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ABSTRACT 

Background: Youth sports participation has numerous positive mental and physical 

health benefits. In young athletes, injuries result in millions of emergency room visits and 

millions of dollars spent every year offsetting many of the positive benefits gained by 

participation in sports. An increase in traumatic injury rates has been found to occur 

during the year of peak height growth (PHV), with a subsequent increase in risk of 

overuse injury in the years immediately following. This may be the result of changes to 

movement coordination around the time of adolescent growth spurts, a phenomenon 

called adolescent motor awkwardness (AMA). Though this phenomenon is well known to 

parents and coaches of young athletes, scientific research into its causes, symptoms, and 

timeline remains sparse. Minimal scientific evidence exists to quantify the impact of 

AMA on specific areas of movement coordination (ex. gait) and muscle performance, as 

well as its relation to growth spurts. Equally as poorly understood are the potential causes 

of motor disruptions during this period. As adolescents experience a wide variety of 

alterations to body size, proportions, and composition during puberty, there are many 

factors which could lead to disruptions to movement coordination. Additionally, there are 

substantial differences which arise in body proportions and composition between the 

sexes during puberty, yet any between-sex-group differences in the timeline, causes, or 

specific changes to movement coordination have not yet been explored. Purpose: The 

purpose of this dissertation was threefold: 1) To understand how gait stability changes 

with age and height during adolescence, and how these changes differ between the sexes 

(aim 1; chapter 2); 2) To understand the immediate effects of physical growth on gait 

smoothness during adolescence (aim 2; chapter 3); 3) To understand how peripheral 



iv 
 

fatigue affects gait smoothness during adolescence, and to understand how physical 

growth impacts muscular fatigability (aim 3; chapter 4). Participants: Sixty-Seven 

individuals (n=34 female, n=33 male) participated in the first study session to obtain 

Harmonic Ratio (HR), age, height, and fatigue data for aims 1 and 3. A subset of 46 

participants (n=20 female, n=26 male) returned to participate in a second study session to 

obtain growth rate, HR, and fatigue data for aims 2 and 3. Methods: The testing protocol 

used in both sessions was identical. Trigno sensors were adhered to the participants skin 

at four locations determined by manual palpation: C7, L5, and the right and left rectus 

femoris. Once sensors were secured, participants completed a 15-minute treadmill warm-

up in which their self-reported preferred walking speed was obtained. Following the 

warm-up, participants completed two 9-minute treadmill walking trials at three set 

speeds: 70% (slow walking speed; SWS), 100% (preferred walking speed; PWS), and 

130% (Fast Walking Speed; FWS) of preferred walking speed. The walking trials were 

separated by a 10-minute leg-focused fatigue protocol. During each walking trial, 

accelerations of the upper (C7) and lower (L5) trunk were recorded in three planes of 

motion: Anterior-Posterior (AP), Medio-Lateral (ML), and Vertical (V). Harmonic Ratios 

were calculated from these acceleration signals. Prior to beginning each walking trial 

(i.e., pre-fatigue and post-fatigue) surface electromyography (sEMG) of the right and left 

rectus femoris was obtained during a 10-second sustained maximal contraction. Median 

frequency (Fmed) of this sEMG signal was used to calculate muscular fatigue level 

before and after the fatiguing protocol. Descriptive statistics were calculated for both the 

first session group and the second session subgroup. To accomplish aim 1, relationships 

between age, height, and HRs were assessed using multiple linear regression models with 
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Holm-Bonferroni correction. Gait and anthropometric characteristics were compared by 

sex using independent sample t-tests. To accomplish aim 2, associations between growth 

rate and HRs were assessed through multiple linear regression adjusted for age and 

height. To accomplish aim 3, pre- and post- fatigue HRs were compared within subjects 

using paired t-tests. The association between muscular fatigability and growth rate was 

assessed using linear regression. Results: In aim 1, male and female groups differed 

significantly in height, age, and gait speeds. HRs improved with age for females at C7AP 

at all speeds pre-fatigue and at C7V in SWS and PWS post-fatigue. Males’ HRs increased 

with age during FWS pre-fatigue at C7V, C7AP , and L5ML . Females had a significant 

negative association between height and HR post-fatigue at C7V during both SWS and 

PWS, and at C7AP during FWS. In aim 2, male and female groups differed significantly in 

height, but not in age, growth rate (GR), walking speeds, or average HRs. When 

accounting for age and height, GR over a four-month period was a significant linear 

predictor of smoothness of trunk motion only for females during fast walking at L5AP. In 

aim 3, Females showed a significant effect of fatigue at SWS and at PWS on smoothness 

of motion of the lower trunk. Males showed a significant effect of fatigue during FWS at 

C7 in all planes of motion. Conclusions: These findings overall suggest substantial sex 

differences in changes to smoothness of trunk motion during gait in adolescents and in 

the effects of fatigue on trunk smoothness. In aim 1, several HRs improved with age in 

both sexes, but benefits were eliminated with fatigue in males. Aim 2 suggests that 

physical growth does not have immediate impacts on HR in adolescence. The results of 

aim 3 show substantial differences between the sexes in how muscular fatigue impacts 
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gait stability. Males were most affected by fatigue at the upper trunk, particularly at 

FWS, while females were most affected by fatigue at the lower trunk at PWS.  
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CHAPTER 1: ADOLESCENT GROWTH AND MOTOR PERFORMANCE 

 

Introduction And Background 

The Importance Of Sport Participation During Adolescence 

In the United States, an estimated 27 million children and adolescents participate in 

competitive team sports every year, and an estimated 60 million participated in some 

form of organized athletic activity.1  Participation in sports during adolescence provides 

both short-and long-term benefits in overall physical2 and mental health,3 academic 

performance,4 and cognitive and emotional functioning.5 Individuals who participate in 

after-school sports during elementary, middle, and high school show higher levels of 

academic achievement and psychological adjustment, 6 and lower levels of school 

delinquency than their less active peers.7 In addition to the mental health, social 

adjustment, and academic performance benefits of sports participation, achieving a 

certain level of physical activity is crucial during adolescence for proper bone and muscle 

development.1,8–10 During this time period, rapid physical growth and a mismatch in 

growth timing between bone, muscle, and connective tissue can impact neuromuscular 

function and physical performance. 8 As this is a crucial period of development mentally, 

socially, and physically, research and intervention strategies targeting factors to support 

adolescent’s sport participation may provide long-term health benefits.  

Sports Injuries In Adolescents 

From 2010-2016, more than 1.8 million sports-related injuries in children ages 

10-19 years resulted in emergency room visits.11 These visits result in a cost of 

approximately $935 million each year to families and healthcare systems.10 Injuries 

sustained during adolescence are associated with increased weight gain above that 
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expected due to pubertal development,12 3.75 times higher incidence of obesity later in 

life,12,13 decreased quality of life,12 and increased incidence of post-traumatic 

osteoarthritis.13,14 In addition to the physical and financial consequences, youth injuries 

also limit the ability of the child to participate in the social, emotional, and interpersonal 

aspects of their sport.3,6 From 2010-2016, the highest number of emergency room visits 

as a result of sports related injuries occurred in the 10-14 year age group, followed by the 

15-19 year age group.11 The number of sports related injuries resulting in emergency 

room visits in the 20-24 year-old age group dropped to less than half that of the 15-19 

year age group, and just over a third of the 10-14 year age group,11 while that of the 5-9 

year-old age group was just over half that of the 10-14 year-old age group and two-thirds 

that of the 15-19 year-old age group.11 From 2015-2017, the overall rate of sports and 

recreation related injuries has been found to increase by approximately 50% between 

groups ages 5-11 and 12-17 years old.15 However, in data taken from 2011-2014, when 

split into 5-14 and 15-24 year-old age groups, sports and recreation related injuries have 

been found to decrease from the younger to older group.16 Taken all together, these 

statistics indicate that the increase in injuries associated with adolescents likely occurs 

somewhere in the range of 10–16-year age, an age range which coincides with peak 

adolescent physical growth. Given the high incidence and impact of sport injuries during 

the age range defined as adolescence on both short and long-term health, improved 

understanding of factors that predispose an adolescent to injuries is an important avenue 

for research. 

During adolescence, and especially during physical growth spurts, the lower 

extremities are particularly susceptible to injury and are involved in up to 70% of 
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injuries.8,17,18 Lower extremity musculoskeletal injuries are significantly more common 

than upper extremity injuries throughout childhood and adolescence.18 Adolescent 

athletes have been shown to have a significantly higher rate of traumatic sports practice 

injuries during their year of peak height growth, called Peak Height Velocity (PHV), than 

in the years prior to reaching their PHV year.19 Additionally, in the years immediately 

following the year of PHV, athletes have a higher rate of overuse injuries compared to 

previous years and to young adults.19 In addition to the physical changes in body 

structure occurring during adolescence, sports participation progresses toward its elite 

form over the same time span, with increased speed, intensity, and force of both play and 

contact noted from the middle school to high school level of many sports.20 Together, 

internal physical bodily changes and external changes to sports participation combine to 

amplify the potential for significantly increased injury risk in adolescence, further 

indicating this as a crucial time period for research and intervention. 

Physical Growth During Adolescence 

It is recognized that chronological age alone is a poor measure of maturational 

status, and the use of alternative measures of physical maturity is helpful in gaining a 

better understanding of the impact physical development has on injury risk.20,21 As 

increased injury rates are linked to an athlete’s PHV year, 19,21 determining when peak 

growth occurs may be useful to coaches and parents in adjusting training strategies to 

minimize injury risk. Determining exact age at PHV is difficult as it is not the same 

across individuals and requires regular and frequent measurements of height tracked over 

several years.22 Additionally, even when using an exact method, the peak can only be 

identified as the peak after it has already passed. Age at PHV can be approximated by 
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calculating an individual’s maturity offset, the number of years away from age at PHV.22 

However even when PHV or maturation status can be determined or approximated, 

changes in task performance are highly variable between individuals during their 

respective PHV year.23 Due in part to this inter-individual variability, there is a need for 

studies on how the velocity of physical height growth regardless of biological maturation 

status affects performance.23  

Physical growth spurts begin with skeletal lengthening, followed by an adaptation 

of muscle and connective tissue in response to the new stresses created by the 

longitudinal bone growth, and then increase in the bone mineral density likely in response 

to the increased force demands caused by changes in muscle size and strength.24,25 During 

the initial bone growth phase, muscle tissue is shortened relative to bone length, and thus 

operates at suboptimal force/tension lengths. Operation at a suboptimal length position 

may predispose the muscle to increased activation for similar loads, and more rapid 

fatigue compared to muscles that are more fully developed relative to bone length. In 

addition, the relatively and continuously increasingly longer segment lengths (e.g., upper 

leg, lower leg, trunk, arms) change the anthropometrics and biomechanics of movements, 

which may require alterations in muscle activation and performance.8,19,23,25,26 These 

alterations will persist until the muscle reaches appropriate lengths for the longer skeletal 

structures. Increased growth rate leads to greater changes in bone length between 

individuals over the same period of time, which both causes a greater increase in limb 

mass and a greater amount of size, length, and force production ability the muscle has to 

catch up on.19,23 Therefore, there is the potential for individuals who grow at a higher 

absolute rate to have a greater alteration in their movement pattern. They must adjust and 
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recalibrate their movements more rapidly to ensure smooth coordinate movement despite 

Changes in body morphology. 

Adolescence And Adolescent Motor Awkwardness 

Adolescent motor awkwardness (AMA), which can be defined as a decrease in 

motor coordination during growth spurts in adolescence, is a phenomenon often 

discussed among parents, coaches, and trainers of adolescents, yet it remains poorly 

understood within the scientific community.20 Evidence suggests that the increased rate 

of injury seen during adolescence compared to childhood and adulthood injury rates 

corresponds with periods of rapid physical growth.19,20,27 Evidence supports the idea that 

mature gait parameters are initially noted by approximately 6-7 years of age, with 

additional refinement continuing through puberty.20,28 This maturation process, however, 

is not linear through adolescence, and individual parameters reach a plateau indicative of 

maturity at varying chronological ages.29 This indicates that gait continues to be modified 

throughout adolescence, potentially as a result of physical changes related to puberty. The 

changes in body segment length, mass and inertial properties associated with growth 

require adaptions in both static postural and movement control accomplished by 

alterations in the timing and magnitude of muscle forces during movement and gait.  
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To our knowledge, only one study has investigated the impact of rapid physical 

growth during puberty on walking gait stability and biomechanics.28 That study found 

that sudden increases in height during adolescence affect several measures of motor 

control during gait; however, the study only included 15-year-old males.28 The average 

age of onset for puberty differs in chronological age between the sexes: 8-13 years of age 

for females and 10-14 years of age for males.30 The primary phase of adolescent physical 

growth begins 1-2 years following the onset of puberty itself, with PHV, indicated by a 

red dot in figure 1.1, occurring on average in females at 11.5 years of age and on average 

in males at 13.5 years of age(Figure 1.1).26,30 Given that many males have achieved their 

peak height growth phase by 15 years-of-age,22,26,30 the findings from the study by Bisi 

and Stagni cannot be generalized to female adolescents nor younger adolescents. This 

 Figure 1.1- Mean and standard deviation chart of height velocities (growth rates in 

cm/year) for Males (A) and Females (B).  Original chart from Tanner and Davies30. Peak 

height growth velocity (PHV) indicated by red dot.  
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opens the need for a study that includes athletes of both sexes and at a variety of ages 

surrounding PHV.  

To our knowledge, no specific neuromotor mechanism has been proposed to 

explain AMA and it is unlikely AMA is caused by a single element, but rather by a 

combination of physical, hormonal, neurological, and sensory changes. The onset of 

AMA has been associated with the ages coinciding with physical growth spurts.20 

Physical growth during puberty results in a variety of rapid and profound changes to body 

structure: increased limb length, changes in the ratio of limb to torso length, and changes 

in body composition, weight, ligamentous and tendonous laxity, muscle tone, and bone 

density.30,31 The physical alterations to body structure and composition during puberty 

have the potential to impact movement by both changing the biomechanics of the 

movements and muscle force production within the body, as well as changing the 

resultant feedback. 

While changes in postural control,21 hormones,26 motor performance,32 and 

muscular fatigue33–35 have been investigated in adolescents, little research has aimed to 

understand how balance during normal walking gait is affected during this time period.28 

Balance and stability have been given numerous nuanced definitions.36,37 For this 

dissertation, balance refers to the internal production of forces to maintain the center of 

mass within the base of support and prevent falls, while stability refers to the ability to 

withstand disruptions to the system without losing balance. The term “dynamic” refers to 

balance or stability while performing intentional movement (e.g., walking, jumping, etc.) 

while the term “static” refers to balance or stability during non-moving activities (e.g., 

standing, sitting). During static standing, balance and stability require different internal 
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strategies than during more dynamic movements, such as gait, however many of the same 

muscle groups are still utilized. As stable walking gait is a prerequisite for a large 

proportion of daily activities, and forms the basis for participation in many sports, it 

provides a logical platform from which to begin to better understand AMA and its 

impacts on adolescent athletes. 

Gait Stability 

Gait Mechanics 

In previous literature, “stable gait” has been defined using a variety of 

terminology, but most simply as gait that does not lead to falls.38 Therefore, research on 

gait stability is typically concerned with the measurement of changes in normal gait that 

are correlated with an in increased risk of fall. Variables correlated with increased fall 

risk in older and impaired adults include absolute walking speed,39,40 spatiotemporal 

components of gait such as stride time, stride length,40 stride time variability,40 

kinematics of gait,41 foot and center of mass trajectory,42 and the smoothness43–46 and 

variability47 of trunk motion.  

 

 

Figure 1.2- Representation of the inverted pendulum model of gait. 
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Gait mechanics are often modeled using the inverted pendulum model introduced 

by Winter in 1995.36 In the inverted pendulum model, the bob of the pendulum represents 

the body acting as a single point mass, the arm of the pendulum represents the legs, and 

the foot acts as the pivot point.36 While this model appropriately accounts for the motion 

of the ankle, hip, and knee joints in creating stable gait, it simplifies the motion of the 

upper body (torso, arms, and head), into a single point mass focused at the hips.36 Human 

balance is maintained through three primary systems: vestibular, visual, and 

somatosensory. A decrease in the stability of the head will disrupt both the visual and 

vestibular systems, resulting in a decreased ability to maintain dynamic stability and an 

increased risk of fall. Therefore, one of the primary goals of the postural balance system 

during gait is to maintain stability of the head, with the trunk being the primary stabilizer 

in all planes of motion and the neck acting mainly in the anterior-posterior (AP) 

direction.48 At an individual’s preferred walking speed, the effects of gait related 

oscillations on the stability of the head are primarily dampened and stabilized by the 

lower limbs, pelvis, and lower trunk. As walking speed increases, the stabilization 

mechanism shifts to the upper trunk.48 As the neck, upper, and lower trunk can act 

independently of one another, and the method of stabilization of the head changes with 

changing gait speed,48 the assumption that they combine into a single point mass results 

in an oversimplification of gait mechanics.  

During gait, the mechanics of the trunk are of particular importance as the body 

and legs must act separately yet in concert to produce motion and maintain upright 

balance and stability. The maintenance of stable balance relies on the ability to keep the 

center of mass (COM) within the base of support. As the COM strays farther outside the 
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base of support, a fall becomes increasingly more likely to occur. During gait, the COM 

must travel outside the base of support to progress the stride. Approximately two-thirds 

of the average person’s mass is carried in the trunk and upper extremities,49 therefore 

poor control of the trunk has the potential to have a greater effect on COM sway than 

would poor control of the legs due simply to the movement of more mass.  

Additionally, though fatigue has recently been questioned as a risk factor for ACL 

injury due to its variable effects on lower limb neuromuscular athletic tasks related to 

ACL injury risk,50 the effects of fatigue on the position and motor control of the trunk 

during dynamic tasks in adolescents has not been fully explored. Romanchuck et al found 

that in adolescents, the position and kinematics of the hips and trunk play a larger role in 

the prediction of a failed drop jump landing than do the kinematics of the knees and 

ankles.51 Thus, there exists a need to further investigate the changes to trunk and hip 

motion in adolescents during both sport-specific dynamic tasks and general dynamic 

tasks such as gait, as well the effects of fatigue on control of the trunk and hips in 

adolescents.  

 

Changes In Gait Stability During Adolescence 

Gait initially achieves an adult-like pattern by 7-8 years of age. However, many 

parameters of gait are strongly linked to leg length, which continues to increase during 

puberty. Additional changes in spatiotemporal measures of gait (e.g. cadence, step length, 

and single and double support time) continue to change during adolescence, reaching a 

stable plateau when lower limb lengths achieve near adult length.52 Potential underlying 

mechanisms of age- and growth-related gait parameters, as well as their relationships to 
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rates of sports related injuries have not been reported to our knowledge. A better 

understanding of the changes in gait during adolescence will provide insight into the 

phenomenon of AMA and guide potential solutions for coaches and parents to combat the 

increased injury rate during this time frame.  

In addition to the changes in leg length, which impact gait pattern stability, 

adolescents experience changes in weight, weight distribution, upper body length and 

size, and relative body proportions during puberty.30 Because changes to body structure 

and composition during puberty vary between the sexes,30,53 it is important to study sex-

related differences during adolescence. Differences in muscle activation patterns of the 

lower limb during gait appear to arise during puberty. The activation frequency and 

patterns of tibialis anterior and gastrocnemius have been found to differ between the 

sexes in individuals post-puberty, but not before puberty, with the onset of these 

differences occurring sometime in the interim.54 As the stability of gait relies heavily on 

the activation of the lower extremity muscles, it is logical to conclude that the sex 

differences in muscle activation patterns and frequency that arise during puberty may 

play a role in the increased injury rate in this age range and in AMA. Spatiotemporal 

parameters 55 and kinematics55,56 of gait also differ between the sexes in adulthood. While 

differences in gait kinematics between the sexes have been found in children up until the 

age of puberty,57 they do not match sex differences seen in adults. How and when sex 

differences in gait change or arise during puberty has not been explored and the extent 

and makeup of these changes is unknown.  

Despite the well-established knowledge that chronological age in itself is a poor 

predictor of physical maturation status,25 elements associated with chronological age, 
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such as physical growth, may impact gait stability. Age and averages for absolute height 

are significantly correlated during adolescence,30 with older individuals being taller on 

average than younger individuals in both sex groups. Along with differences in absolute 

height, come differences in preferred walking speed.58 Taller individuals, particularly 

those with relatively longer lower limbs, tend to display a higher absolute walk-to-run 

transition speed and a higher preferred walking speed than shorter individuals or those 

with shorter limbs.59,60 In young adults, as absolute walking speed increases from slow to 

preferred to fast walking speeds, motion of the trunk during gait tends to increase in 

smoothness.61 At higher relative walking speeds, individuals exhibit smaller deviations of 

the center of gravity trajectory and smoother motion,61 however, this trend does not 

follow the same linear trajectory in older populations where there is little change in HR in 

those with movement disorders, with higher fall risk individuals showing a decrease in 

smoothness of trunk motion at walking speeds both above and below PWS.62 Though the 

gait of typically functioning adolescents has not historically been considered clinically 

impaired, their increased risk for traumatic fall-related injury in the years surrounding 

PHV indicates a change in their stability, potentially resulting from an impairment in gait 

which may not yet be understood as clinically significant. Better understanding how 

adolescents adjust movement to maintain stability during gait, and how these movement 

patterns differ compared to unimpaired adults can help improve training strategies for 

adolescents.  

