4.9 51 13 72 7.6 99 2.4 63 13.4 69 3.2 70 
18 11 4.6 48 12.9 71 10.8 99 2.9 80 10 68 5.4 69 4.6 48 12.9 71 11.7 99 3.7 92 14.1 68 2.7 69 
19 0 3.8 51 11 75 10 99 2.7 66 14.1 72 5.3 73 3.8 51 10.8 75 9.9 99 1.9 78 12.8 72 5.8 73 
19 2 4 52 11.8 73 9.8 99 3.4 70 15.9 70 6 71 4 53 12.1 73 10.1 92 2.3 92 14.4 70 7.1 72 
19 10 3.8 50 11.6 73 11.4 99 2.8 71 14.6 71 5.7 71 3.9 50 11.5 73 10 92 2.2 88 14.5 71 6.1 72 
19 11 3.9 53 11.3 75 9.5 99 2.3 71 17.1 72 5.4 73 3.9 53 11.5 75 10.1 99 1.8 72 13.6 72 6.2 73 
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20 0 3.6 49 8.8 75 4.1 83 5.6 68 5.1 75 5.6 73 3.8 49 8.8 75 9.5 96 6.2 67 7.1 71 10.2 73 
20 2 4.5 60 10 72 3.5 77 6.9 88 8 69 6.2 71 4.9 61 10.9 72 9.8 97 10.3 80 10.4 69 13 71 
20 10 3.4 51 9.1 75 8.7 80 4.2 67 6.5 71 5.5 71 4.3 49 9.8 75 1.9 82 6 65 9.6 72 12 73 
20 11 4.1 50 9.8 74 2.2 84 5.5 66 7.4 71 11.3 73 3.9 51 10.6 75 5.8 99 5.6 66 10 72 10.2 73 
21 0 4.5 45 11.9 73 9.2 99 4.1 71 6.6 69 7.7 71 4.4 46 12.1 73 9.3 99 3.9 70 9 69 7.1 71 
21 2 5.7 57 12.3 76 10.2 99 3.6 67 6.9 73 8.7 75 5.3 57 12.3 76 12.2 99 4.3 67 9.3 74 8.4 74 
21 10 5.1 58 11.9 77 9.8 99 3.3 79 6.9 75 8.2 76 5.2 58 12.1 77 8.4 97 3.8 68 10 75 7.6 75 
21 11 4.7 55 11.9 77 8.8 99 3.6 67 7.4 74 8 75 4.3 55 12 76 11.6 99 3.6 68 8.8 74 7.1 74 
22 0 4.3 48 11.6 73 7.4 99 7.2 66 9.2 71 5.7 72 4.4 49 12.7 74 11 99 6.5 65 10.4 71 7.3 72 
22 2 5.2 56 12.8 74 10.2 99 10 66 10.3 72 7.3 73 5.3 56 13.7 75 12.6 99 9.2 66 11.3 72 9.3 73 
22 10 4.8 63 11.9 73 9.4 99 7.5 64 9.7 70 6.2 71 4.9 64 13.1 73 12.6 99 6.7 64 10.7 70 8.4 71 
22 11 4.7 57 12.1 71 9.2 99 6.9 62 9.8 69 6.2 69 4.9 67 13.4 72 12.2 99 7.5 62 10.9 69 7.7 70 
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Appendix K: Graphs of Outcome Variables by Joint for All Four Arm Swing Condition Means from Each Participant  
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Figure K.1: Peak hip power (W/kg) compared to jump height (m), by arm 
swing condition, for all participants included in final data analysis.  
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Figure K.2: Peak knee power (W/kg) compared to jump height (m), by 
arm swing condition, for all participants included in final data analysis.  
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Figure K.3: Peak ankle power (W/kg) compared to jump height (m), by 
arm swing condition, for all participants included in final data analysis.  
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Figure K.4: Location of peak hip power (% takeoff period) compared to jump 
height (m), by arm swing condition, for all participants included in final data 
analysis.  
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Figure K.5: Location of peak knee power (% takeoff period) compared to jump 
height (m), by arm swing condition, for all participants included in final data 
analysis.  
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Figure K.6: Location of peak ankle power (% takeoff period) compared to jump 
height (m), by arm swing condition, for all participants included in final data 
analysis.  
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Figure K.7: Peak hip angular velocity (rad/s) compared to jump height (m), 
by arm swing condition, for all participants included in final data analysis.  
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Figure K.8: Peak knee angular velocity (rad/s) compared to jump height 
(m), by arm swing condition, for all participants included in final data 
analysis.  
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Figure K.9: Peak ankle angular velocity (rad/s) compared to jump height 
(m), by arm swing condition, for all participants included in final data 
analysis.  
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Figure K.10: Location of peak hip angular velocity (% takeoff period) compared 
to jump height (m), by arm swing condition, for all participants included in final 
data analysis.  
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Figure K.11: Location of peak knee angular velocity (% takeoff period) compared to 
jump height (m), by arm swing condition, for all participants included in final data 
analysis.  
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Figure K.12: Location of peak ankle angular velocity (% takeoff period) compared 
to jump height (m), by arm swing condition, for all participants included in final data 
analysis.  