Harmonic Ratio Of Gait 

This study focuses on trunk motion, specifically the HR, or smoothness, of the 

motion of the upper and lower trunk. Harmonic Ratio is defined as the ratio between the 
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spectral power (i.e. the distribution of power into the frequency components comprising a 

signal) of the intrinsic to extrinsic harmonics within a given stride and can be measured 

in each of the three planes of motion: Anterior-Posterior (AP), Medio-Lateral (ML), and 

Vertical (V).63 Intrinsic harmonics represent the portions of the signal that is in-phase or 

symmetric with the base harmonic, while extrinsic harmonics represent the portions of 

the signal that is out-of-phase or not symmetric with the base harmonic. When looking at 

gait, HR is calculated from the acceleration signal taken from sensors adhered to the 

body. Trunk motion in the anterior-posterior and vertical directions while walking is bi-

phasic (i.e., two cycles per stride) while motion in the medio-lateral direction is mono-

phasic (i.e., one cycle per stride). This simply means that when calculating HR, the base 

harmonic for the medio-lateral direction is odd while the base harmonic for motion in the 

vertical and anterior-posterior direction is even and the ratio must be inverted between 

the two (i.e. power of the odd harmonics to power of the even harmonics and vice 

versa).43,64 

Harmonic Ratio As A Measure Of Gait Stability 

 Harmonic Ratio has been validated and used previously as a measure of gait 

smoothness and stability,64,65 and has been shown to reflect subclinical alterations in gait 

in older healthy adults,43,45 individuals with neuromuscular diseases that have not yet 

impacted day-to-day functioning of gait,44,46 and in individuals with known balance 

deficits.66,67 As the target subject pool for this research are healthy individuals with 

unimpaired gait (i.e. no clinical neurological conditions or gait altering conditions), some 

spatiotemporal measures of gait may not be sensitive enough to detect alterations 

between growers and non-growers.28 Research using methods that detect subtle 
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alterations to gait stability is necessary to determine the effects of physical growth on gait 

and stability.20,68 Additionally, many spatiotemporal measures may not specifically 

identify alterations to trunk motion, which can impair gait and increase fall-related injury 

risk through changes in the ability to stabilize the head.  

Studies utilizing HR have largely focused on older adults,43,45 individuals with 

neuromuscular or balance disorders,44,46 and the progression of gait through childhood 

stopping prior to or at the onset of puberty.68 To our knowledge, only one study has 

utilized HR as a metric to detect alterations to gait across the period of adolescence.28 

Though they found significant effects of growth on HR, this study included only 15-year-

old male subjects, stratified participants by growth status (i.e., grower vs. non-grower) as 

opposed to treating growth rate as a continuous measure and did not investigate the 

effects of fatigue nor absolute or relative gait speed on HR. Given the significant effects 

found by Bisi and Stagni,28 more investigation is needed into how these effects present in 

females and adolescents of different ages, as well as how fatigue and gait speed affect the 

results. 

Muscle Fatigue 

Changes In Muscle Fatigue And Muscle Function During Adolescence 

Muscle fatigue is classically defined as “A condition characterized by the 

lessened capacity for work and reduced efficiency of accomplishment”. Muscular fatigue 

can be caused both by physiological changes in substrate or metabolite availability and 

by decrements to neural control of the muscles.69 Resistance to muscular fatigue has been 

shown to decrease from childhood to adolescence and again from adolescence into 

adulthood.34,69 Children experience relatively less muscular fatigue following bouts of 

high-intensity exercise than do adolescents and adolescents experience less than adults.70 



15 
 

One possible explanation for this change is that during adolescence, and specifically 

during puberty, muscle fiber compositions change to their adult typologies.71 In women, 

this involves an increase in type 1 (slow-twitch, oxidative, fatigue-resistant) muscle 

fibers, while males typically experience a significant decrease in type 1 fibers and 

increase in types 2A (fast-twitch, oxidative, fatigue-resistant) and 2B (fast-twitch, 

glycolytic, fast-fatigable).71 This alteration in muscle fiber type composition may lead to 

differences in an individual’s resistance to different mechanisms of fatigue as well as 

play a role in sex differences in both fatigue and motor recruitment patterns. As increased 

muscular fatigue is related to decrements in postural stability72,73 and increased fall risk,74 

understanding the trajectory of changes to muscular fatigability throughout puberty is 

crucial to the development of training modalities which minimize the risk of injury in this 

population.  

In young athletes, exhaustive fatigue is regularly encountered during sports 

practice or competition, with bouts of intense exercises often spanning multiple hours. 

The rate of injury in adolescent athletes has been found to increase towards the latter 

stages of practice,75 suggesting that the impact of fatigue on the ability to control the 

lower limb and maintain dynamic stability may be a contributing factor.75,76 Performance 

of fatiguing exercises targeting the lower extremities results in decreased firing rates of 

quadriceps and hamstrings and delayed spinal reflexes, which can result in a significantly 

decreased ability to maintain balance in single or double limb stance.77 As single and 

double limb stance, and the stability thereof, are crucial elements of successful gait, it 

follows that the decrease in static stability seen in the fatigued state may translate into the 

dynamic stability of those components of gait as well.  
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Muscle fatigue, as it relates to sports performance and injury, can be assessed on 

three levels: single whole-muscle function through muscle performance tests, assessment 

of whole body-exercise abilities through exercise tests, and assessment of sports abilities 

during sports events through changes in competition performance.78,79 In order to 

replicate fatigue conditions which closely represent those experienced by athletes in real-

life situations, studies using fatiguing protocols which mimic the fatigue patterns of 

athletic participation are crucial to understanding the increase in sports-related injuries 

during adolescence.  

While muscular fatigue, especially that of the lower limb, has been associated 

with changes in gait biomechanics and associated with increased fall risk, this effect has 

primarily only been shown in older adults.78,79 Minimal research has investigated how 

changes in muscle fatigability during puberty impact gait and fall risk. One potential 

factor in the occurrence of AMA during periods of physical growth is a change in the 

fatigue characteristics of the muscles of the lower limb.  

In addition to the lack of knowledge regarding the effects of muscular and whole 

body fatigue, specifically on adolescents during rapid physical growth, Hunter et al note 

the existence of a “significant lack of understanding of sex differences in neuromuscular 

function and fatigability, the prevailing mechanisms, and the functional consequences”.80 

This is evidenced by their findings that no difference exists in time to failure for a 

sustained submaximal contraction between strength matched men and women. However, 

when performing an intermittent isometric fatiguing task, men reached task failure three 

times faster than strength matched women.80–82 The majority of research related to 

muscular fatigue has been performed in males, thus there is a lack of knowledge on how 
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both level and mechanism of fatigue may impact the sexes differently, as well as how 

fatigability differs between the sexes during dynamic fatiguing exercises.80 While some 

studies have shown the disparities in muscle fatigue patterns and mechanisms between 

the sexes at full physical maturity, there has been little research into how these 

differences may present and/or develop during adolescence. During puberty, the 

concentrations of sex-specific hormones, many of which impact muscular size, fiber 

composition, and performance, change at drastically different rates and chronological 

ages between the sexes.30 Thus, it is logical that research into how muscle performance 

and fatigability change over this period may lead to a better understanding of the 

resulting differences between the sexes with regard to muscle in adulthood.  

EMG As A Measure Of Muscle Fatigue 

Electromyography (EMG) is used to measure muscle response through the electrical 

activity elicited during a muscular contraction. Surface EMG does so by measuring the 

voltage difference between two electrodes placed on the skin directly over the muscle 

group in question, as opposed to a wire inserted directly into the muscle. While EMG 

does not measure the force production of a muscle, it does provide feedback regarding 

the level of activation of a muscle group (i.e., larger signal from the same sensor with the 

same placement means more muscle fibers activated), and the frequency of the electrical 

signal within that muscle. Analysis of the median frequency (Fmed) of an EMG signal, 

the frequency at which the EMG power spectrum is divided equally by amplitude into 

two regions, is a common method of measuring muscle fatigue.83 The equation for Fmed 

of a signal is as follows: 
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Where Fmed is the median frequency, fs is the sampling frequency, and P(f) is the power 

spectral density of the signal.  

As a muscle fatigues, the availability of muscle fibers and their ability to produce 

force change. The median frequency of an EMG signal decreases as fatigue increases,84,85 

even before change becomes evident in the amplitude of the raw EMG signal.84 This is 

likely due to a decrease in the conduction velocity of the action potentials within the 

muscle fibers, resulting in a lower median frequency of the resulting signal.85  

Significance 

The purpose of this study is to address the significant gap in knowledge among 

the scientific and sports community regarding changes in movement coordination during 

adolescence. Such knowledge would support education of coaches and parents on how to 

navigate sports training of adolescent athletes during the period of significant physical 

changes surrounding puberty. Without a more detailed, operationalized knowledge of 

how puberty affects adolescents of different sexes, sizes, and chronological ages, there is 

little to guide the improvement of methods for training adolescent athletes. The findings 

presented in this dissertation aims to begin the process of developing a working definition 

for AMA by clarifying the impact of physical growth and muscular fatigue on gait 

smoothness during adolescence. Ultimately the aim of the research presented is to form 

the basis for better and more targeted education for coaches and athletes on how to 

navigate and adjust training during this time period.  
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Specific Aims 

Aim 1: Determine changes to gait stability relative to height, age, and sex during 

adolescence. 

H1.1 Changes to gait stability will differ in their timing and patterns between males and 

females. Males and females experience puberty at different chronological ages and 

undergo different physical and physiological changes during adolescence, therefore we 

believe that changes to gait stability will differ as well.  

Aim 2: Determine the impact of “growth spurts” on gait stability (smoothness) 

across three walking speeds by sex in adolescent athletes. 

H2.1 As growth rate increases, gait stability (HR of the center of mass trajectory) will 

decrease and be more pronounced for the slow and fast walking speeds. 

Changes in both body structure (bone length, muscle tension, etc.) will alter body 

mechanics in novel ways, which will result in a decrease in the ability to maintain smooth 

walking. The more rapidly this change occurred, the less time the individual will have 

had to compensate for these new mechanics and thus the lower their ability to maintain 

stability will be. At forced fast and slow walking speeds, the greater attentional demand 

of maintaining an “unpreferred” gait speed will lead to more pronounced alterations to 

mechanics and thus stability.  

Aim 3: Determine effects of lower limb muscle fatigue on gait smoothness and 

stability across three walking speeds by sex in adolescent athletes. 

H3.1: As growth rate increases, muscle fatigability will increase. 
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Increased growth rate leads to greater changes in bone length in the same period of time, 

which both causes a greater increase in limb mass and a greater amount of size, length, 

and force production ability the muscle has to catch up on. As the bone increases in 

length and prior to the muscle increasing in size and force production capability, the 

muscle will be required to produce a greater amount of force to counteract the increased 

torque of the lengthened limb. Therefore, individuals who grow more rapidly will show 

greater fatigue of the rectus femoris muscles following lower extremity targeted exercises 

compared to those who have grown less rapidly.  

H3.2: As muscle fatigability increases, gait stability (HR of the center of mass trajectory) 

will decrease.  

The quadriceps muscles are crucial for maintaining stable gait, therefore individuals 

whose muscles fatigue more over the same set of exercises will be less able to maintain 

stable gait than those who experience lower levels of fatigue.  

Methods 

Inclusion And Exclusion Criteria 

Inclusion criteria were females between 8-15 years of age and males between 10-17 years 

of age who play some form of organized sport and live in the greater Philadelphia area.  

Participants were excluded from the study if they had any neurological or neuromuscular 

condition which impacted gait, if they had an injury which impacted gait (i.e., broken or 

fractured limb, ankle injury, back injury, etc.), or if they were pregnant.  

Sample Size Calculation 

Sample size calculations were performed for the primary outcome variable, HR, using the 

effect size from a previous study.28 Our sample power analysis was performed using 
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G*power 3.1.9 with a presumed effect size of 0.25. A sample size of 35 participants for 

each gender group was found to provide a statistical power of 0.80 at 0.05 alpha level for 

all proposed statistical analyses. The same group of participants was used for the results 

presented in chapters 2 and 3, with a subset of participants returning for their second 

session. Results of the return visit are presented in chapters 3 and the chapter 4 

addendum.  

 

Procedures 

 All subjects were seen for two 2-hour sessions separated by approximately 3 

months. Parents of participants provided informed consent and subjects were assented, 

including an explanation of the testing protocol, the sensors, and the potential risks of 

participating in the test. Participants filled out questionnaire using the Qualtrics 

(Qualtrics, Provo, UT) software which included demographics questions such as height at 

last doctors visit, weight, and age in years and months. Participants were also asked 

questions about sports participation, both type and duration, as well as history of injuries 

which required them to miss or alter any days of sports practice or competition. The final 

portion of the questionnaire was comprised of questions related to movement 

coordination, including the Adolescents and Adults Coordination Questionnaire.86 

Following consent, height and sitting height were measured. Height was measured 

using a wall-mounted measuring stick, then verified with a tape measure. Sitting height 

was measured using the same wall-mounted measuring stick and tape measure, with the 

subject sitting on the ground with their knees bent to 90 degrees, feet planted on the 

ground, and pelvis flush against the wall as per the protocol illustrated by Carr et. al.87 
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Following height measurements, Trigno dual surface electromyography/inertial 

measurement unit (sEMG/IMU) sensors were placed in four locations determined by 

manual palpation: Right and Left Rectus Femoris (approximately halfway between the 

patella and proximal anterior superior iliac spine on the muscle belly, parallel with the 

direction of muscle fibers), and at the C7 (Upper trunk) and L5 (Lower trunk) spinal 

levels.  

 

Participants were then placed in a ceiling mounted safety harness and given a 15-

minute warm-up on the split-belt treadmill to allow the participant to familiarize 

themselves with both the split-belt and the harness. During the warm-up, the speed of the 

treadmill was sequentially increased approximately every 45 seconds in increments of 0.2 

meters per second until the walk-to-run transition speed was reached. Speed was then 

decreased in the same increments. After approximately 30 seconds at each speed, 

participants report if their walking speed was faster, slower, or at their preferred 

 Figure 1.3. Placement of sEMG (blue) and IMU (green) sensors. 
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comfortable walking speed.  Once the subject’s preferred walking speed was determined, 

the slow and fast walking speeds were calculated to be 70 percent and 130 percent,62 

respectively, of the preferred walking speed. Slight alterations made to ensure the fast 

walking would not exceed the walk-to-run transition speed, as forced walking above the 

natural transition speed significantly increases attentional demand88 thus creating a 

different task paradigm than intended.   

Following the warm-up, participants were seated on a plinth with their lower legs 

hanging over the edge and asked to perform a 10-second sustained maximum voluntary 

contraction of the quadriceps muscle by extending their leg against resistance applied by 

the researcher at the base of the tibia. Muscle activity of the Rectus Femoris was recorded 

via sEMG during the contraction. This was performed first on the right leg then on the 

left leg in all participants.   

Next, subjects performed a 9-minute walking protocol consisting of three minutes 

at each of the three pre-determined speeds, slow, preferred, and fast, on the treadmill. 

During this gait dynamic task, the motion of the trunk and activity of the lower 

extremities were tracked. Recorded sEMG was used to measure the muscle activity of the 

quadriceps muscle during the gait task.  

Following the first walking trial, participants completed the fatiguing exercise 

protocol consisting of 10 minutes89 of every-minute-on-the-minute exercises. Athletes 

were instructed to begin each exercise at the beginning of each minute. The remainder of 

each minute after completion of the exercise was the athlete’s rest period. Exercises 

alternated between 20 squat jumps on the even minutes and 20 lunges on the odd minutes 

for a total of 5 sets of 20 jump squats and 5 sets of 20 lunges. This protocol was selected 
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as it represents a real-world fatigue pattern which athletes are likely to encounter during 

regular sports practice.89 Athletes were monitored during the fatiguing exercises to ensure 

proper execution of movement patterns and completion of the full set. Upon completion 

of the fatiguing protocol, athletes were given 4 minutes to rest before muscle fatigue was 

retested. This resulted in an approximately 6-minute rest period between completion of 

the fatiguing exercises and initiation of the second walking trial, allowing adequate time 

for the athlete’s heart rate to return to baseline and the spatiotemporal parameters of gait 

to return to normal.89 The second treadmill walking trial was identical in duration and 

speed breakdown to the first.   

Calculation Of Variables 

Growth Rate 

Growth rate was calculated from the change in height in centimeters between 

session 1 and session 2. To account for the differences in number of days between 

sessions, the absolute growth was divided by the number of days. This was then 

multiplied by 365 to give a growth rate in centimeters per year, the common metric for 

reporting this variable.  

(Absolute growth/ days between sessions) x 365 = growth rate (cm/yr) 

Harmonic Ratio 

Smoothness of gait was characterized by HR of trunk motion calculated from 

acceleration data collected from IMU sensors at each of the three walking speeds, pre- 

and post-fatigue. To calculate the HRs, signals from each sensor (C7 and L5) in each 

direction (ML, AP, and V) were first exported from EMGWorks Analysis software. From 

each signal, the middle minute of each three-minute segment was selected using the 

sample number calculated to mark the beginning and end of each desired minute. The 
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COM 

Biphasic Signal (AP and V) 

Stride 
Step 

Figure 1.4. Representation of the signal of the biphasic components of gait.  

AP= Anterior-Posterior, V= Vertical, COM= Center of Mass 

middle minute was used to ensure the inclusion of enough strides to achieve an accurate 

HR calculation63, and to ensure strides were not impacted by the transition between 

walking speeds, nor by the anticipation of transition to the next speed. Each selected 

segment was then passed through a fourth order butterworth filter and converted into the 

frequency domain using a fast Fourier transform to identify the harmonics of the signal’s 

fundamental frequency. The first 20 harmonics from the processed signal were used in 

calculating the HR.62,63  

 

The AP and V acceleration profiles of unaffected gait are biphasic within each 

gait cycle, meaning they peak within each step resulting in two comparable peaks per 
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stride. Therefore, in the AP and V signals, the even harmonics represent the in-phase 

component while the odd harmonics represent the out-of-phase component. ML motion 

in unaltered gait, on the other hand, is mono-phasic, meaning two opposing peaks occur 

per stride: One corresponding to the weight shift to the left and one corresponding to the 

COM 

Monophasic signal (ML) 

St
ri

d

e
 

St
ep

 

Figure 1.5. Representation of the monophasic components of gait. ML= Medio-Lateral, 

COM=Center of Mass 
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weight shift to the right. Thus, only one cycle of ML acceleration occurs per gait cycle 

and the signal is dominated by the odd harmonics, with even harmonics representing the 

out-of-phase component and odd harmonics representing the in-phase component.  

To accurately calculate HR, the harmonics of each stride must be calculated 

independently.62,63 Strides were delineated based on signal peaks, then split into 

individual strides prior to calculating the HR. Harmonic Ratios were then averaged across 

all strides within the selected minute of the signal to give the overall ratio for that 

signal.63 The HR is calculated as a ratio of the powers of the in-phase harmonics to the 

out-of-phase harmonics of a signal. A higher ratio indicates a greater power of the in-

phase components compared to the out-of-phase components and therefore greater 

rhythmicity or smoothness of that motion. Lower HR represents a relatively higher power 

of the out-of-phase components, indicating lower rhythmicity or smoothness of gait, and 

lower segmental control.62 

Muscle Fatigue 

Muscle fatigue of the right and left rectus femoris was measured using median 

frequency (Fmed) calculated from the sEMG signal and used as both a second potential 

contributor to AMA. The raw sEMG signal was first inspected for any disruptions, then 

median frequency (Fmed) for each occurrence of the contraction was calculated using 

EMGWorks Analysis code with a 0.125 second window overlap and inspected for any 

further disruptions. Fmed was then calculated from the raw signal taken at seconds 2-3 

(Fmed initial) and 8-9 (Fmed final) of the contraction, using the same code and overlap. The 

first and last seconds were not used as they often included the ramp up in force at the 

beginning of the contraction and the ramp down in force following the instruction to 
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terminate the contraction. If either of the desired seconds included an external disruption 

in the signal or median frequency, the second nearest in time and representative of that 

portion of the signal was used. The average of the Fmed initial and Fmed final were taken 

and initial was subtracted from final to obtain change in Fmed for the pre and post fatigue 

conditions. Change in Fmed pre was considered the baseline level of fatigue and change in 

Fmedpost was the level of fatigue following the exercise series. To obtain the change in 

fatigue from baseline to post-exercises, change in Fmed pre was subtracted from change in 

Fmed post. The difference between change in Fmed pre and change in Fmed post following 

the same quantity and duration of exercises was used as the measure of fatigue. A greater 

decrease between the two was considered a greater level of fatigue.   

Covariates 

Participant demographic characteristics including age, height, and sport type of 

the athlete’s primary sport were assessed as covariates. Sport type was operationalized as 

gait based (i.e., basketball, soccer, baseball, field hockey, lacrosse), semi-gait based (i.e., 

ice hockey, dance, karate, volleyball, tennis) or not gait based (i.e., rowing, equestrian, 

swimming).   
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Aim 1

Aim 2

Aim 3- Hypothesis 1
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Figure 1.6. Overview of variables and analyses used. 
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CHAPTER 2- THE EFFECTS OF AGE AND HEIGHT ON SMOOTHNESS OF 

TRUNK MOTION IN ADOLESCENT ATHLETES 

 

The findings of this chapter were submitted as a manuscript to the journal Gait and 

Posture.  
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Abstract 

Background: Adolescents have higher rates of traumatic injury during their year of peak 

height velocity (PHV) and a higher rate of overuse injury in the years immediately 

following PHV. Though gait initially reaches an adult-like pattern by 7-8 years of age, 

gait parameters related to movement stability continue to change throughout adolescence. 

Research question: The aim of this study was to understand how age and height impact 

smoothness of trunk motion using Harmonic Ratios (HRs) during gait in adolescents and 

how this differs by sex. Methods: Participants (N=67) completed two 9-minute treadmill 

walking trials at three speeds: 70% (SWS), 100% (PWS), and 130% (FWS) of preferred 

walking speed. Trials were separated by a leg-focused fatigue protocol. HRs of the upper 

(C7) and lower (L5) trunk were calculated from acceleration signals taken during walking 

in three planes of motion: Anterior-Posterior (AP), Medio-Lateral (ML), and Vertical 

(V). Descriptive statistics were calculated, and means were compared by sex using 

independent sample t-tests. Relationships between age, height, and HRs were assessed 

using multiple linear regression models with Holm-Bonferroni correction. Results: HRs 

improved with age for females at C7AP at all speeds pre-fatigue (βSWS= 0.158±0.055;p= 

0.007; βPWS= 0.249±0.084;p= 0.005; βFWS= 0.275±0.083;p=0.002), and at C7V in SWS 

(β=0.166±0.045;p=0.001) and PWS (β=0.173±0.049;p<0.001) post-fatigue. For males, 

smoothness improved with age during FWS pre-fatigue at C7V (β=-0.078±0.029; p=0.02), 

C7AP (β=0.244±0.097;p=0.017), and L5ML (β=0.313±0.109;p=0.007). For females, height 

showed a significant negative relationship post-fatigue with HRC7V at SWS (β= -

0.098±0.027; p=0.001) and PWS (β= -0.092±0.025;p= 0.001), and HRC7AP at FWS (β= -

0.144±0.052;p= 0.009). Significance: These findings suggest substantial sex differences 

in smoothness of trunk motion during gait in adolescents. HRs improved with age, but 
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benefits were eliminated with fatigue in males. This knowledge is useful in future 

research to determine optimal exercise programming to reduce the injury risk in the years 

surrounding PHV.  
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Background 

Stable gait is gait “that does not lead to falls”38 and is both crucial for navigating 

everyday life and the basis of many sports motions. Gait kinematics achieve an adult-like 

pattern by 7-8 years of age,36 however, gait parameters including cadence,52 step length,52 

single and double support time,52 and smoothness of trunk motion68 continue to change in 

adolescents. Changes in these gait parameters have been linked to fall risk in older 

adults,68 but little is known about their impact on adolescents. This gap in knowledge is 

further complicated by sex-based differences in development. For example, females reach 

their peak height velocity (PHV; 0.083 m/year), the highest rate of growth during the 

adolescent growth phase, at an average of 11.5 years of age, while males reach their PHV 

(0.095 m/year) at an average of 13.5 years of age.30 Adolescent athletes often experience 

more injuries during the year of PHV than in years prior, and more overuse injuries in the 

years directly following PHV.19 A better understand the timing of and mechanics of 

growth-related mechanisms of injury throughout adolescence could lead to improved 

management of adolescent athletes. 

Adolescent motor awkwardness (AMA) is a temporary decline in motor control 

during the years surrounding the adolescent growth phase.20 Though AMA is anecdotally 

reported by coaches, parents, and clinicians, the underlying mechanisms, timing, and 

impacts of AMA have yet to be thoroughly explored. During adolescent growth, the 

proportions of body segments change relative to each other impacting the efficacy of 

previously employed gait stabilizing strategies.8,19,23,26 Additionally, segment length 

changes precede muscle lengthening, temporarily altering muscle mechanics and torque 

production capabilities, and the ability to control individual body segments.24  
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The goals of this study were to (1) gain improved understanding of changes in gait 

stability, specifically smoothness of trunk motion measured as HR, during the years 

surrounding the national averages for PHV (i.e. males 10-17 years of age, females 8-15 

years of age), and (2) identify possible sex differences in how height and chronological 

age impact gait stability during the same age ranges.  

Methods 

Subjects 

A convenience sample of adolescent athletes from the greater Philadelphia area 

(N=67; n=33 males, n=34 females) were recruited through local sports teams, businesses, 

and summer camps. Exclusion criteria were any lower extremity musculoskeletal injury 

or neuromuscular condition within the past 6 months.  

In accordance with protocol IRB#26366 approved by the Institutional Review 

Board of Temple University, parental consent and informed child assent were obtained 

before participation in this study.  

Protocol Overview 

Participants completed one 2-hour lab-based session at Temple University. 

Characteristics and demographics were documented, including age and standing height. 

Trigno IMU sensors (Delsys, Natick, MA) were placed on the upper (C7) and lower (L5) 

trunk spinal levels. Sensor placement was determined through manual palpation and 

mounted to the skin with double-sided adhesives. Following sensor placement, 

participants completed a 15-minute warm-up to familiarize themselves with the treadmill 

environment. At the end of the warm-up, treadmill speed was increased every 45 seconds 

in increments of 0.2 meters per second until the subject’s walk-to-run transition speed 
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was reached. Speed was then decreased in the same increments. At each speed, 

participants characterized how their current walking speed felt relative to their preferred 

comfortable walking pace (i.e., faster, slower, or right on). Slow and fast walking speeds 

were calculated respectively as 70% (SWS) and 130% (FWS) of the self-reported 

preferred walking speed (PWS)62. FWS was adjusted to be less than the participant’s 

walk-to-run transition speed, as paced walking above the natural transition walk-run 

speed significantly increases attentional demand.88  

Following warm-up, participants performed two 9-minute walking trials on the 

treadmill consisting of three minutes each at SWS, PWS then FWS. Three-dimensional 

accelerations of the upper and lower trunk were recorded (i.e., Anterior-Posterior, Medio-

lateral, Vertical) at a sampling rate of 148 samples/s during both walking trials. 

Muscular Fatiguing Protocol 

Between the two 9-minute walking trials, participants completed a leg-based 

fatiguing protocol consisting of 10 minutes89 of exercises. At the beginning of each 

minute, participants were asked to perform 20 jump squats and 20 lunges, with exercise 

type alternating each minute, for a total of 5 sets of each. The remainder of the minute 

after completion of the exercise set served as the rest period. This protocol was selected 

for ecological validity as it mimics fatigue patterns similar to those experienced during 

sports practice.76 Subjects were monitored during the fatiguing exercises to ensure proper 

execution of movement patterns and completion of the full set of repetitions. Upon 

completion of the fatiguing protocol, athletes were given 5 minutes to rest prior to the 

start of the second walking trial. This was chosen to allow for heart rate to return to 

baseline and spatiotemporal parameters of gait to return to baseline.89 
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Calculating Smoothness Of Trunk Motion 

Harmonic Ratio, the ratio of the powers of in-phase to out-of-phase components of 

a cyclical signal, was used to quantify smoothness of trunk motion in three planes of 

motion at both the upper and lower trunk. A higher HR indicates a greater power of the 

in-phase components compared to the out-of-phase components and therefore greater 

rhythmicity or smoothness of motion. Lower HR represents a relatively higher power of 

the out-of-phase components, indicating lower rhythmicity or smoothness of motion.43,62 

Decreases in HR have been linked to high fall risk individuals even before clinical gait 

disturbances are present.44,62 

To obtain the HRs, acceleration signals were recorded in each plane of motion (i.e., 

Medio-Lateral (ML), Anterior-Posterior (AP), and Vertical (V)) from the Trigno dual 

IMU/EMG sensors (Delsys, Natick MA) on both the upper (HRC7-ML, HRC7-AP and HRC7-

V) and lower (HRL5-ML, HRL5-AP and HRL5-V) trunk. The middle minute of each 3-minute 

walking segment within each trial was used for analysis to ensure the inclusion of enough 

strides to achieve an accurate HR calculation.63 Use of the middle minute also limited 

inclusion of strides which may have been impacted by the transition between walking 

speeds or by the anticipation of transition to the next speed. Each selected segment was 

passed through a 4th-order Butterworth filter and converted into the frequency domain 

using a fast Fourier transform to identify the harmonics of the signal’s fundamental 

frequency. As HR is calculated within each stride,62,63 strides were delineated based on 

signal peaks, then split into individual strides prior to harmonics calculations. The power 

of the first 20 harmonics from the processed signal were used in calculating the HR.62–64 

During gait, signals from the AP and V directions are biphasic, having two peaks per 

stride. The ML direction, however, is monophasic, with only one peak per stride. 
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Therefore, even harmonics represent the in-phase components of the AP and V signals, 

and HR is calculated as the ratio of the powers of the even to the odd harmonics.  Due to 

its monophasic nature, the odd harmonics represent the in-phase components of the ML 

signal, and the HR calculation is reversed 64. Resulting HRs from each stride within the 

selected minute were averaged to give an overall HR for each gait speed, sensor location, 

plane of motion, and fatigue status combination. This resulted in 18 unique HR values for 

each participant.  

Independent Variables And Covariates 

Two primary independent variables were identified for comparison with the HRs. 

Chronological age and height were used as independent variables in this study to 

understand changes in trunk control during gait during adolescence. Many aspects of 

sport progression are based on chronological age, therefore understanding how stability 

progresses with chronological age can be helpful in determining which subgroups of 

athletes to focus on. Though not perfectly correlated, height and chronological age were 

found to be significantly correlated in our subject population. Thus, in the multiple linear 

model, relationships between age and HRs were adjusted for height and relationships 

between height and HRs were adjusted for age. Absolute gait speed, as opposed to gait 

speed relative to preferred speed, and sport type were assessed as covariates.  

 Statistical Analysis 

 Descriptive statistics were calculated for each sex group and age, height and gait 

characteristic means were compared by sex using independent sample t-tests. HRs were 

calculated using custom Matlab (Version 2020- Math Works, Inc.) code. Multiple linear 

regression modeling was conducted using RStudio (RStudio Team 2020) to assess the 

relationships of age and height with HRs. The relationships of age with each HR were 
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adjusted for height and vice-versa; however, gait speed and sport type were not included 

in the final model. The alpha level for all analyses was set at 0.05 and analyses were 

adjusted using Holm-Bonferroni family-wise error correction. 

 Results 

 Table 2.1 depicts the descriptive statistics and mean comparisons. The mean age 

for males was 13.46 years (range=10-16) with an average height of 1.66 meters 

(range=1.33-1.88). Females mean age was 12.13 years (range=8-15) with an average 

height of 1.57 meters (range=1.39-1.76). Sex groups differed significantly in age, height, 

walk-to-run transition, preferred, and fast walking speeds (Table 2.1). Males were, on 

average, older and taller than females and transitioned from walking to running at a 

Table 2.1.  

Means and Standard Deviations of Group Physical and Gait Characteristics 

  

Male (n=33) Female (n=34)  

Mean ± sd 

(Range) 

Mean ± sd 

 (Range) 

t-statistic  

(p-value) 

Physical Characteristics 

Age (years) 
13.46 ± 1.78 

(10.00-16.66) 

12.13 ± 2.11  

(8.75-15.92) ** 

-2.68 

(0.009) 

Height (meters) 
1.66 ± 0.13  

(1.33-1.88) 

1.57 ± 0.10 

 (1.39-1.76) ** 

-3.30 

(0.001) 

Gait Characteristics 

Walk to Run Transition 

(meters/second) 

2.193 ± 0.27 

 (1.74 - 2.70) 

1.976 ± 0.19  

(1.67-2.30) *** 

-3.84 

(<0.001) 

Slow Walking Speed  

(meters/second) 

0.965 ± 0.18 

(0.49-1.30) 

0.923 ± 0.18  

(0.70-1.14) 

-1.14 

(0.257) 

Preferred Walking Speed 

(meters/second) 

1.429 ± 0.19 

(1.02-1.80) 

1.341 ± 0.11  

(1.08-1.60) * 

-2.31 

(0.024) 

Fast Walking Speed  

(meters/second) 

1.894 ± 0.20 

(1.50-2.30) 

1.746 ± 0.15 

 (1.42-2.10) ** 

-3.39 

(0.001) 

Sex group averages compared with independent samples t-test 

Significant difference between male and female groups indicated by *p<0.05, **p<0.01, 

***p<0.001 

Note: sd= standard deviation 
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higher speed. Males also reported a higher preferred walking speed.  

 Tables 2.2 and 2.3 provide the results of the adjusted linear regression models 

respectively assessing the association between age and HRs adjusted for height (Table 

2.2), and between height and HRs adjusted for age (Table 2.3).  

 

Table 2.2 

Linear Regression Effects of Age on Harmonic Ratio in Female (N=34) and Male (N=33) 

Adolescent Athletes.  

  SWS PWS FWS 

  Pre Post Pre Post Pre Post 

Variable 
β  

(standard error) 

β 

(standard error) 

β 

(standard error) 

 Upper Trunk (C7) Females 

HRV 
0.112 

(0.054)* 

0.173 

(0.049)** 

0.160± 

(0.067)* 

0.167 

(0.046)*** 

0.163 

(0.072)* 

0.170 

(0.068)* 

HRML 
0.048 

(0.069) 

0.028 

(0.066) 

0.139 

(0.063)* 

0.119 

(0.071) 

0.151 

(0.056)* 

0.127 

(0.064) 

HRAP 
0.158 

(0.055)** 

0.137 

(0.056)* 

0.249 

(0.084)** 

0.236 

(0.090)* 

0.275 

(0.083)** 

0.318 

(0.095)** 
 Upper Trunk (C7) Males 

HRV 
0.079 

(0.049) 

0.069 

(0.067) 

0.107 

(0.080) 

0.122 

(0.081) 

0.356 

(0.083)*** 

0.170 

(0.068)* 

HRML 
0.017 

(0.084) 

0.008 

(0.106) 

-0.022 

(0.072) 

0.018 

(0.094) 

0.049 

(0.077) 

-0.012 

(0.078) 

HRAP 
0.073 

(0.050) 

0.101 

(0.069) 

0.094 

(0.089) 

0.121 

(0.086) 

0.244 

(0.097)* 

0.153 

(0.109) 
 Lower Trunk (L5) Females 

HRV 
0.130 

(0.058)* 

0.195 

(0.072)* 

0.084 

(0.072) 

0.174 

(0.080)* 

0.164 

(0.071)* 

0.170 

(0.072)* 

HRML 
0.064 

(0.063) 

0.054 

(0.062) 

0.072 

(0.093) 

0.125 

(0.090) 

0.118 

(0.095) 

0.131 

(0.112) 

HRAP 
0.133 

(0.080) 

0.187 

(0.069)* 

0.134 

(0.101) 

0.175 

(0.096) 

0.150 

(0.126) 

0.320 

(0.123)* 
 Lower Trunk (L5) Males 

HRV 
0.123 

(0.068) 

0.109 

(0.065) 

0.031 

(0.084) 

0.111 

(0.099) 

0.142 

(0.100) 

0.132 

(0.112) 

HRML 
0.079 

(0.084) 

-0.027 

(0.085) 

0.108 

(0.127) 

-0.032 

(0.085) 

0.313 

(0.109)** 

0.010 

(0.103) 

HRAP 
0.096 

(0.095) 

0.037 

(0.088) 

-0.047 

(0.131) 

0.017 

(0.094) 

0.023 

(0.144) 

0.073 

(0.149) 

HR= Harmonic Ratio, V= Vertical, ML= Mediolateral, AP= Anterior-Posterior, SWS= Slow 

walking speed (70% of PWS), PWS= Preferred Walking Speed, FWS= Fast Walking Speed (130% 

of PWS), Pre= Pre-fatigue, Post= Post-Fatigue 

Significance level indicated by *p<0.05, **p<0.01, ***p<0.001 

Bold indicates significant result following error correction 
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Table 2.3 

Linear Effects of Height on Harmonic Ratio in Female (N=34) and Male (N=33) Adolescent 

Athletes. 

 SWS PWS FWS 

 Pre Post Pre Post Pre Post 

Variable 
β   

(standard error) 

β   

(standard error) 

β   

(standard error) 

Upper Trunk (C7) Females 

HRV 
-0.051 

(0.030) 

-0.098 

(0.027)** 

-0.072 

(0.037) 

-0.092 

(0.025)*** 

-0.071 

(0.040) 

-0.084 

(0.037)* 

HRML 
-0.031 

(0.04)1 

0.001 

(0.036) 

-0.055 

(0.035) 

-0.046 

(0.039) 

-0.043 

(0.031) 

-0.039 

(0.035) 

HRAP 
-0.046 

(0.030) 

-0.049 

(0.031) 

-0.095 

(0.046)* 

-0.103 

(0.049)* 

-0.098 

(0.046)* 

-0.144 

(0.052)** 

Upper Trunk (C7) Males 

HRV 
0.022 

(0.017) 

0.025 

(0.021) 

-0.001 

(0.028) 

-0.002 

(0.026) 

-0.078 

(0.029)** 

-0.027 

(0.031) 

HRML 
0.014 

(0.029) 

0.030 

(0.033) 

0.024 

(0.025) 

0.008 

(0.030) 

0.005 

(0.027) 

0.035 

(0.025) 

HRAP 
0.019 

(0.017) 

0.008 

(0.022) 

0.015 

(0.031) 

-0.021 

(0.027) 

-0.041 

(0.033) 

0.005 

(0.034) 

Lower Trunk (L5) Females 

HRV 
-0.036 

(0.032) 

-0.064 

(0.040) 

-0.020 

(0.040) 

-0.067 

(0.044) 

-0.069 

(0.040) 

-0.051 

(0.039) 

HRML 
-0.003 

(0.035) 

-0.008 

(0.034) 

-0.009 

(0.051) 

-0.054 

(0.049) 

-0.045 

(0.052) 

-0.048 

(0.062) 

HRAP 
-0.027 

(0.044) 

-0.045 

(0.038) 

-0.037 

(0.056) 

-0.042 

(0.052) 

-0.038 

(0.069) 

-0.102 

(0.067) 

Lower Trunk (L5) Males 

HRV 
-0.010 

(0.023) 

-0.007 

(0.021) 

0.002 

(0.029) 

-0.013 

(0.031) 

-0.029 

(0.034) 

-0.042 

(0.035) 

HRML 
0.027 

(0.029) 

0.034 

(0.027) 

0.019 

(0.044) 

0.020 

(0.032) 

-0.056 

(0.037) 

0.000 

(0.032) 

HRAP 
0.031 

(0.033) 

0.024 

(0.028) 

0.070 

(0.045) 

0.016 

(0.030) 

0.042 

(0.050) 

-0.013 

(0.047) 

HR= Harmonic Ratio, V= Vertical, ML= Mediolateral, AP= Anterior-Posterior, SWS= Slow 

walking speed (70% of PWS), PWS= Preferred Walking Speed, FWS= Fast Walking Speed (130% 

of PWS), Pre= Pre-fatigue, Post= Post-Fatigue 

Significance indicated by *p<0.05, **p<0.01, ***p<0.001 

Bold indicates significant result following error correction 
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Females 

 In females, age had a significant positive relationship with HRC7-AP at all speeds 

pre-fatigue (βSWS= 0.158±0.055, p= 0.007; βPWS= 0.249±0.084, p= 0.005; βFWS= 

0.275±0.083, p=0.002), with HRC7-AP at FWS post-fatigue (β=0.318±0.095, p=0.002), 

and with HRC7-V at SWS (β=0.166±0.045, p=0.001) and PWS (β=0.173±0.049, p<0.001) 

post-fatigue. There was no linear relationship between age and HRs in any speed or 

fatigue condition at HRC7-ML. Age for females was not found to have a significant 

relationship with HRL5 in any speed or fatigue condition.  

In females, height had a significant negative relationship with HRC7-V at SWS (β= -

0.098±0.027, p=0.001) and PWS (β= -0.092±0.025, p= 0.001) post-fatigue, and with 

HRC7-AP post-fatigue at FWS (β= -0.144±0.052, p= 0.009). Height was not associated 

with HRL5 in any direction, speed, or fatigue state.  

Males 

In males, age had a significant positive relationship with HRL5-ML (β=0.313±0.109; 

p=0.007) and HRC7-AP (β=0.244±0.097; p=0.017) pre-fatigue at FWS, and with HRC7-V 

pre-fatigue (β=0.356±0.083; p<0.01). No other relationship between age and HR was 

found to be significant.  

Height had a significant negative relationship with HRC7-V in pre-fatigue fast walking 

(β=-0.078±0.029; p=0.02), but in no other condition.  
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Discussion 

The aim of this study was to investigate possible factors affecting gait stability in 

adolescents in the years surrounding PHV, specifically sex-related differences in 

relationships between age, height, and smoothness of trunk motion.  

Trunk Motion And Age 

Pre-fatigue, older females showed clear improvement in HRC7-AP over younger 

females at all walking speeds. As a higher HR represents smoother and more stable gait,43 

and is associated with lower risk of fall,44 this indicates that the motor control of the trunk 

in the AP direction is still developing throughout adolescence. However, with muscular 

fatigue, the impact of age on HRC7-AP were limited only to the fast-walking speed. 

Interestingly, post-fatigue the positive relationship between age and HR switched during 

slow and preferred walking from HRC7-AP to HRC7-V, potentially indicating a change in 

trunk stabilization strategies in adolescent females from pre- to post-fatigue. Further 

studies and analyses are needed to determine the mechanism of this change.  

For males, age-related improvements in HRs were only noted at FWS, with older 

males more stable at FWS than younger males,43 but age had no effect at SWS or PWS. 

Improvements with age were noted in males pre-fatigue, but not post-fatigue. These 

results suggest that older males may have developed muscular control strategies to 

stabilize their gait at the FWS that have not yet developed in younger males, but that 

those strategies fail when fatigued. For adolescent male athletes, this means that though 

older males exhibit more stability than younger males it may not be solely age-related, 

and consideration for progression of training loads and intensities by chronological age in 

high school sports should be re-considered.  



43 
 

Observationally, many participants in this study displayed noticeably decreased 

activation of the RF at SWS and PWS post-fatigue walking compared to pre-fatigue but 

had re-engaged the muscle group at FWS. This change in muscle activation patterns from 

slow to fast walking post-fatigue may play a role in the differences seen in the 

relationship between age, HRC7-AP, and HRC7-V from pre- to post- fatigue in females as the 

significant relationship switches from the V to AP direction from PWS to FWS. More 

studies targeted at the activation of multiple lower extremity muscle groups during 

walking in adolescents and sex differences are needed to fully understand this 

phenomenon. As no relationship was found between age and HRC7-ML in either sex, it 

appears that the lateral control of the trunk may have already reached a mature pattern by 

the age of physical growth. 

The differences in pre- to post- fatigue relationships between males and females are 

of note: males’ relationship between age and HRs was negated by fatigue while females’ 

relationship between age and HRs shifted plane with fatigue. The timeline of muscle 

development relative to bone growth differs between males and females,53 thus 

potentially creating different effects of fatigue on muscle activation and motor control 

between the sexes. Second, male and female morphology separates during this time 

period,26 potentially necessitating the development of different movement patterns, 

control strategies, and muscle activation patterns during this time frame.  

The male and female groups were, on average, a different number of years removed 

from their sex group’s national average age at PHV (i.e., the female group was on 

average 1.1 years older than their sex’s average age at PHV, while the males were only 

on average 0.4 years older than their sex’s average age at PHV).30 This disparity in 
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average age combined with the disparity between the sexes in improvement of 

smoothness of trunk motion with age may also indicate a more delayed timeline of 

disturbances to trunk motion during gait. 

Trunk Motion And Height 

In females, height was a significant predictor of HR post-fatigue at HRC7-V during 

slow and preferred walking, and at HRC7-AP at fast walking, with the relationships in two 

more post-fatigue conditions trending toward significance. This indicates that taller 

females are less stable at C7 post-fatigue than shorter females, particularly in the V and 

AP directions. As significant results were only found in females post-fatigue, 

stabilization of the upper trunk during gait appears to be more affected by fatigue in taller 

females than in shorter females. In males, height was only a significant predictor of HR 

pre-fatigue at C7-V, with taller males being less smooth than shorter males.  

A decrease in smoothness of motion may result from multiple factors. The finding 

that the vertical motion of females is affected at multiple speeds post-fatigue while the 

vertical motion of males is not may indicate that the cause of this disturbance relates sex 

differences in physical and physiological changes to fatiguability experienced during 

puberty. Taller females were also found to be less stable at the upper trunk in the AP 

direction at their fast-walking speed compared to shorter females, while males showed no 

such relationship. This may be indicative of decreased stability of the core musculature in 

taller females compared to shorter females.  

Limitations  

Several limitations of this study should be addressed in future research. First, 

though necessary for the completion of 9-minutes of walking, the treadmill inherently 
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limits side to side motion, and may increase the dynamic stability of gait measures.90 The 

results found here will ultimately need to be translated to an over-ground walking task to 

better understand how age and height impact gait stability during on-field sports practices 

in adolescents.  

Once set, the preferred walking speeds of the participants were not changed during 

or between walking trials. This does not allow for natural variation in gait speed between 

strides and may force a slightly different gait pattern than over-ground walking90 in 

which the participant is the sole dictator of absolute gait speed. Higher absolute gait 

speed has been linked to higher HR until the walk-to-run transition, however it was not 

included in the final model. For this study we were interested in stability at walking 

speeds relative to individual preferred walking speed, however future studies 

investigating the effects of absolute preferred walking speed on gait stability in 

adolescents of various ages and heights may be helpful in adding another layer to our 

understanding of AMA and adolescent sports injury rates.   

 Lastly, our study was limited to athletic individuals. The effects of height and age 

may present differently in individuals who do not regularly exercise and therefore may 

experience different patterns of muscle development over this time period.  

Conclusions And Future Directions 

The goal of this study was to better understand how one measure of gait changes 

during adolescence and how the changes to this measure differ between the sexes. Our 

hypothesis that the sexes would differ in how their gait stability changed during 

adolescence was supported by our results, though we were surprised to find little effect of 

height on HR in males. Overall, the results presented here highlight the need for further 
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investigation into the apparently substantial between-sex differences in the development 

of gait stability in the years surrounding PHV. This research can help improve training 

strategies in adolescent sports to minimize the risk of injury. 

Future studies are needed to investigate the effects not only of absolute height and 

chronological age on trunk stability, but of growth rate, both absolute and relative to 

height, and of absolute walking speed. These results indicate the need for further 

longitudinal research into the timing of adaptations in motor performance related to age, 

physical growth and sex. 
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CHAPTER 3- SHORT TERM EFFECTS OF GROWTH RATE ON GAIT STABILITY 

IN ADOLESCENT ATHLETES 

 

This chapter is in preparation to be submitted as a manuscript to the journal Gait and 

Posture.  
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Abstract 

Background: Adolescent motor awkwardness (AMA) can be defined as a decrease in 

motor coordination often associated with adolescent growth spurts. During this time, 

adolescents also experience higher rates of injury. The impact of AMA on movement 

dynamics, including possible sex differences, is unknown. Research Question: The 

purpose of this study is to explore the relationships between growth rate (GR), and 

walking gait smoothness. Methods: Rate of height growth between two study sessions 

was calculated for 43 adolescent male (n=26) athletes ages 10-17 and female (n=17) 

athletes ages 8-15. In each session, accelerations of the upper and lower trunk were 

measured in three planes of motion (i.e., Anterior-Posterior, Medio-Lateral, and Vertical) 

during a 9-minute treadmill walking trial at 70%, 100%, and 130% of preferred walking 

speed. The primary outcome variable, HR, a measure of gait smoothness, was calculated 

from trunk accelerations for each speed, sensor location, and plane-of-motion 

combination. Descriptive statistics were calculated for male and female groups. Between-

group differences in average HRs were assessed using two-sample t-tests. Relationships 

between HRs and GR were analyzed using multiple linear regression and adjusted for age 

and height. Results: Male and female groups differed significantly in height (p=0.04) and 

age (p=0.02), but not in GR, walking speeds, or average HRs. When correcting for age 

and height, GR over a four-month period was a significant linear predictor of smoothness 

of trunk motion only for females during fast walking at L5AP. HR improved with 

chronological age in several conditions for both males and females. Significance: Our 

results indicate that the rate of height growth may not be the primary factor in 

disturbances to gait stability in adolescents, but that other factors such as age may play a 

roll. Further studies are needed to investigate the causes and timing of AMA 
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Introduction 

Adolescent motor awkwardness (AMA), which can be loosely defined as a 

temporary decrease in motor coordination associated with the ages surrounding growth 

spurts in adolescence, is an often discussed, yet infrequently studied and poorly 

understood, phenomenon. Evidence suggests that adolescents have a relatively higher rate 

of injury than children and young adults, and that this increase corresponds with periods 

of rapid physical growth.20 During this time of physical changes in body structure, sports 

participation progresses toward its elite form, with exposure to increased speed, intensity, 

force of play and contact forces.20 The combination of changes in internal and external 

forces and movement and more elite sports participation creates the potential for 

significantly increased injury risk in this population.  

In the United States, an estimated 27 million children and adolescents participate in 

competitive team sports every year, and an estimated 60 million participated in some 

form of organized athletic activity.1  Sports injuries during adolescence are associated 

with increased weight gain,12 decreased quality of life,6 increased incidence of 

osteoarthritis,13 and higher rates of obesity later in life.12,13 In addition to the physical 

consequences, youth injuries also limit the ability of adolescents to participate in the 

social, emotional, and interpersonal aspects of their sport.3,6 Given the high incidence and 

impact of sport injuries on adolescent short and long-term health, improved 

understanding of factors that predispose adolescents to injuries is important. 

During the year peak growth or the peak height velocity (PHV) occurs, athletes have 

a significantly higher rate of traumatic sports injuries than in the years prior to reaching 

PHV and in overuse injuries in the years immediately following PHV.19 During these 
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growth spurts, the lower extremities are particularly susceptible to injury and are 

involved in up to 70% of injuries.8,17,18 There is a critical need to improve training 

recommendations for growing adolescents, particularly in sports involving the lower 

extremities.  

Gait kinematics have long been thought to stabilize to an adult pattern by 7-8 years 

of age,36 though parameters associated with leg length continue to mature during 

puberty.91 In addition to the changes in leg length, adolescents experience changes in 

weight, weight distribution, upper body length and size, and relative body proportions 

during puberty,91 which vary between the sexes.30,53 More recent evidence has shown that 

the overall linear process of gait maturation from childhood to adulthood, including 

spatiotemporal52 and smoothness of gait68 measures, may be altered during puberty, 

specifically during the phase of PHV.28,29 Improved understanding of the changes in gait 

during adolescence, and how these changes differ between the sexes, will provide insight 

into AMA and perhaps provide potential information for sport training regimes to reduce 

injuries during adolescence.  

While the onset of AMA has been associated with the ages surrounding PHV, there 

is no evidence that physical growth itself is the sole or even partial cause of this 

phenomenon. To date, little research has been done to understand how walking gait is 

affected during this time period. The few studies that have investigated the effects of 

adolescent growth on gait have assessed limited age ranges before or after PHV,28,52 or 

only in males.28 Females typically begin puberty 8-13 years of age and reach PHV on 

average at 11.5 years of age.26 Males typically begin puberty later, 10-14 years of age, 

with average age at PHV occurring 2 years later than females at 13.5 years of age.26 
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Females exhibit less absolute physical growth on average than do males.91 In addition to 

the timing differences in puberty onset and PHV between males and females, there are 

significantly different hormonal91 and physical30,53 changes between the sexes during 

puberty. Our study included both sexes during the time PHV occurs, and analyses were 

stratified by sex to add to the understanding of how sex differences may impact gait 

during growth.  

Physical growth spurts begin with skeletal lengthening, followed by an adaptation of 

muscle and connective tissue in response to the new stresses created by the longitudinal 

bone growth.24 During the initial bone growth phase, muscle tissue is shortened relative 

to bone length, and thus likely operates at sub-optimal force/tension lengths, predisposing 

the muscle to increased activation and possibly more rapid fatigue for similar loads. The 

increasingly longer segment lengths of the upper leg, lower leg, trunk, and arms change 

the anthropometrics and biomechanics of movement.23 Higher growth rate (GR), the 

increase in height over a set period of time, is typically accompanied by a more rapid 

change to limb mass, size, length, and force production ability.23 As it takes time for 

muscle growth to catch up to bone growth,24 individuals who grow at a higher rate may 

have an increased mismatch between bone growth and muscle adaptation during 

adolescence, resulting in more drastic alterations to their movement patterns.  

The purpose of this study was to assess the immediate effects of rate of physical 

growth on gait stability in both male and female adolescent athletes. We hypothesize that 

individuals who grow at a faster rate will have decreased smoothness of trunk motion 

compared to those who grow at a slower rate.  
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Participants 

Participants were a convenience sample of adolescent athletes from the greater 

Philadelphia area recruited through contacts with local sports teams, flyers, and social 

media. To account for differences in average chronological age at PHV, the inclusion age 

ranges for each sex were offset for this study,30 with target recruitment ages for females 

between 8-15 years and males between 10-17 years of age. The age ranges were chosen 

to span the average age at peak height velocity30 for each sex and to ensure inclusion of 

early, late, and average growers in the study.  

Methods 

 This study used a prospective observational cohort design. Participants were seen 

for two repeated 2-hour sessions separated by approximately 4 months. In accordance 

with protocol IRB#26366 approved by the Institutional Review Board of Temple 

University, parental consent and informed child assent were obtained before the child’s 

participation in this study. After informed consent/assent was obtained, subject 

characteristics and demographics including age, sport type, handedness, and standing 

height were documented. 

For each session, Bluetooth Trigno inertial measurement unit sensors (Delsys inc., 

Natick, MA) were placed on the skin using adhesives over the C7 (upper trunk) and L5 

(lower trunk) spinous processes. Sensor placement was determined through manual 

palpation. Participants were fitted with a chest strap harness and given 15-minutes to 

warm-up to familiarize themselves with the treadmill environment. During the warm-up, 

treadmill speed was sequentially increased every 45 seconds in increments of 0.2 meters 

per second until the walk-to-run transition speed was reached. Speed was then decreased 

in the same increments. After 30 seconds at each speed, participants were asked to 
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characterize that speed relative to their comfortable walking pace (i.e., faster, slower, or 

right on). 

Participants then completed a series of walking trials on a Bertec (Bertec, Columbus 

Ohio) split-belt treadmill controlled using a custom Labview (National Instruments, INC) 

software. Each recorded trial consisted of 9-minutes of walking on the treadmill with 

three minutes at each of the three consecutive, pre-determined speeds: slow, preferred, 

and fast.  The slow and fast walking speeds were calculated as 70% and 130% ,62 

respectively, of the self-reported preferred walking speed. Fast walking was calculated to 

ensure a speed below the participant’s walk-to-run transition speed, as paced walking 

above the natural transition walk-run speed significantly increases attentional demand.88 

Three-dimensional accelerations (i.e., Anterior-Posterior, Medio-lateral, Vertical) of the 

upper and lower trunk were recorded at a sampling rate of 148 samples/s.   

Measures 

Independent Variable- Growth Rate 

Growth rate (GR) was calculated from the difference in the measured standing height 

between the two sessions and normalized to account for differences in the exact number 

of days between sessions. This normalization also allowed for comparisons across 

subjects and to national values. To calculate GR, the difference in standing height 

between the sessions was divided by the number of days between sessions then 

multiplied by 365 (i.e., the number of days in a year) to give a growth rate in m/year. 

Dependent Variable- Harmonic Ratio 

To assess the stability of gait, the independent variable, HRs of the upper and lower 

trunk were calculated from the acceleration signals taken at each site for each walking 

speed and plane of motion combination for a total of 18 unique HR values. Harmonic 
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Ratio is a measure of the smoothness or rhythmicity of the accelerations of the trunk 

during gait.43 A higher HR indicates greater power of the in-phase components compared 

to the out-of-phase components indicating greater rhythmicity or smoothness of 

motion.43,64 Lower values of HR represent higher relative power of the out-of-phase 

components, indicating lower rhythmicity or smoothness of motion.43,64 

To calculate the HRs, acceleration signals from each sensor (i.e., C7 and L5) in each 

direction (i.e., ML, AP, and V) were exported from EMGWorks Analysis software 

(Delsys, Natick Ma). Harmonic Ratios calculations were completed using a custom 

Matlab (Version 2020- Math Works, Inc.) code. Data from the second minute of each 

three-minute speed segment (i.e. slow, preferred, and fast) was extracted for analyses to 

ensure both a constant walking velocity during the entirety of the segment and the 

inclusion of enough strides to achieve an accurate HR calculation.63 As HR must be 

calculated within individual strides63,64 stride peaks were identified for each selected 

segment and data was delineated into individual strides. Data from each stride was then 

converted into the frequency domain using a Fast Fourier Transform to identify the 

harmonics of the signal’s fundamental frequency. The powers of the first 20 harmonics of 

each signal were calculated64 and used for the HRs. Harmonic Ratios for the V and AP 

signals, both biphasic signals with an even base harmonic, were calculated as the average 

of the ratio of the even harmonics to the odd harmonics.64 The ratio was reversed for the 

ML HRs as the ML signal is monophasic therefore its base harmonic is odd. This resulted 

in a single HR for each combination of sensor location, plane of motion, and walking 

speed.63  
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Covariates 

Limb length30 and muscle mass53 tend to increase with increasing chronological age 

during adolescence, accompanied by improvements in the stability of many 

characteristics of gait.52 Therefore, chronological age, though often thought of as a poor 

predictor of physical maturity, was included as a covariate in the linear regression 

analysis. Height was also included as a covariate in the final model.  

Data Analysis 

Data were stratified by sex for all analyses. Descriptive statistics were calculated for 

age, height, and walking speeds. Independent samples t-tests were used to determine 

significant between-sex group differences in demographic characteristics as well as 

average HRs between males and females at each walking speed, sensor location, and 

plane of motion combination. Relationships between GR and HRs were assessed by 

multiple linear regression in RStudio (RStudio Team 2020) and adjusted for age and 

height. The alpha level was set at 0.05 with a family-wise error correction using Holm’s 

method.  

Results 

A total of 46 athletes (female, 39.5%, mean age 13.16 ± 1.62 years; male, 60.5%, 

mean age 14.07 ± 1.77 years) enrolled in the study and completed both study sessions 

(Table 1). Males were on average taller (t=-2.49, df=44, p=0.016, 95%CI:-6.01, -0.63), 

and older (t=-2.18, df=44, p=0.040, 95%CI:-2.27, -0.06:) than females, but did not differ 

significantly from females in any other group characteristic (Table 3.1). . 
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Mean HRs were not found to differ between the sexes at any gait speed in any 

direction at either the upper or lower trunk (Table 3.2), indicating an equivalent level of 

baseline trunk smoothness between the sexes. 

Table 3.1. 

Session Two Male (N=26) and Female (N=20) Group 

Characteristics 

 

 
Male (n=26) Female (n=20) p-value 

Characteristic 
Mean ± sd  

(Range) 

Mean ± sd 

(Range) 

 

Age (years) 
14.07 ± 1.77 

 (10.92-16.50) 

12.90 ± 1.94  

(8.60-15.92) * 
0.040 

Height (inches) 
65.69 ± 5.12 

 (53.80-74.70) 

62.36 ± 3.49 

 (55.60-69.60) * 
0.017 

Growth Rate (inches/year) 
1.91 ± 1.42 

 (0.00-5.23) 

1.61 ± 1.29 

 (0.00-4.20) 
0.482 

SWS (meters/second) 
0.98 ± 0.14  

(0.70-1.30) 

0.94 ± 0.10  

(0.80-1.10) 
0.279 

PWS (meters/second) 
1.43 ± 0.17 

 (1.10-1.80) 

1.40 ± 0.13 

 (1.17-1.60) 
0.268 

FWS (meters/second) 
1.90 ± 0.21  

(1.56-2.30) 

1.81 ± 0.17  

(1.52-2.20) 
0.145 

Transition Speed 

(meters/second) 

2.21 ± 0.24 

(1.73-2.60) 

2.09± 0.19  

(1.69-2.50) 
0.077 

Between group differences assessed by independent samples t-test represented as mean, standard 

deviation, and range of values.  

Significant difference between Male and Female groups indicated by: *p<0.05, **p<0.01, 

***p<0.001 

Note: sd= standard deviation, SWS= Slow Walking Speed (70% PWS), PWS= Self-Reported 

Preferred Walking Speed, FWS= Fast Walking Speed (130% PWS) 
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 When adjusting for height and chronological age, GR was found to only be a 

significant predictor of stability in one condition (Table 3.3): HRL5AP during FWS in 

females (β=0.31, Standard Error (std. err.)=0.13, p=0.01). 

Table 3.2 

Comparison of Mean Harmonic Ratios between Male (N=26) and Female (N=20) Adolescent Athletes. 

 SWS PWS FWS 

 Mean  (std. err.) Mean  (std. err.) Mean  (std. err.) 

Direction Male Female Male Female Male Female 

L5 (Lower Trunk) 

AP 2.50 (0.72) 2.47 (0.50) 3.01 (0.78) 3.33 (0.52) 3.21 (0.85) 3.57 (0.54) 

ML 2.03 (0.45) 1.90 (0.33) 2.31 (0.66) 2.29 (0.40) 2.57 (0.59) 2.47 (0.43) 

V 2.06 (0.44) 2.28 (0.52) 2.43 (0.52) 2.66 (0.49) 2.69 (0.56) 2.91 (0.54) 

C7 (Upper Trunk) 

AP 1.91 (0.40) 1.89  (0.38) 2.74 (0.65) 2.71 (0.53) 3.16 (0.87) 3.25 (0.79) 

ML 2.83 (0.71) 2.71 (0.59) 2.64 (0.56) 2.59 (0.45) 2.46 (0.40) 2.62 (0.47) 

V 2.00 (0.41) 2.10 (0.40) 2.48 (0.60) 2.63 (0.46) 2.54 (0.57) 2.64 (0.46) 

Significance assessed by independent samples t-test 

Note: std. err. =Standard Error, V= Vertical, ML= Mediolateral, AP= Anterior-Posterior, SWS= Slow 

walking speed (70% of PWS), PWS= Preferred Walking Speed, FWS= Fast Walking Speed (130% of 

PWS),  

Significance indicated by *p<0.05, **p<0.01, ***p<0.001 
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 When controlling for height and GR, increasing age generally had a positive impact 

on HRs (i.e., older individuals were more smooth; Table 3.4). The relationships between 

age and HRC7-V (β =0.279, std. err.=0.106, p=0.015) and age and HRC7-AP (β =0.30, std. 

err.= 0.115, p=0.016) were significant in males at preferred walking speed. At fast 

walking speed the relationship with age was significant for HRL5-ML (β =0.306, std. 

err.=0.104, p=0.007) and HRC7-V (β =0.300, std. err.= 0.102, p=0.008). In females the 

Table 3.3.  

Linear Regression Effects of Growth Rate on Harmonic Ratio in Male (N=26) and Female(N=20) 

Adolescent Athletes. 

 Male (N=26) Female (N=20) 

 β   

(standard error) 

β   

(standard error) 

Direction SWS PWS FWS SWS PWS FWS 

L5 (Lower Trunk) 

AP 
0.08 

(0.11) 

0.19 

 (0.12) 

0.15  

(0.13) 

-0.001 

(0.16) 

-0.004 

 (0.16) 

0.37  

(0.13) ** 

ML 
0.09 

 (0.06) 

0.09 

 (0.10) 

0.03  

(0.08) 

-0.14 

 (0.10) 

-0.14  

(0.11) 

0.08  

(0.13) 

V 
-0.07 

 (0.06) 

0.01 

 (0.09) 

0.12  

(0.09) 

-0.02 

 (0.14) 

0.04  

(0.15) 

0.13 

 (0.15) 

C7 (Upper Trunk) 

AP 
-0.09 

(0.05) 

0.004 

(0.09) 

0.05 

(0.13) 

-0.08 

 (0.11) 

0.08  

(0.15) 

0.21 

 (0.21) 

ML 
0.01 

 (0.11) 

-0.10 

(0.09) 

0.001 

 (0.07) 

0.07 

 (0.18) 

0.01  

(0.16) 

0.09 

(0.14) 

V 
-0.08 

(0.05) 

0.01 

 (0.08) 

0.05  

(0.08) 

-0.06 

 (0.12) 

-0.05 

 (0.14) 

0.07 

 (0.14) 

From multiple linear regression analysis adjusted for age and height with growth rate as the 

independent variable. 

Note:V= Vertical, ML= Mediolateral, AP= Anterior-Posterior, SWS= Slow walking speed (70% of 

PWS), PWS= Preferred Walking Speed, FWS= Fast Walking Speed (130% of PWS),  

Significance indicated by *p<0.05, **p<0.01, ***p<0.001 
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relationship between age and HR was significant only for HRL5-AP at fast walking (β 

=0.322, std. err. =0.094, p=0.003).

 

 

Height generally had more variable impacts on HRs across walking speeds and 

sensor location between the sexes. Though none were significant, the relationships 

between height and HR trended towards a negative relationship in females in all but two 

speed and sensor conditions (i.e. taller females were less smooth than shorter females). In 

males, the relationship between height and GR trended toward positive at slow walking 

Table 3.4 

Linear Regression Effects of Age on Harmonic Ratio in Male (N=26) and Female (N=20) 

Adolescent Athletes. 

 Male Female 

 β 

(standard error) 

 SWS PWS FWS SWS PWS FWS 

Direction L5 (Lower Trunk) 

AP 
0.009 

(0.137) 

0.078 

(0.154) 

0.280 

(0.166) 

0.042 

(0.113) 

0.081 

(0.115) 

0.322 

(0.094)** 

ML 
0.179 

(0.081)* 

0.301 

(0.120)* 

0.306 

(0.104) ** 

-0.050 

(0.072) 

-0.044 

(0.080) 

0.121 

(0.093) 

V 
-0.089 

(0.070) 

-0.074 

(0.107) 

0.154 

(0.111) 

0.149 

(0.104) 

0.096 

(0.108) 

0.208 

(0.108) 

 C7 (Upper Trunk) 

AP 
0.070 

(0.067) 

0.300 

(0.115)**  

0.340 

(0.168)  

0.047 

(0.080) 

0.152 

(0.110) 

0.342 

(0.152)* 

ML 
-0.082 

(0.137) 

-0.136 

(0.111) 

-0.0039 

(0.084) 

0.139 

(0.130) 

0.173 

(0.103) 

0.156 

(0.099) 

V 
0.075 

(0.067) 

0.279 

(0.106)** 

0.300 

(0.102)** 

0.039 

(0.088) 

0.035 

(0.101) 

0.129 

(0.098) 

From multiple linear regression analysis adjusted for growth rate and height  

HR= Harmonic Ratio, V= Vertical, ML= Mediolateral, AP= Anterior-Posterior, SWS= Slow 

walking speed (70% of PWS), PWS= Preferred Walking Speed, FWS= Fast Walking Speed (130% 

of PWS),  

Significance indicated by *p<0.05, **p<0.01, ***p<0.001 
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(i.e. taller males were more smooth than shorter males at slow walking), but shifted to a 

negative relationship at fast walking (i.e. taller males were less smooth than shorter males 

at fast walking speed). For males, the relationship between height and HR was significant 

only for HRL5V at slow walking (β= 0.069, std. err.=0.023, p=0.005). 

Discussion 

GR was used as a continuous variable in this study, in contrast to Bisi et. al who 

classified subjects simply as growers (i.e., growth of greater than 3cm in 3 months) or 

non-growers.28 Bisi et al. found a significant effect of growth status on HRAP at L5 in 

males, while no significant effect was found in this sex group in our study when 

controlling for age and height. The disparity in findings may indicate that the effects of 

physical growth on gait may not be linear, but instead clustered within different GR 

groups. A study using the same target population presented here, which instead stratifies 

growth into two or more categories may be able to give a clearer picture of the effects of 

growth spurts on gait smoothness.  

Growth rate has not been measured as a predictor for HR in adolescent females, to 

our knowledge, but was found to be a significant predictor of HRL5AP during fast walking. 

Interestingly, this was the same direction of movement and sensor location combination 

in which Bisi found a significant relationship between growth status and HR in males.28 

Our results, however, were found at FWS instead of PWS and were inverse of Bisi’s 

findings in males: more rapidly growing females were smoother compared to slower 

growing females.28  This may be the result of a conscious awareness of their own 

instability which, particularly at the higher walking speeds and accompanied increase in 

segment momentums, prompts them to more tightly control their movements. As 
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adolescence is a period of profound growth and learning, future studies should aim to 

discern between intentional smoothness to cover up instability versus true smoothness in 

adolescents. 

Though initially intended as a covariate, chronological age was found to have 

significant effects on HR in several conditions. These effects, however, differed 

substantially between the sex groups. Our results indicate that the smoothness of lower 

trunk motion continues to improve during the selected age range in females at L5AP 

during FWS, and in males at L5ML. In males, HR also improves with age at C7AP during 

PWS and at C7V during both PWS and FWS. The differences in results between the sexes 

indicate that males’ overall stability improves with age substantially more than it does in 

females.  

Males and females did not differ significantly in age, contrary to the difference in 

average age at PHV. This indicates that the females may have been, on average, farther 

removed from their PHV year than the males. In the PHV year and the years immediately 

following, athletes experience an increase in injury rates, however the mechanism of 

injury differs between PHV and post-PHV. During the PHV year, evidence suggests an 

increase in acute injuries, while the rates of overuse injuries increase in the years 

immediately following PHV.19 The difference between pre-PHV growth, PHV growth, 

and post-PHV growth may result in multiple unique alterations to gait in sequential years, 

which lead to the different mechanisms of injury. However, the effects of various growth 

periods on gait mechanics have not been studied to date, to our knowledge.  
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Limitations  

This study has several limitations. Treadmill walking inherently limits the variability 

of gait and of trunk motion in gait when compared to over-ground walking,92 even in 

experienced treadmill users. The effects of the treadmill combined with the novelty of the 

safety harness may have limited some participant’s trunk motion more than others. 

Treadmill walking at imposed speeds may also limit the natural stride-to-stride variation 

of gait.93 

Participants were a convenience sample obtained during the COVID-19 pandemic, 

thus our sample size was limited. Participants also played a wide range of both gait-based 

and non-gait-based sports. We were unable to control for training regimen in the time 

period between the two study sessions. Studies enrolling a single or multiple whole teams 

may be useful in eliminating the effects different levels and types of athletic training may 

have on gait stability and smoothness of trunk motion.  

Growth rate for this study was only measured over a single four-month period. 

Future longer-term longitudinal studies with data at a greater number of time points are 

needed to establish a better working timeline between puberty, growth, and motor 

performance disruptions during adolescents.  

Conclusions And Future Directions 

Over a four-month period, smoothness of trunk motion during gait increased with 

increasing growth rate in females at L5AP during fast walking but showed no significant 

relationship in male adolescent athletes. Age also showed a positive relationship with gait 

smoothness, though the relationships occurred in different locations, planes of motions, 

and gait speeds between males and females. Further studies are needed to understand the 
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effects of growth on gait stability over a longer time period and in over-ground walking 

conditions. Likewise, the sex differences in the timing and presentation of AMA need to 

be further studied. Studies are also needed to identify parameters of gait associated with 

increased injury rates in this population.  
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CHAPTER 4 - CHANGES IN GAIT SMOOTHNESS FOLLOWING MUSCULAR 

FATIGUE IN ADOLESCENT ATHLETES 

The contents of this chapter are in preparation to be submitted as a manuscript to the 

Journal of Applied Biomechanics. 
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Abstract 

Adolescents are at increased risk for sports-related injury in the years surrounding 

physical growth spurts, yet little is known regarding the impacts of muscular fatigue on 

gait stability in adolescents, particularly in females. The purpose of this research was to 

understand how fatigue affected gait stability in adolescents of both sexes. Male (ages 10-

17) and female (ages 8-15) adolescents completed two 9-minute treadmill walking trials 

at three walking speeds (70%, 100%, and 130% of preferred walking speed; SWS, PWS, 

FWS respectively) separated by a fatigue protocol. Accelerations of the upper (C7) and 

lower (L5) trunk were used to calculate HRs for each speed, plane-of-motion, and sensor 

location combination. 67 athletes (n=34 females, n=33 males) participated in this study. 

Females showed a significant effect of fatigue at SWS (HRL5ML, p=0.001), and at PWS 

(HRL5AP, p=0.005; HRL5V, p=0.012; HRC7V, p<0.001). Males showed a significant effect 

of fatigue at FWS (HRC7AP, p<0.001; HRC7ML, p=0.006; HRC7V, p<0.001). These results 

show substantial differences between the sexes in how muscular fatigue impacts gait 

stability. Males were most affected by fatigue at the upper trunk, particularly at FWS, 

while females were most affected by fatigue at the lower trunk at their preferred walking 

speed.  
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Introduction 

During the year of peak height growth, or peak height velocity (PHV), adolescent 

athletes experience a significantly higher rate of traumatic sports related injuries than in 

years prior.19,27 Immediately following the year at PHV, adolescent athletes demonstrate 

an increase in rates of overuse injury.19 This indicates that the increase in injuries during 

the PHV year may be due to alterations to movement mechanics and coordination, and 

subsequent increases in overuse injuries arise from improper mechanics learned during 

periods of rapid physical growth.  

Physical Changes During Adolescence 

Physical growth spurts begin with lengthening of the bone, followed by adaptation of 

muscle and connective tissue in response to the new stresses created by the increased 

bone length.24 During initial bone growth, muscle tissue is relatively shortened and 

operates at suboptimal force/tension lengths.24 This suboptimal length position may 

predispose the muscle to increased activation for similar loads and more rapid fatigue 

compared to more fully developed muscles. In addition, changing limb segment lengths 

alter the biomechanics of movement of those limbs, which may require alterations in 

muscle activation.19,23 Fatigue can be defined simply as “a condition characterized by the 

lessened capacity for work and reduced efficiency of accomplishment”,34 with peripheral 

fatigue referring to the fatigue of muscles and central fatigue referring to fatigue of the 

nervous system. Resistance to peripheral or muscular fatigue has been shown to decrease 

from childhood to adolescence and again from adolescence into adulthood.34,69 Children 

experience less muscular fatigue following bouts of high-intensity exercise than do 

adolescents, and adolescents experience less than adults.34,69 Changes to muscular 

fatigability, or how quickly a muscle group reaches various levels of fatigue, during 
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adolescence may result in unfamiliar alterations to gait stability as a sports practice or 

game progresses. The rate of injury in adolescent athletes has been found to increase 

towards the latter stages of practice,75 indicating that muscle fatigue and fatigability may 

play a role in the increased injury rate.  

Adolescent Motor Awkwardness 

In order to provide better sports training recommendations for youth sports, 

particularly for the years during which the majority of growth spurts occur, the impact of 

structural changes to the body on movement coordination during adolescence must first 

be understood. Adolescent motor awkwardness (AMA), defined as a decrease in motor 

coordination associated with the ages surrounding growth spurts in adolescence,20 has 

been proposed as a blanket term for the changes in movement coordination during the 

years surrounding puberty. To our knowledge, few studies to date have investigated the 

factors which cause AMA. Additionally, studies that have looked at the phenomenon of 

AMA have largely included only males,19,21,28,76 focused on static balance,21,29 or focused 

on non-mobile dynamic balance tasks such as the balance error scoring system test.21 

Balance refers to the internal production of forces to maintain the center of mass within 

the base of support and prevent falls, while stability refers to the ability to withstand 

disruptions to the system without losing balance. The term “dynamic” refers to balance or 

stability while performing intentional movement (e.g., walking, jumping, etc.) while the 

term “static” refers to balance or stability during non-moving activities (e.g., standing, 

sitting). Both balance and stability during the everyday dynamic task of gait are crucial to 

avoiding falls and injury due to falls.40,68 As the majority of high injury-risk sports 

require primarily dynamic as opposed to static balance and stability, understanding how 
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these are affected during adolescence is crucial to understanding the cause of the 

increased injury risk. 

Muscular Fatigue And Fall Risk 

Muscular fatigue, especially that of the lower limb, has been associated with 

increased fall risk.78,79 However, this effect has primarily only been shown in older 

adults40,41,62,68 with little research into the effects in adolescents. As muscle composition, 

length, and structure are changing during puberty,26 particularly during and immediately 

following growth spurts, it is reasonable to assume that both muscle fatigability and 

fatigue patterns change during puberty. This change may impact both dynamic balance 

and stability, which in turn impact fall risk and injury risk. Muscular fatigue, specifically 

that of the lower extremities, results in a significantly decreased ability to maintain 

balance in static single or double limb stance.77 Both double and single limb stance are 

crucial elements of successful gait. Thus, the decrease in static stability in the fatigued 

state may translate into the dynamic stability of gait as well. We propose that a potential 

factor in the emergence of AMA, and in the increased injury rate during periods of 

physical growth, is a change in how muscular fatigue impacts dynamic stability during 

gait.  

Potential For Sex Differences In AMA 

In addition to the general lack of knowledge regarding the effects of fatigue on 

adolescent gait, there is a distinct lack of evidence on sex-specific differences in the 

experience and effects of muscular fatigue80 as the majority of research has solely 

focused on male subjects.76,80 During puberty, the concentrations of sex-specific 

hormones - many of which impact muscular size, fiber composition, and performance – 
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change at drastically different rates and chronological ages between the sexes.26,53,91 

Differences in muscle activation patterns54 and muscle control strategies94 during gait 

also exist between the sexes and appear to arise during puberty,54 thus there is a need to 

understand how muscular fatigue and fatigability impact gait stability in both sexes 

separately. 

Purpose 

The purpose of this study was twofold: 1) investigate how HR (i.e. smoothness) of 

trunk motion during gait changes following fatigue in adolescents, 2) identify differences 

between the sexes in how fatigue effects smoothness of trunk motion. We hypothesized 

that muscle fatigue of the lower extremity will result in decreased smoothness of trunk 

motion during gait, but that males and females will not exhibit the same effects of 

fatigue. 

Methods 

Participants 

Participants were a convenience sample of adolescent athletes from the greater 

Philadelphia area who were recruited through local sports teams. To account for 

differences in average chronological age upon reaching peak height velocity,30 the 

inclusion age ranges for each sex were offset for this study. Target recruitment ages for 

females were between 8-15 years of age and males between 10-17 years of age. Age 

ranges were also chosen to span the years surrounding average age at PHV to ensure the 

inclusion of early, late, and average growers of both sexes in the study.  

Study Protocol 

Subjects and their parents received an explanation of the testing protocol, the 

sensors, and the potential risks of participating in the test. Parents provided informed 
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consent in accordance with the Temple University IRB protocol #26366 while 

participants provided informed assent. After consent was obtained, height was measured 

using a wall-mounted measuring stick, then checked with a tape measure. Following 

height measurements, Trigno dual sEMG/IMU sensors (Delsys, Natick Ma.) were placed 

on the skin in four locations determined by manual palpation: right and left rectus femoris 

and at the C7 (Upper Trunk) and L5 (Lower Trunk) spinal levels. 

Participants then donned a chest strap harness and were given 15-minutes to warm-

up on the treadmill. During the warm-up, the speed of the treadmill was sequentially 

increased every 45 seconds in increments of 0.2 meters per second until the walk-to-run 

transition speed was reached. Speed was then decreased in the same increments until the 

self-reported preferred walking speed was reached. After approximately 30 seconds at 

each speed, participants were asked to characterize how their current speed compared to 

their comfortable walking pace (i.e., faster, slower, or right on). The slow and fast 

walking speeds were calculated as 70 and 130 percent,62 respectively, of the preferred 

walking speed. This resulted in three walking speeds to be used for the recorded walking 

trials: 70% of preferred (SWS), 100% of preferred (PWS), and 130% of preferred (FWS) 

walking speed. 

Next, participants performed a 9-minute treadmill walking trial consisting of three 

minutes sequentially and consecutively at each of the three pre-determined speeds. 

During this dynamic gait task, accelerations of the upper and lower trunk were collected 

in three planes of motion (i.e., Anterior-Posterior, Mediolateral, and Vertical) with a 

sampling rate of 148 samples/s/axis. Real-time sEMG of the right and left rectus femoris 

muscles were observed during all walking segments.  
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Following the first walking trial, participants completed the fatiguing protocol 

consisting of 10 minutes89 of every-minute-on-the-minute exercises. Prior to initiation of 

the protocol, participants were given instruction in proper execution of the exercises. 

During the protocol, participants were instructed to begin each exercise at the beginning 

of each minute. The exercises alternated between 20 squat jumps on the even minutes and 

20 lunges on the odd minutes resulting in a total of 5 sets of 20 jump squats and 5 sets of 

20 lunges. The athlete’s rest period was the remainder of each minute after completion of 

the exercise. This protocol was selected as it resembles the real-world fatigue patterns 

athletes are likely to encounter during regular sports practice.76,89 Athletes were 

monitored during each bout of exercise to ensure proper execution of movement patterns 

and completion of the full number of repetitions. During the exercise protocol, real-time 

sEMG of the quadriceps muscle was also observed to ensure the exercises were targeting 

the intended muscle groups (i.e., Rectus Femoris). 

Upon completion of the fatiguing protocol, athletes were given 6-minutes to rest to 

allow their heart rate to return to its resting level and for stride length and duration to 

return to baseline89 to limit the effects of global fatigue on post-fatigue gait. The second 

treadmill walking trial was identical in duration and speed breakdown to the first. 

Accelerations of the upper and lower trunk were again collected, and real-time sEMG of 

the quadriceps muscle was observed. 

Measures 

Harmonic Ratio 

Harmonic Ratio is the ratio of the powers of in-phase components of a cyclical 

signal to the out-of-phase components of the signal.43,64 For gait, this can be used to 

quantify the smoothness of trunk motion in each of the three planes of motion. In this 
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study, HR was calculated separately for both the upper and lower trunk. A higher HR 

results from a greater power of the in-phase components compared to the out-of-phase 

components, therefore indicating greater rhythmicity or smoothness of the signal. In gait, 

this indicates greater smoothness of motion. Lower HR represents a relatively higher 

power of the out-of-phase components compared to the in-phase-components of a signal, 

indicating lower rhythmicity and decreased smoothness of motion.43,64 Decreases in HR 

have been linked to high fall risk in older individuals and those with neuromuscular 

ailments, even before clinical gait disturbances are present.62,89 

To calculate the HR, signals from each sensor (i.e., C7 and L5) in each plane of 

motion (i.e., ML, AP, and V) were exported from EMGWorks Analysis software. The 

middle minute of each three-minute segment was selected and used for analysis to ensure 

the inclusion of enough strides to achieve an accurate HR calculation,63 and to reduce the 

impact of the transition between walking speeds. The selected segments were passed 

through a fourth order butterworth filter and converted into the frequency domain using a 

Fast Fourier transform to identify the harmonics of the signal. As HR must be calculated 

within each stride independently,62,63 the signal was delineated into individual strides 

based on signal peaks prior to harmonics calculations. The harmonics of the signal from 

each stride were then calculated and the powers of the first 20 harmonics were each 

averaged across all strides in the selected minute and used in calculating the HR.62–64  

HRs were calculated from the acceleration signals of each sensor location (i.e., C7 

and L5), plane of motion (i.e., AP, ML, and V), and walking speed (i.e., SWS, PWS, and 

FWS) combination taken during the follow-up session’s walking trials. This resulted in 

18 pre-fatigue and 18 post-fatigue HRs for each participant. 
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Analysis 

 Data were stratified by sex for all analyses. All analyses were completed using 

RStudio (RStudio Team 2020). Descriptive characteristics were calculated for both sex 

groups (Table 1). Paired t-tests were used to evaluate the relationships between HRs and 

fatigue status, dichotomized as pre- and post- fatigue. The alpha level was set at 0.05 with 

a family-wise error correction using the Holm-Bonferroni method. 

Results 

Participant Characteristics 

 A total of 67 athletes (female, 50.7%, mean age 12.68 ± 2.11 years; male, 49.3%, 

mean age 13.96 ± 1.78 years) enrolled in the study (Table 4.1). Males were on average 

both taller (t=-3.30, df=65, p=0.001, 95%CI:-5.90, -1.45) and older (t= -2.68, df=65, 

p=0.009, 95%CI:-2.236, -0.326) than females. Males on average reached the walk-to-run 

transition at a significantly higher speed (t= -3.837, df= 65, p<0.001, 95%CI:-0.329, -

0.104) and had significantly higher preferred walking speed (t= -2.310 df=65, p=0.02, 

95%CI:-0.164, -0.011) than females. A summary of descriptive statistics is presented in  

 table 4.1.
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Harmonic Ratio And Fatigue 

Results of the t-test comparisons of HRs data pre- and post-fatigue are presented in 

tables 4.2 (Males) and 4.3 (Females). At slow walking, females showed a significant 

decrease between pre- and post- fatigue in HRL5ML (t=-3.5275, p=0.001, CI:-0.275, -

0.074). At their PWS, females showed a significant decrease from pre- to post- fatigue in 

HRL5 in all planes of motion (tL5AP=-3.00, p=0.005, CI:-0.486, -0.093; tL5ML=-2.13, 

p=0.04, CI:-0.312, -0.006; tL5V=-2.67, p=0.012, CI:-0.334, -0.044), and in HRC7V (t=- 

Table 4.1 

Group Physical and Gait Characteristics.  

  
Male (N=33) Female (N=34) 

Mean ± standard deviation (Range) 

Physical Characteristics 

Age (years) 13.96 ± 1.78 (10.00-16.66) 12.68 ± 2.11 (8.75-15.92)** 

Height (meters) 1.66 ± 0.13 (1.33-1.88) 1.57 ± 0.10 (1.37-1.76)** 

Gait Characteristics 

Walk to Run Transition 

(meters/second) 
2.193 ± 0.27 (1.74 - 2.70) 1.976 ± 0.19 (1.67-2.30)*** 

Slow Walking Speed 

(meters/second) 
0.965 ± 0.18 (0.49-1.30) 0.923 ± 0.18 (0.70-1.14) 

Preferred Walking Speed 

(meters/second) 
1.429 ± 0.19 (1.02-1.80) 1.341 ± 0.11 (1.08-1.60)* 

Fast Walking Speed 

(meters/second) 
1.894 ± 0.20 (1.50-2.30) 1.746 ± 0.15 (1.42-2.10)** 

Between group differences assessed by two-sample t-test.  

Significant difference between male and female groups indicated by *p<0.05, **p<0.01, 

***p<0.001 
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4.45, p<0.001, CI: -0.409, -0.152). At fast walking, females showed a significant 

decrease from pre- to post- fatigue in HRL5AP (t=-2.254, p=0.031, CI:-0.043, -0.022).

Table 4.2 

Comparison of Mean Pre- and Post- Fatigue Harmonic Ratios in Males at the Upper Trunk (C7) 

and Lower Trunk (L5). (N=33) 

  SWS PWS FWS 

 
Mean 

(Standard Error) 

Mean 

(Standard Error) 

Mean 

(Standard Error) 

 Variable Pre Post Pre Post Pre Post 

 Upper Trunk (C7) 

HRV 
2.081  

(0.38) 

1.968  

(0.42)** 

2.340  

(0.52) 

2.252  

(0.48) 

2.675  

(0.65) 

2.450  

(0.60)*** 

HRML 
2.946  

(0.52) 

2.797 

(0.59) 

2.755  

(0.45) 

2.611  

(0.51)* 

2.707  

(0.48) 

2.465 

 (0.45)** 

HRAP 
1.948  

(0.38) 

1.922  

(0.42) 

2.555  

(0.59) 

2.474  

(0.48) 

3.091  

(0.66) 

2.837 

(0.64)*** 

 Lower Trunk (L5) 

HRV 
2.044  

(0.45) 

1.989  

(0.56) 

2.231  

(0.51) 

2.010  

(0.38) 

2.616  

(0.63) 

2.368  

(0.55) 

HRML 
2.223  

(0.58) 

1.850  

(0.44) 

2.541  

(0.82) 

2.141  

(0.48)* 

2.754  

(0.76) 

2.339  

(0.55) 

HRAP 
2.438  

(0.65) 

2.285  

(0.55)* 

2.949  

(0.85) 

2.294  

(0.50) 

3.255  

(0.91) 

2.767  

(0.52) 

Comparison between pre- and post-fatigue HRs assessed by paired t-test 

Significance indicated by: *p<0.05, **p<0.01, ***p<0.001 

Note: HR=Harmonic Ratio, ML=Mediolateral, AP=Anterior-posterior, V=Vertical, SWS= Slow 

Walking Speed (70% PWS), PWS= Self-Reported Preferred Walking Speed, FWS= Fast Walking 

Speed (130% PWS) 
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Males showed a significant decrease between pre- and post- fatigue walking in HRC7 

in all planes of motion during FWS (tC7AP=-3.92, p<0.001, CI:-0.489, -0.153; tC7ML=-

2.96, p=0.006, CI:-0.439, -0.080; tC7V=-4.18, p<0.001, CI:-0.426, -0.146), and in HRC7V 

during slow walking (t=-2.86, p=0.008, CI:-0.272, -0.044). Males did not show a 

significant decrease in smoothness at the lower trunk in any plane of motion, at any 

speed, or in either fatigue condition

Table 4.3 

Comparison of Mean Pre- and Post- Fatigue Harmonic Ratios in Females at the Upper Trunk 

(C7) and Lower Trunk (L5). (N=34) 

  SWS PWS FWS 

 
Mean 

(Standard Error) 

Mean 

(Standard Error) 

Mean 

(Standard Error) 

 Variable Pre Post Pre Post Pre Post 
 Upper Trunk (C7) 

HRV 
2.045 

(0.40) 

1.918 

(0.41) 

2.495 

(0.50) 

2.155 

(0.39)*** 

2.557 

(0.54) 

2.360 

(0.52) 

HRML 
2.626 

(0.48) 

2.618 

(0.46) 

2.592 

(0.47) 

2.492 

(0.52) 

2.657 

(0.44) 

2.558 

(0.48) 

HRAP 
1.880 

(0.43) 

1.858 

(0.43) 

2.630 

(0.66) 

2.482 

(0.69)* 

3.141 

(0.67) 

3.001 

(0.77) 
 Lower Trunk (L5) 

HRV 
1.990 

(0.44) 

1.989 

(0.56) 

2.459 

(0.51) 

2.260 

(0.60)** 

2.617 

(0.53) 

2.523 

(0.55) 

HRML 
2.049 

(0.45) 

1.850 

(0.44)** 

2.462 

(0.65) 

2.251 

(0.64)* 

2.629 

(0.67) 

2.477 

(0.80) 

HRAP 
2.434 

(0.59) 

2.285 

(0.55) 

3.168 

(0.72) 

2.838 

(0.72)** 

3.647 

(0.89) 

3.334 

(0.96)* 

Comparison between pre- and post-fatigue HRs assessed by paired t-test 

Significance indicated by: *p<0.05, **p<0.01, ***p<0.001 

Note: HR=Harmonic Ratio, ML=Mediolateral, AP=Anterior-posterior, V=Vertical, SWS= 

Slow Walking Speed (70% PWS), PWS= Self-Reported Preferred Walking Speed, FWS= Fast 

Walking Speed (130% PWS) 
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Harmonic Ratio And Walking Speed 

Average HRs for each walking speed plane of motion are presented in figures 4.1 

(upper trunk, C7) and 4.2 (lower trunk, L5). Harmonic Ratio increased, indicating an 

increase in smoothness of motion, 43,64 as walking speed increased for both sexes in all 

directions both pre- and post-fatigue at the lower trunk. At the upper trunk, HR increased 

with increasing speed in the V and AP directions, but not in the ML direction. Males 

showed a decrease in HRC7-ML with increasing gait speed while in females HRC7-ML stayed 

approximately the same across speeds. This was true both pre- and post- fatigue. 

 

Figure 4.1. Averages of Harmonic Ratio for Males and Females at C7 in the anterior-

posterior (HRAP), medio-lateral (HRML), and vertical (HRV) directions across slow 

(SWS), preferred (PWS), and fast (FWS) walking speeds (70%, 100%, and 130% of 

PWS), pre- and post- fatiguing exercises. Harmonic Ratios increase with increasing gait 

speeds for both sexes in both HRAP and HRV. HRML follows the opposite trajectory for 

males both pre- and post- fatigue (i.e., decreases with increasing gait speed), and 

remains relatively unchanged across gait speeds for females. 
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Figure 4.2- Averages of Harmonic Ratio for Males and Females at L5 in the anterior-

posterior (HRAP), medio-lateral (HRML), and vertical (HRV) directions across slow 

(SWS), preferred (PWS), and fast (FWS) walking speeds (70%, 100%, and 130% of 

PWS), pre- and post- fatiguing exercises. Harmonic Ratios are shown to increase with 

increasing gait speed in all planes of motion for both sexes at L5 pre-fatigue and in the 

ML and AP directions post fatigue. HRV is the only exception with HRV post fatigue 

remaining relatively unchanged from SWS to PWS before increasing from PWS to FWS. 

 

 

Discussion 

Overall, our findings indicate substantial differences, in both sensor location and gait 

speed, between males and females of the impacts of fatigue on trunk motion during gait 

with males smoothness declining primarily at C7 during FWS and females’ at L5 during 

PWS. Harmonic Ratios followed the expected trajectory of increasing with increasing 

gait speed in all but one condition: C7 Medio-Lateral.  

Fatigue And Gait Smoothness 

Between pre- and post- fatigue walking, males showed a significant decline in 

smoothness of trunk motion primarily at C7, especially at FWS. In contrast, females 
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showed a significant decline in smoothness of trunk motion primarily at L5. These results 

seem to be indicative of declines in muscular control following fatiguing exercises 

affecting males and females differently. In females, fatigue appears to result in more 

significant decrements to the musculature controlling the lower trunk while in males 

fatigue appears to have a greater effect on the musculature controlling the upper trunk. 

Decreased smoothness in the lower trunk indicates decreased muscular control of the leg 

and hip musculature, while decreased smoothness at the C7 level indicates decreased 

muscular control of the core postural muscles. These findings support the findings by 

Smith et. al indicating that female children have better postural stability and stability of 

the core musculature than males during late childhood and early adolescence.95 

Anecdotally, male adolescents often struggle with core exercises far more than do 

females, an observation which is supported by these results. 

Significant declines in HRs from pre- to post- fatigue were found for males primarily 

at FWS and for females primarily at PWS. This may be indicative of males and females 

using different motor strategies to maintain balance and stability during gait. These 

strategies may then be impacted by different factors which arise during one gait speed but 

not the other, such as muscle activation patterns or increases in segment momentum. 

More research is needed to form a timeline of changes to the relationship between HRs 

and fatigue at both C7 and L5 during adolescence. Creating a better understanding of 

how this relationship changes from childhood to adulthood (i.e., during adolescence) and 

how and when differences arise between the sexes in muscular activation patterns54 and 

control strategies94 will further our understanding of AMA.  
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Walking Speed And Gait Smoothness 

Also of note is the pattern of change in HR from slow to fast walking at C7 (Figure 

4.1). Typically, HR increases at faster gait speeds as the greater segment momentum of 

the trunk leads individuals to produce tighter, more controlled motions with the trunk to 

avoid falls.62 The trend of HR increasing with increasing gait speed, however, has not 

been found to remain true in populations with motor impairment. In Parkinson’s fallers, it 

was found that HR decreased at walking speeds both above and below PWS.62 In the 

adolescents in our study, changes in HR followed the expected pattern of increasing as 

gait speed increased in all but one condition: C7 Medio-Lateral. Instead of increasing 

with gait speed, HRC7ML decreased with gait speed for males and remained nearly 

unchanged across gait speeds for females. This alteration in pattern of change of HR from 

slow to fast walking in only one condition indicates that factors within that condition may 

be a factor in AMA. The decrease in stability with increasing gait speed at C7ML could 

be due to the core musculature being unable to produce sufficient force to overcome the 

increased segment momentum. The difference in trajectories of HR at C7ML between 

males and females further supports our conclusion that males, to a greater extent than 

females, lack the stability in their core musculature needed to control their upper trunk 

during gait.  

Limitations And Future Directions 

The primary limitation of this study was the small sample size. Participants were 

recruited during the COVID-19 pandemic; thus, we were limited to athletes who were 

willing to come into the lab to complete the study. In order to be able to obtain 9-minutes 

of continuous walking without turns, participants completed the walking trials on a 

treadmill for this study. Treadmill walking, compared to over-ground walking, produces 
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decreased variability of trunk motion during gait,92 even in experienced treadmill users. 

Additionally, treadmill walking at imposed speeds, as opposed to continuously changing 

self-selected speed, can also limit the natural stride-to-stride variation of gait.93 

Therefore, results will ultimately need to be verified and translated to overground 

walking, particularly on the many unique types of surfaces comprising fields for different 

sports.  

 We were unable to control for the sports training athletes participated in during the 

weeks leading up to the study session. Sport type was assessed as a covariate and found 

to not have significant effects, however more research specific to this topic is needed. 

Future studies will ideally focus on tracking multiple athletes from a single sports team 

throughout puberty to limit the potential effects of differences in training regimen on 

fatigue and response to fatigue and to better assess any effects of sport type on 

fatigability, response to fatigue, and gait stability.  

There appear to be substantial differences between adolescent males and females in 

how muscle fatigue affects trunk motion during gait. This relationship needs to be further 

explored to understand the mechanisms behind the changes within each sex group as well 

as to better understand how movement and fatigue are impacted differently between the 

sexes during adolescence. To date, the base of scientific knowledge regarding AMA is 

severely limited, despite the apparent increase in injury rate surrounding adolescent 

growth. Further research is needed to create a scientific definition of AMA and 

understanding of its causes and symptoms so coaches, parents, and trainers can 

proactively combat unnecessary injuries. 
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CHAPTER 4 ADDENDUM- THE EFFECTS OF GROWTH RATE ON MUSCULAR 

FATIGABILITY IN ADOLESCENT ATHLETES 
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Background 

Increased growth rate means greater change in bone length and limb mass over the 

same time period, which requires more rapid adaptations in size, length, and force 

production ability of the muscle to maintain movement coordination19,23. Therefore, 

individuals who grow at a faster rate may be more susceptible to muscular fatigue and its 

effects on the stability of movement as muscle growth catches up to the bone growth. 

Purpose 

This addendum presents the results of aim 3 hypothesis 2. The goal of this 

hypothesis was to better understand the effects of short-term growth rate on muscular 

fatigability in adolescent athletes.   

Participants 

43 athletes (n=26 males, n=20 females) returned to complete a follow-up study 

session approximately 4 months after their baseline visit. During the second session, 

participants completed the same warm-up - walking trial - fatiguing exercises - walking 

trial protocol as the baseline visit. Prior to each walking trial, muscle fatigue was tested 

using the protocol detailed below.  

Methods 

Prior to each walking trial, participants were seated on a plinth with their lower legs 

hanging over the edge and asked to perform a 10-second sustained maximum voluntary 

contraction of the quadriceps muscle by extending their leg against resistance applied by 

the researcher at the base of the tibia. Muscle activity of the Rectus Femoris was recorded 

via sEMG. This was performed first on the right leg then on the left leg for all 

participants.  
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Measures 

Muscle Fatigability 

The change in the median frequency of the sEMG signal during a submaximal 

sustained contraction is an indicator of muscle fatigue83. The raw sEMG signal was taken 

from each instance of the muscle fatigue testing (i.e., pre- and post- fatigue) and the 

median frequency (Fmed) was calculated using EMGworks analysis built in software 

(Delsys, Natick Ma) for the beginning and end of each 10-second contraction. The 

difference between the beginning and the end of each contraction was calculated 

(ΔFmed), with a greater drop in Fmed indicating greater fatigue. The change from pre- to 

post- fatigue in ΔFmed was calculated and used to assess fatigability, with larger drop 

from pre- to post- indicating greater fatigability. 

Growth Rate 

To calculate growth rate (GR), the independent variable, height was measured at 

baseline and 4-month follow-up. The difference between the two was taken to get 

absolute growth between sessions. The absolute growth was divided by the number of 

days between the two sessions then multiplied by 365 (i.e., the number of days in a year) 

to give a growth rate in inches/year that could be compared to national averages typically 

reported in cm/year or in/year.  

Covariates 

Sports participation and muscle mass tend to increase with increasing chronological 

age, therefore age was included as a covariate in the final analyses. Taller individuals 

have greater segment length of the limbs, thereby requiring increased force production to 

complete the same limb movement as shorter individuals. Thus, taller individuals may be 



85 
 

at a disadvantage in terms of muscular fatigability compared to shorter individuals. 

Height was included in the final model to account for differences in force production 

required to accomplish the same set of fatiguing exercises.  

Initial analyses were not stratified by sex, however there was significant interaction by 

sex in the relationship between GR and fatigability of the RF. Further analyses were 

stratified by sex group.  

Analysis 

In addition to the previously described analyses, the relationship between GR and 

muscle fatigability was analyzed using multiple linear regression in RStudio (RStudio 

Team 2020) and adjusted for age and height. 

Results 

Table 4.4 

Male(N=26) and Female(N=20) Group Characteristics 
 Male (n=26) Female (n=20)  

Characteristic 
Mean ± standard deviation 

(range) 
p-value 

Age (years) 
14.07 ± 1.77 

(10.92-16.50) 

12.90 ± 1.94 

(8.60-15.92)* 
0.040 

Height (inches) 
65.69 ± 5.12 

(53.80-74.70) 

62.36 ± 3.49 

(55.60-69.60)* 
0.017 

Growth Rate 

(inches/year) 

1.91 ± 1.42 

(0.00-5.23) 

1.61 ± 1.29 

(0.00-4.20) 
0.482 

SWS 

 (meters/second) 

0.98 ± 0.14 

(0.70-1.30) 

0.94 ± 0.10 

(0.80-1.10) 
0.279 

PWS 

 (meters/second) 

1.43 ± 0.17 

(1.10-1.80) 

1.40 ± 0.13 

(1.17-1.60) 
0.268 

FWS 

 (meters/second) 

1.90 ± 0.21 

(1.56-2.30) 

1.81 ± 0.17 

(1.52-2.20) 
0.145 

Walk to Run 

Transition Speed 

 (meters/second) 

2.21 ± 0.24 

(1.73-2.60) 

2.09± 0.19 

(1.69-2.50) 
0.077 

Between group differences assessed by independent samples t-test.  

Significant difference between Male and Female groups indicated by: *p<0.05, 

**p<0.01, ***p<0.001 

SWS= Slow Walking Speed (70% PWS), PWS= Self-Reported Preferred 

Walking Speed, FWS= Fast Walking Speed (130% PWS) 
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A total of 46 athletes (female, 43.5%, mean age 12.90 ± 1.62 years; male, 56.5%, 

mean age 14.07 ± 1.77 years) completed both study sessions (Table 4.4). Males were on 

average significantly taller (t=-2.49, df=44, p=0.016, 95%CI:-6.01, -0.63), and older (t=-

2.18, df=44, p=0.040, 95%CI:-2.27, -0.06) at the second session than females, but did not 

differ significantly from females in any other group characteristic. A summary of 

descriptive statistics is presented in table 4.4. 

Growth rate was not found to be a significant predictor of muscle fatigability when 

analyzed with male and female groups combined (β=1.33; std. err.= 1.37, p=0.339). 

However, there was significant interaction by sex when analyzed as a combined group, 

therefore further analyses were stratified by sex (Figure 4.3). When analyzed as the sole 

predictor variable within each sex group, growth rate was not found to be a significant 

predictor of muscle fatigability in either sex group (βFemale=-2.484, std. err.=2.068, 

p=0.250; βMale=2.691, std. err.=1.575, p=0.102). However, when accounting for age and 

height, growth rate began to approach significance for males (βMale=3.355, std. 

err.=1.826, p=0.082), and was found to be significant for females (βFemale= -5.16, 
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std.err.=2.37, p=0.046). 

 

Figure 4.3.  

Linear associations between growth rate and muscular fatigability in male and female 

adolescent athletes. 

 

Discussion 

Though growth rate was not found to be a significant predictor of muscle 

fatigability in either sex group as a sole predictor, when accounting for age and height, 

growth rate began to approach significance as a predictor for males and was found to be 

significant for females. The opposing trajectories of the relationships between the 

variables are also of note. In males, higher growth rate individuals trended towards lower 

fatigability of the RF compared to those who were growing less quickly, indicated by a 

decrease in the drop in ΔFmed from pre to post fatigue. Higher growth rate females 

showed a greater drop in ΔFmed from pre to post, indicating greater muscle fatigability 

than lower growth rate females.  
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There are a number of potential explanations for this trend which require further 

exploration. Both age and height are accounted for in the model. Somewhat surprisingly, 

neither was a significant predictor of fatigability for either sex. This, combined with the 

opposing trajectories of the relationship between growth rate and fatigability between the 

sexes may indicate that sex-distinct factors related to puberty, such as the influx of 

testosterone in males, may play a primary role in fatigability during this period.  

Understanding how fatigability differs between sub-populations in the adolescent 

population can help us target group-specific changes to coaching and training strategies.
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CHAPTER 5- CONCLUSIONS AND FUTURE DIRECTIONS: ADDITIONS TO THE 

CURRENT BODY OF KNOWLEDGE REGARDING AMA 
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Overview Of Project Aims 

This project investigates “Adolescent Motor Awkwardness” (AMA), a phenomenon 

of observed decreased movement coordination in adolescents that appears to be 

associated with an increase in injury rates.20 The overarching goal of this project was to 

better understand the observed changes in movement patterns during adolescence, 

particularly during the years surrounding the adolescent growth spurt, and their relation 

to age, gender, anthropometrics and muscle fatigue.  

This objective was addressed through the following 3 aims: 

1) To understand how gait stability changes with age and height during adolescence, 

and how these changes differ between the sexes (aim 1; chapter 2). To date, there is little 

to no scientific evidence characterizing motor coordination changes in adolescent 

subpopulations (i.e. sex, height, age, growth rate, sport type). Understanding what 

characteristics are associated with an increased risk of dyscoordination may provide 

insights into AMA and its relation to increased risk of injury. It was hypothesized that 

HRs would improve with age and decrease with height in both sexes. 

2) To understand the immediate effects of physical growth on gait smoothness 

during adolescents (aim 2; chapter 3).  It was hypothesized that individuals who grew at a 

higher rate would have a lower HR of trunk motion during gait, indicating less 

smoothness, compared to those who grew less rapidly.  

3) To understand how peripheral fatigue affects gait smoothness during adolescence, 

and to understand how physical growth impacts muscular fatigability of the rectus 

femoris (aim 3; chapter 4). It was hypothesized that peripheral fatigue would decrease 

smoothness of gait in adolescents of both sexes at all walking speeds and in all planes of 
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motion, and that a higher rate of growth would be associated with increased fatigability, 

greater fatigue following the same bout of exercise, of the rectus femoris muscle.  

The overarching goal of these three aims was to better characterize Adolescent 

Motor Awkwardness (AMA). To accomplish that, this dissertation chose to focus on 

walking gait as it forms the basis for many more complex sport-specific motions. The 

ability to perform stable walking gait (i.e. gait that does not lead to falls) at a variety of 

speeds is a crucial first step to performing not only a wide variety of the most popular 

sports, but also to participating in everyday life.38 By beginning with gait, a basic, 

locomotor task, this dissertation aims to form a base of knowledge from which to 

ultimately develop a better understanding of disruptions to more advanced sport specific 

tasks. As AMA occurs concurrently with an apparent increased injury rate in athletes,19,20 

understanding how motor coordination is specifically altered, the timing of AMA, and the 

effect of AMA in specific sub-groups of adolescents, are the first steps to a more 

cohesive definition of AMA. This more comprehensive understanding of AMA may then 

better inform evidence-based education for youth coaches and training strategies for 

adolescents to reduce injuries. 

Progression Of Dissertation Research 

Recruitment for this study began in late fall of 2019. Five participants were recruited 

and completed the first testing session before the onset of the COVID-19 pandemic. 

During the spring and summer of 2020, no data was able to be collected due to the 

ongoing global pandemic. Following the easing of pandemic restrictions, 62 participants 

were recruited and completed the first testing session between the fall of 2020 and the 

spring of 2022 for a total of n=67 (n=33 males, n=34 females) of the proposed n=70 
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participants. Due largely to resurgences of the pandemic and individual discomfort with 

completing in-person testing, only 43 of the proposed 70 participants (n=26 males, n=20 

females) completed their second testing session and were included in aims 2 and aim 3 

hypothesis 2.  

Additions To The Understanding Of AMA 

Aim 1: Age, height, and sex as factors of AMA 

The first goal of this dissertation was to determine the impact of sex, age, and height 

on AMA. To accomplish this, we proposed gait stability as a primary factor of AMA. 

Gait stability was characterized as Harmonic Ratio, or smoothness, of trunk motion at the 

upper and lower trunk and used as the independent variable. By better understanding 

which physical characteristics are more highly associated with factors of AMA, improved 

sports injury prevention strategies can be identified for such sub-groups (e.g. females 

ages 10-12 over 5’7”, males ages 15-17 under 5’9”). In addition, an improved 

understanding of the underlying mechanisms of AMA itself may emerge for future 

research.    

Though chronological age alone is recognized as a relatively poor measure of 

biological maturity25 during adolescence, chronological age is used in sports training as a 

primary determinant for the timing of increases in training load, sport speed, and sport 

intensity during middle and high school athletics. Thus, understanding how parameters of 

gait related to coordination differ across a spectrum of chronological ages during 

adolescence can help to establish recommendations for training and injury prevention 

strategies within the pre-existing chronological age-based framework of youth sports. 
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In this study of n= 67 adolescents, chronological age was found to have a positive 

association with gait smoothness measured using HRs, indicating greater smoothness of 

motion and decreased fall risk43,64 in the older athletes compared to the younger ones. 

However, significant associations differed in sensor location (i.e. upper or lower trunk), 

gait speed (i.e. SWS, PWS, or FWS), and plane of motion (i.e. AP, ML, or V) based on 

subject group (i.e. male or female groups). 

Figure 5.1  

Summary of sensor location, plane of motion, and gait speed of HRs found to have a 

significant association with age in females pre- and post-fatigue. 

 

 In females, age showed a significant positive association with HR at C7 in the AP 

direction at all gait speeds pre-fatigue. Post- fatigue, age showed a significant positive 

association with HR at C7-V during slow and preferred walking and at C7-AP during fast 

walking (Figure 5.1). The shift between pre- and post-fatigue in which plane of motion 

was significantly associated with chronological age at SWS and PWS is an interesting 

phenomenon which requires further research.   
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Figure 5.2 

 Summary of sensor location, plane-of-motion, and gait speed of HRs found to have a 

significant association with age in males pre- and post-fatigue. 

 

In males, chronological age showed a positive relationship with HR at L5ML and 

C7V at fast walking (FWS) pre-fatigue. However, no significant associations were found 

between age and HR in males post-fatigue. This indicates that fatigue may negate the 

differences in gait stability between older and younger males. As sport intensity tends to 

increase with increasing age, often based on the thought that adolescents improve linearly 

in strength, speed, and stability from early to late adolescence, the finding that fatigue 

may eliminate some benefits of age presents a crucial avenue for future research on youth 

athletes. 

When looking at the relationships between HRs and height, males and females 

showed differences in fatigue status, sensor location, plane of motion, gait speed, and 

trajectory of the associations found to be significant. 
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Figure 5.3  

Summary of sensor location, plane of motion, and gait speed of HRs found to 

have a significant association with height in females pre- and post-fatigue.  

 In females, height was primarily found to have a negative relationship with HRs, but 

associations were only significant post fatigue (Figure 5.3). In other words, taller females 

were less smooth than shorter females when fatigued.  

 

Figure 5.4  

Summary of sensor location, plane of motion, and gait speed of HRs found to 

have a significant association with height in males pre- and post-fatigue. 
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In males, height was found to have a significant positive relationship with HR (i.e., 

taller males were more smooth) but only at C7 in the vertical direction pre- fatigue 

(Figure 5.4). These results were contrary to what was predicted. Females followed the 

predicted trend of taller individuals being less smooth than shorter ones, particularly at 

C7. Taller males being more smooth than shorter ones may indicate that taller males are 

more stable than shorter ones,43,44,64 however there are other potential explanations for 

this finding that requires further exploration. It is possible that the taller males in our 

study had relatively higher leg and core muscle strength compared to the shorter males 

and were thus able to control their body segments and move more smoothly during gait 

when not fatigued. Following exercise, however, taller individuals may have fatigued 

more rapidly than shorter individuals, resulting in relative muscle strength being reduced 

to be more comparable relative to that necessary for joint control across heights. Future 

studies further investigating the impact of fatiguability of various muscle groups on gait 

smoothness during adolescence may result in improved training programs incorporating 

not only strength training but also muscle endurance training.  

Aim 2: Growth Rate As A factor Of AMA 

The second aim of this study was to better understand the linear relationship between 

rate of growth, calculated from changes in standing height over 4 months, and gait 

stability, measured as HR of upper and lower trunk, in adolescents. Our hypothesis that 

higher growth rates would be associated with lower stability (i.e., lower HRs) was 

supported only in females at L5 in the AP direction during fast walking. Our findings that 

no significant association existed between growth rate and HRs in males contradict the 

2016 findings of Bisi and Stagni that high growth rate males were less stable than low 
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growth-rate males during gait.28 Their findings indicated that growing males had lower 

HRs, at L5 in the AP direction at preferred walking speed compared to non-growing 

males.28 There are several potential explanations for the disparity in findings. First, males 

in our study ranged in age from 10-17, whereas Bisi included only 15-year-old males. 

Second, gait in our study was performed on a treadmill while Bisi used overground 

walking. While the effects were likely minimal, treadmill walking can reduce the natural 

variability of gait,90 and the set speed eliminated the ability of the participants to make 

natural minute changes to the spatiotemporal parameters of gait between strides.  

This relationship has not been tested previously in adolescent females, thus the 

significant association between growth rate and HR at L5-AP during fast walking 

presents a novel finding on which future research can build. More research is needed to 

further explore the effects of growth rate on not only HR but a variety of parameters 

related to gait stability to assess how it relates to the emergence of AMA.  

Aim 3: Response To Peripheral Fatigue As A Factor Of AMA 

The goal of the third aim of this study was twofold:1) to better understand the effects 

of peripheral, or muscular, fatigue on gait stability in adolescents and 2) to assess the 

linear relationship between growth rate and muscular fatigability. We hypothesized that 

1) gait stability, smoothness measured as HRs of the upper and lower trunk, would 

decrease following a bout of exercises targeted at fatiguing the lower extremities, and 2) 

that higher growth rate individuals would exhibit greater fatigue following a standardized 

bout of exercise compared to lower growth rate individuals.  

As expected, HRs decreased from pre- to post- fatigue in all conditions for both 

sexes, though the decreases were not significant in all cases. This indicates that 
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smoothness of trunk motion at both the upper and lower trunk decreases following 

fatiguing exercise, even when the exercises are targeted at the lower extremities. As the 

exercises used were similar to those athletes are likely to encounter during sports 

practice, this result gives more scientific background to the finding that sports injuries are 

more likely to occur later in practice or games when fatigue is increased.75   

Significant decreases in HRs between pre- and post- fatigue were found in both 

sexes, but varied between sexes in their location (i.e., upper or lower trunk), plane (i.e., 

AP, ML, V), and walking speed (i.e., SWS, PWS, or FWS). This supports and furthers 

the findings by Briem et. al that males and females differ significantly in how their 

movement strategies change as a response to peripheral fatigue.96  

In females, significant decreases in HR from pre- to post-fatigue were seen during 

PWS at L5 in all planes of 

motion and at C7 only in the 

vertical direction (Figure 5.5). 

Likewise, the finding that the 

effects of fatigue manifest in 

females in the lower trunk 

and during vertical motion 

may be an unexplored factor 

leading to the significantly 

Figure 5.5- Locations (Upper and lower trunk) and 

directions (Vertical, Anterior-Posterior, and 

Mediolateral) of significant decreases in HR from pre- 

to post- fatigue in A) Females during PWS and B) 

Males during FWS.  

 

  

 

 

Female Male 
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higher rate of ACL injury in adolescent females compared to males.96 

 In males, significant decreases in HR from pre- to post-fatigue were primarily seen 

at C7 during fast walking (Figure 5.5). When the lower extremities were fatigued and 

became less stable as the muscular force output demands increased with increasing gait 

speed, males appear to have prioritized maintaining the stability of the lower extremities 

at the expense of the trunk. As stability of the upper trunk is directly related to the 

stability of the head and therefore the visual and vestibular systems, this finding may 

indicate that males rely more heavily on proprioceptive-based strategies to maintain 

stability during gait than on the visual or vestibular systems.  

Adult males on average have a higher center of mass than adult females, resulting 

from differences in bone structure and muscle mass distribution.97,98 Gender differences 

in total skeletal muscle mass (SMM)99 and muscle mass distribution97 largely arise during 

puberty, with males gaining more than 60% of their SMM in the years coinciding with 

the adolescent growth spurt.99 The rapid increase in upper extremity muscle mass seen 

combined with the findings of Smith et. al that males have decreased stability of the core 

musculature during early adolescence compared to females,95 may play a role in the 

relatively higher impact of fatigue on the smoothness of the upper trunk in males 

compared to females. Our findings are also supported by the findings of Smith et. al that 

females walk with greater pelvic motion than males but less center of mass 

displacement,100 possibly using the increase motion of the hip to reduce motion of the 

trunk during gait. This may again indicate that females prioritize maintaining stability of 

the head over stability of the hips and may employ a more vestibular- or visual-based 

method of stabilization than do males. The differences between males and females in 
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prioritizing the smoothness of motion in the lower versus upper trunk may also be a result 

of social or cultural effects related to changing body structure during puberty.  

Synopsis Of Findings 

Females 

In aim 1, improvements in HR with increasing chronological age in females were 

primarily seen at C7. This may indicate that changes to upper trunk stability are the result 

of chronological age-related factors, such as learned stabilization priorities. Female 

adolescents have been shown to have significantly better stability of the core musculature 

compared to males,95 which may be a result of conscious attempts at increased control of 

the upper trunk, or may be the cause of the identified improvements in control. 

Improvements in the smoothness of the upper trunk appeared to be maintained following 

fatigue, however they changed location, indicating a difference in the pattern of 

smoothness.   

The effects of fatigue in females were found to be more prevalent at the lower trunk 

than in their male counterparts (aim 3, chapter 4), even when accounting for differences 

in chronological age and height. Smoothness of the upper trunk motion during gait was 

found to improve with age in females regardless of fatigue status (aim1, chapter 2), but 

no such relationship was found at the lower trunk. This combination of results indicates 

that females’ strategy of maintaining stability during gait through stability of the upper 

trunk and head at the expense of the stability at the lower trunk and hips, may be a 

strategy that is learned and refined during adolescence. This further supports the idea that 

the strategy of stabilizing the upper trunk may be related to social factors learned 

throughout adolescence, particularly those related to changes in body structure. 
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The prioritization of stability of the upper trunk in females, while the lower trunk 

decreases in stability, may also be the result of conscious or subconscious effort to 

stabilize the head and neck. This may indicate that females employ a more 

visual/vestibular based internal stabilization strategy, which relies heavily on the stability 

of the head.  

In females, growth rate was found to have a significant positive association with HR, 

however this result was found only at L5AP during fast walking (aim 2, chapter 3). As 

growth rate was found to be a significant predictor of muscular fatigability in females 

(aim 3, hypothesis 2), and muscular fatigue was found to have significant impacts on 

HRs, particularly at the lower trunk, muscular fatigability may represent the link between 

GR and HRs that was not found in aim 2.  

 

Males 

Older males were found in aim 1 (chapter 2) to have smoother trunk motion than 

younger males, but this effect was only seen pre-fatigue. The benefits of age on HRs in 

males were negated with fatigue. This may indicate that while the benefits of age on HR 

are learned throughout adolescence, older adolescent males still lack sufficient muscular 

endurance or strength to maintain smoothness after fatigue.  

Interestingly in aim 1 taller males displayed smoother trunk motion than shorter 

males. Smoother motion of the trunk may be indicative of true increases in stability or 

may be the result of a conscious understanding of their own instability and subsequent 

attempt to improve stability by reducing overall amplitude of motion and increasing 
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smoothness Future studies are needed to establish the source of improvements in HR with 

both age and height in adolescent males and females.  

In hypothesis 1 of aim 3 (chapter 4), significant effects of fatigue in males were 

primarily found at the upper trunk, with males showing a significant decrease in 

smoothness of motion at C7. This effect was especially significant at fast walking. No 

significant changes were found in males between pre and post-fatigue HRs at L5. The 

maintenance of stability at L5 while stability at C7 decreases significantly may be the 

result of numerous factors. The prioritization of stability of the lower trunk may be the 

result of a more proprioceptive based internal stabilization strategy, which would more 

heavily require stability of the lower limbs than that of the head and neck.  

The effects of fatigue arising primarily at the upper trunk and at fast walking speed 

may also be further indication that males lack the muscular strength or endurance of the 

core musculature to maintain stability following fatiguing exercise. When in the un-

fatigued state, males have enough muscular strength to stabilize both the legs and the 

core, however once fatigued, males’ prioritization of the stability of the lower trunk 

amplifies any instability in the core and at C7 that is masked pre-fatigue. Future studies 

are needed to investigate the presence and development of differences in male and female 

gait stabilization strategies during adolescence. 

Overall 

Our initial aim 2 hypothesis that rate of physical growth was a primary factor leading 

to changes in HR was not supported. However, aim 1 (chapter 2) found significant 

increases in some but not all HRs with increasing chronological age in both males and 

females. If stability continues to improve throughout adolescence, we expect to see a 
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linear relationship with age in all HRs. The lack of significant linear relationship between 

chronological age and some HRs may indicate either that these HRs have already reached 

a plateau indicative of maturity or that improvements in these HRs do not occur on a 

linear timeline. The latter conclusion further supports our conclusions from aim 2 

(chapter 3) that disturbances to gait stability related to growth may occur on a non-linear 

or delayed timeline. The presence of a significant linear association with chronological 

age in some, but not all HRs may also indicate that some changes to gait stability that 

occur during adolescence are caused or impacted by chronological age-based elements 

such as learned social norms related to changing body structure. The impacts of 

chronological age-related factors may act in addition to or regardless of physical height 

growth, a distinction which future research is needed to understand. 

While growth rate was not a significant linear predictor of HRs (aim 2, chapter 3), 

when accounting for age and height, it was found to be a significant predictor of muscle 

fatigability in females and was nearing significance as a predictor in males (Aim 3 

hypothesis 2; chapter 4 addendum). As fatigue was found to have variable but significant 

effects on gait stability in both males and females (Aim 3, hypothesis 1), and has been 

shown to have negative impacts on dynamic postural stability,73 fatigability and 

responses to fatigue require further exploration as a potential factor leading to AMA. 

Peripheral muscle fatigue had a negative impact on gait smoothness (decreased HR) in 

this study at both the lower and upper trunk in both sexes (aim 3, chapter 4). Thus, the 

effects of growth rate on muscular fatigability may lead to a delayed impact of physical 

growth on gait stability. 
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Substantial differences were found between males and females in the effects of 

fatigue on gait stability (aim 3, hypothesis 1; chapter 4). These differences may indicate 

differences in stabilization priorities between the sexes. Females were found to prioritize 

the stability of the upper trunk at the expense of the lower trunk in aim 3, while males 

appeared to prioritize the stability of the lower trunk at the expense of the upper trunk. 

These differences in stabilization priorities may be the result of a number of factors, 

including learned social norms, as is indicated by the improvement in some HRs with 

chronological age from aim 1, differences in body structure which arise throughout 

puberty (i.e. males accumulate greater arm and shoulder mass compared to females, the 

development of breast mass in females, the development of differences in hip structure, 

etc.) or differences in muscle strength between the sexes.  

Limitations And Future Directions 

This research provided a foundational understanding of the impact of growth on gait 

smoothness and related AMA. Our primary measure of smoothness, HRs, reflects a 

tighter coupling of motion, more smoothness, which could be due to 1) increased 

coordination resulting in increased smoothness; or 2) a relative restriction in motion that 

results in a smoother acceleration profile, but reflects a strategy of reducing degrees of 

freedom to prevent instability. Future research that incorporates other measures of 

coordination, or other cyclical movement tasks, may be helpful to better understand the 

relation between HR and AMA more fully.  

The main limitations of this study were the small population, lack of a young adult 

(i.e. post-pubertal) control group, and a single repeat session 4 months after the initial 

testing session. This project was completed during the COVID-19 pandemic, therefore 
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participation was limited to those willing to complete in-person testing. Our recruitment 

pool was likewise limited as in-person team sports participation was significantly reduced 

during much of the time-scope of the study. There was significant dropout, especially of 

females, between the two sessions, further limiting our study population and ability to 

achieve significance in our results related to growth rate. Despite the limited population, 

we were still able to reveal several significant factors related to instability of gait in 

adolescents of both sexes.  

The timing of the 2 testing sessions was also relatively short, 4 months apart, 

allowing us to only capture the impacts of growth during a relatively small window of 

time. While we were able to test for the immediate effects of physical growth on HR, we 

were unable to test for longer-term or delayed effects past the 4-month time window. As 

height growth takes place over several years,26 not months, future longitudinal studies 

looking at the impacts of growth on potential factors leading to AMA over the entire 

course of adolescence are necessary to produce a full working timeline of AMA.  

Another potential limitation of this study was the use of treadmill versus overground 

walking. The use of the treadmill was necessary as it allowed for a long walking trial on a 

standardized surface with set walking speeds. Treadmill walking, however, can produce 

decreased variability of many parameters of gait compared to overground walking.90 

Given that all our subjects were familiar with treadmill walking, this effect was most 

likely minimal. However, since many sports rely on the ability to navigate uneven terrain, 

such as that found on a soccer pitch or baseball field, future studies on a variety of 

walking surfaces are needed to refine training recommendations specific to each sport’s 

playing surface.  
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Future studies are needed to address the timing of AMA in each sex group, identify 

metrics and guidelines for identifying the subpopulations most at risk for AMA and 

increased injury risk, and to characterize specific coordination difference of AMA 

occurring in each subpopulation under sport play conditions including fatigue.  

In addition to creating a better working definition, timeline, and symptomatic 

description of AMA, current training strategies among youth athletes need to be 

evaluated for their contributions to the increased injury rate during physical growth. 

Among these is a fourth area that has been identified as a potential risk-factor for AMA 

but was not able to be included in this study largely due to small sample size: multi-sport 

versus single-sport participation. Single-sport participation, defined as participating in a 

single sport at the exclusion of all other sports,12 during late childhood into early 

adolescence has been associated with increased rates of injury. As single sports 

participation limits the breadth of strengthening and functional movement training 

encountered by adolescents, it may play a role in moderating AMA.  

In this study, we focused on understanding how trunk motion and muscle fatigue, 

specifically that of the lower limb, were affected by growth and how they changed during 

adolescence. In addition to these potential elements of AMA, many of the other known 

changes that occur during puberty may result in AMA and the increase in sports injuries 

during the PHV year. Potential causes which require investigation include disruptions to 

dual-tasking ability,101 disruptions to internal body representation,102,103 and disruptions 

to working memory and processing.101  
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Conclusions 

This dissertation provides a foundation for understanding sex-specific differences 

associated with AMA. We found substantial differences between the sexes in the effects 

of age and fatigue on HRs, and on the effects of GR on muscular fatigability. Males and 

females appear to demonstrate differences in stabilization priorities during gait, the 

reasons for which remain unclear. While 4-month GR was overall not found to have a 

significant linear relationship with HRs, it was found to have a significant impact on 

muscular fatigability. We concluded that fatigability may represent a link between GR 

and changes to gait stability and that changes to gait stability, specifically HR, may not 

occur concurrently with or immediately following rapid growth, or may not occur on a 

linear timeline throughout adolescence.  

While this dissertation began the process of answering many questions related to 

growth and gait stability, it has also revealed many new questions and directions for 

future research into how movement coordination changes throughout adolescence and 

how those changes differ between the sexes. Little is known about the timeline or 

specifics of how movement is altered during adolescence, particularly in relation to 

growth spurts. As the benefits of sports participation and the consequences of injury in 

adolescents are well documented, creating evidence-based standards for youth sports 

coaches and for youth training is crucial. The work of this dissertation provides a better 

understanding of the movement coordination of adolescents and the basis on which to 

formulate future questions and directions for research in this population.  
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APPENDIX A- GLOSSARY OF ABBREVIATIONS USED 

 

SWS= Slow Walking Speed 

PWS= Preferred Walking Speed 

FWS= Fast Walking Speed 

sEMG= Surface Electromyography 

HR= Harmonic Ratio 

GR= Growth Rate 

Std. Err. = Standard Error 

sd= Standard Deviation 

AP= Anterior-Posterior 

ML= Medio-Lateral 

V= Vertical 

AMA= Adolescent Motor Awkwardness 

PHV= Peak Height Velocity 

Fmed= Median Frequency 

IMU= Inertial Measurement Unit 
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APPENDIX B- EXAMPLES OF sEMG DATA 

Figure 1 

Examples of raw sEMG signals. 
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Figure 2  

Examples of median frequency analysis output of sEMG signal from the full 10-second 

contraction pre-fatigue (A) and post-fatigue (B). 

B 

A 
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Figure 3 

 Examples of median frequency analysis of sEMG signal from the full 10-second 

contraction pre-fatigue (A) and post-fatigue (B). 

  

A 

B 
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A 

B 

Figure 4  

Example of initial (A) and final (B) second selection for median frequency 

analysis. Pink and yellow lines represent the beginning and end points of the raw 

data selected for median frequency analysis. 
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Figure 5.  

Examples of extracted initial (A) and final (B) seconds of median frequency from a 10 -

second sustained maximal contraction pre-fatiguing exercises.  

  

A 

B 
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APPENDIX C- GAIT ACCELERATION SIGNALS AND HARMONIC RATIO CODE 

Figure 6.  

Example of raw acceleration signals from the upper trunk (C7) sensor in the 

Vertical (A), Medio-Lateral (B) and Anterior-Posterior (C) directions 

A 

B 

C 
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Figure 7 

Example of raw acceleration signals from the lower trunk (L5) sensor in the Vertical 

(A), Medio-Lateral (B) and Anterior-Posterior (C) directions.  

A 

B 

C 
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APPENDIX D- CODE FOR ACCELERATION SIGNAL PROCESSING, SEGMENT 

EXTRACTION, AND HARMONIC RATIO CALCULATION 
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APPENDIX E- INDIVIDUAL PARTICIPANT HARMONIC RATIO DATA 

 

Appendix E Table 1  

Individual demographic and Harmonic Ratio data extracted from acceleration signals 

from the lower trunk (L5) sensor for session 1 participants (N=67). 

    HRAP 
 

Age 

(Years) 

Height 

(Centimeters) 
Sex 

Pre-Fatigue Post-Fatigue 

Subject SWS PWS FWS SWS PWS FWS 

1 10.00 146.3 F 1.657 2.374 2.826 1.655 2.308 2.763 

2 11.25 150.5 F 2.651 3.824 5.504 2.301 3.469 5.106 

3 10.92 156.0 F 2.133 3.434 4.282 2.222 2.789 2.360 

4 15.75 164.8 F 3.347 4.477 3.853 2.636 3.397 4.402 

5 11.75 139.4 F 2.635 2.779 3.669 1.868 2.111 3.433 

6 9.25 140.0 F 2.373 3.968 3.852 1.962 3.465 3.320 

7 13.00 164.6 F 2.621 3.653 5.571 2.260 3.740 5.193 

8 12.25 159.3 F 2.646 3.013 2.935 2.010 2.214 2.502 

9 12.92 161.0 F 2.306 3.205 3.952 2.326 3.243 3.661 

10 13.83 153.2 F 3.988 5.202 5.107 3.964 4.170 4.944 

11 15.42 166.1 F 2.174 2.973 3.569 2.149 3.139 3.717 

12 14.75 168.7 F 2.931 3.757 4.715 2.302 2.307 3.352 

13 14.00 175.8 F 2.573 3.398 3.468 2.312 2.881 3.048 

14 10.98 154.2 F 2.025 2.320 2.349 2.103 2.096 2.016 

15 12.92 153.4 F 2.169 3.841 4.689 2.514 4.043 4.587 

16 11.58 149.9 F 1.947 2.997 3.600 1.869 2.196 3.017 

17 12.66 162.3 F 1.778 2.002 2.312 1.982 2.215 2.443 

18 11.42 160.8 F 3.291 3.369 3.307 3.006 3.039 3.035 

19 14.00 156.8 F 3.059 3.231 2.958 2.894 3.149 3.223 

20 14.92 168.7 M 1.975 2.689 3.366 1.934 2.525 2.654 

21 16.00 177.8 M 3.674 3.862 3.711 2.210 3.118 2.618 

22 14.58 176.8 M 2.452 2.498 2.677 1.669 1.945 2.449 

23 13.00 164.1 M 2.170 3.103 3.392 1.907 2.702 2.705 

24 14.83 158.2 M 2.676 3.264 4.150 2.271 2.782 3.952 

25 15.75 175.5 M 1.231 1.744 1.230 1.276 1.545 1.220 

26 10.00 146.8 M 1.759 3.191 3.187 1.862 2.876 2.943 

27 15.50 167.1 M 2.263 3.073 3.803 1.654 2.513 2.868 

28 14.92 180.1 M 3.186 2.721 3.407 2.451 2.578 2.743 

29 16.17 186.7 M 2.071 2.359 4.467 2.062 2.653 3.879 

30 13.00 151.6 M 1.951 2.792 3.464 1.877 2.719 3.010 

31 12.08 164.8 M 1.695 1.740 1.361 2.749 3.251 3.516 

32 14.00 152.9 M 2.924 2.837 3.755 2.275 2.213 2.740 

33 15.92 167.1 M 2.141 2.410 2.738 2.629 2.894 2.790 

34 12.42 164.6 M 1.930 3.818 3.617 1.991 2.717 3.336 
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35 15.33 175.9 M 2.853 3.068 3.552 2.453 3.561 3.187 

36 14.75 164.1 M 3.043 4.005 3.228 2.846 2.655 2.733 

37 15.00 175.3 M 3.255 4.476 5.176 2.878 3.579 5.299 

38 12.25 144.8 M 1.469 2.080 3.518 1.684 2.618 4.001 

39 15.17 187.7 M 2.557 3.607 3.417 3.044 2.295 1.043 

40 14.92 169.7 M 2.636 2.755 3.081 2.245 2.734 2.683 

41 14.83 185.0 M 3.242 4.321 4.177 2.471 3.983 4.170 

42 11.25 150.1 M 2.421 2.529 3.625 2.040 2.712 3.528 

43 14.25 180.1 M 2.546 2.923 3.789 1.703 2.046 2.958 

44 10.50 133.0 M 2.263 2.582 2.409 2.550 3.027 2.642 

45 13.75 158.0 M 2.448 2.504 3.205 2.612 2.736 2.940 

46 11.33 151.9 M 1.742 2.102 2.433 1.529 1.634 1.976 

47 14.42 174.0 M 4.060 4.358 4.025 3.388 3.636 3.436 

48 13.50 168.4 M 2.675 2.656 3.422 2.212 2.618 2.772 

49 12.50 157.4 M 2.014 2.636 1.611 1.938 2.846 2.518 

50 15.92 160.0 F 2.658 3.117 4.056 2.449 3.247 3.755 

51 12.33 156.0 F 1.782 2.170 2.855 2.148 2.173 1.950 

52 11.00 150.5 F 1.559 2.511 1.887 1.546 2.075 2.266 

53 16.66 170.2 M 2.302 1.467 1.437 2.025 2.687 2.955 

54 11.25 154.7 M 1.546 2.093 2.610 1.782 1.920 2.702 

55 12.92 164.6 F 2.217 3.076 3.607 1.772 2.984 3.855 

56 14.92 163.6 F 2.591 3.033 4.176 3.383 4.167 5.046 

57 15.25 169.0 F 2.286 2.370 3.477 1.868 2.146 2.510 

58 14.75 162.3 F 3.064 3.664 3.978 2.682 3.015 3.969 

59 15.00 163.6 F 2.390 3.475 3.167 2.008 2.200 2.962 

60 14.00 172.2 F 2.072 2.615 2.928 2.085 2.738 3.134 

61 15.00 160.3 F 1.292 1.822 2.399 2.488 2.363 2.604 

62 13.92 158.2 F 3.330 4.001 4.687 3.429 4.316 4.604 

63 8.75 137.2 F 2.022 2.743 3.407 2.010 2.226 2.867 

64 10.75 146.1 F 2.096 2.977 3.943 2.157 3.189 4.645 

65 9.00 143.0 F 1.677 1.969 2.191 1.376 1.559 1.423 

66 9.00 142.2 F 2.769 3.190 3.386 1.963 2.766 3.406 

67 16.00 179.7 M 3.274 5.067 4.385 3.246 2.876 4.446 

 

    HRML 
 

Age 

(Years) 

Height 

(Centimeters) 
Sex 

Pre-Fatigue Post-Fatigue 

Subject SWS PWS FWS SWS PWS FWS 

1 10.00 146.3 F 1.805 2.520 2.682 1.754 2.539 2.914 

2 11.25 150.5 F 2.389 3.337 3.366 1.998 3.008 1.713 

3 10.92 156.0 F 2.031 2.168 2.305 1.828 1.960 1.737 

4 15.75 164.8 F 2.874 3.166 3.605 2.169 3.239 3.557 

5 11.75 139.4 F 2.272 2.375 3.154 2.269 2.507 3.111 

6 9.25 140.0 F 1.856 2.219 2.624 1.712 2.333 2.873 

7 13.00 164.6 F 2.769 3.093 4.177 2.842 2.939 4.491 
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8 12.25 159.3 F 2.140 2.660 2.626 1.697 2.233 2.660 

9 12.92 161.0 F 2.582 2.871 2.555 2.227 2.775 2.848 

10 13.83 153.2 F 2.831 3.313 3.113 2.872 3.108 3.148 

11 15.42 166.1 F 2.331 2.418 2.472 2.270 2.616 2.442 

12 14.75 168.7 F 2.051 3.049 3.401 1.578 2.136 2.332 

13 14.00 175.8 F 2.265 2.967 2.580 2.090 2.081 2.626 

14 10.98 154.2 F 2.055 2.599 2.735 2.002 2.216 2.222 

15 12.92 153.4 F 2.577 4.648 4.668 2.617 4.608 4.983 

16 11.58 149.9 F 1.248 1.721 2.441 1.407 2.342 2.180 

17 12.66 162.3 F 1.379 1.389 1.594 1.387 1.474 1.620 

18 11.42 160.8 F 2.357 2.118 1.825 2.451 2.515 2.066 

19 14.00 156.8 F 2.689 3.336 2.972 1.561 1.698 2.028 

20 14.92 168.7 M 2.253 2.715 2.946 1.807 1.896 2.085 

21 16.00 177.8 M 3.079 3.771 4.203 2.596 3.860 4.010 

22 14.58 176.8 M 2.576 3.128 3.190 1.999 2.350 2.478 

23 13.00 164.1 M 2.011 2.724 2.332 1.692 2.658 2.591 

24 14.83 158.2 M 1.553 1.991 3.320 1.542 1.947 2.792 

25 15.75 175.5 M 1.448 2.078 2.558 1.382 1.625 1.875 

26 10.00 146.8 M 1.834 2.071 2.262 1.834 1.891 2.145 

27 15.50 167.1 M 2.911 3.862 4.610 1.594 1.652 1.788 

28 14.92 180.1 M 2.420 2.040 2.381 2.170 1.985 2.228 

29 16.17 186.7 M 2.176 1.991 2.629 1.812 2.334 2.512 

30 13.00 151.6 M 2.135 2.473 2.770 2.286 2.805 2.678 

31 12.08 164.8 M 1.376 1.463 1.177 2.628 2.450 2.350 

32 14.00 152.9 M 3.293 4.525 4.672 3.323 2.682 2.785 

33 15.92 167.1 M 1.933 2.170 2.799 1.709 2.054 1.472 

34 12.42 164.6 M 1.791 2.915 2.631 2.077 2.516 2.471 

35 15.33 175.9 M 2.944 3.410 3.241 2.581 2.575 2.653 

36 14.75 164.1 M 2.536 3.323 2.957 2.132 2.432 2.707 

37 15.00 175.3 M 3.383 3.128 3.694 3.202 3.535 4.027 

38 12.25 144.8 M 1.928 1.589 2.951 1.999 1.923 3.177 

39 15.17 187.7 M 2.488 3.326 2.941 3.035 1.981 2.172 

40 14.92 169.7 M 1.938 1.907 2.669 1.489 1.805 2.543 

41 14.83 185.0 M 3.483 3.523 2.983 1.972 2.939 2.770 

42 11.25 150.1 M 1.737 1.523 1.952 1.607 1.564 1.998 

43 14.25 180.1 M 2.721 3.523 3.122 2.104 2.494 2.371 

44 10.50 133.0 M 1.789 2.580 2.327 1.964 2.636 2.598 

45 13.75 158.0 M 1.719 1.808 2.378 1.668 2.141 1.976 

46 11.33 151.9 M 1.667 2.078 2.426 1.595 1.939 2.344 

47 14.42 174.0 M 2.045 2.469 2.516 2.304 2.157 2.303 

48 13.50 168.4 M 2.338 1.375 2.119 2.021 1.592 2.065 

49 12.50 157.4 M 2.411 2.465 1.782 2.242 2.943 2.757 

50 15.92 160.0 F 1.931 1.679 2.259 1.637 1.904 2.324 

51 12.33 156.0 F 1.995 1.850 2.144 1.917 1.840 1.626 



131 
 

52 11.00 150.5 F 1.463 2.515 2.127 1.539 1.939 2.373 

53 16.66 170.2 M 2.125 1.482 1.770 1.796 1.910 2.191 

54 11.25 154.7 M 1.366 1.527 1.902 1.526 1.764 2.101 

55 12.92 164.6 F 1.831 1.993 2.246 1.456 2.003 2.118 

56 14.92 163.6 F 1.988 2.664 3.249 2.336 3.010 3.720 

57 15.25 169.0 F 1.858 1.802 2.047 1.605 1.581 1.640 

58 14.75 162.3 F 1.991 2.071 1.963 1.883 1.761 1.875 

59 15.00 163.6 F 1.518 1.929 1.636 1.446 1.575 2.106 

60 14.00 172.2 F 1.517 1.857 2.194 1.345 1.728 2.330 

61 15.00 160.3 F 1.293 2.136 2.300 1.328 1.972 1.748 

62 13.92 158.2 F 2.582 2.695 2.772 2.049 2.711 2.477 

63 8.75 137.2 F 1.677 1.836 2.158 1.454 1.885 1.839 

64 10.75 146.1 F 1.449 1.842 2.298 1.382 1.825 2.221 

65 9.00 143.0 F 1.607 1.935 1.986 1.449 1.566 1.623 

66 9.00 142.2 F 1.803 1.854 2.085 1.488 1.664 1.898 

67 16.00 179.7 M 1.962 2.916 2.659 2.318 1.882 2.550 
    HRV 

 
Age 

(Years) 

Height 

(Centimeters) 
Sex 

Pre-Fatigue Post-Fatigue 

Subject SWS PWS FWS SWS PWS FWS 

1 10.00 146.3 F 1.489 2.050 2.542 1.498 1.957 2.946 

2 11.25 150.5 F 1.557 2.277 2.850 1.489 1.946 2.762 

3 10.92 156.0 F 2.353 3.293 2.829 2.449 2.163 1.813 

4 15.75 164.8 F 1.747 2.637 2.542 1.417 1.956 2.807 

5 11.75 139.4 F 1.960 1.725 2.312 1.560 1.455 2.056 

6 9.25 140.0 F 1.566 2.686 3.320 1.628 3.240 3.204 

7 13.00 164.6 F 1.930 2.897 2.622 1.886 2.705 2.979 

8 12.25 159.3 F 1.702 1.978 2.087 1.688 1.747 2.040 

9 12.92 161.0 F 1.977 1.913 1.849 1.703 1.522 2.846 

10 13.83 153.2 F 2.366 2.872 2.933 2.644 3.188 3.041 

11 15.42 166.1 F 1.565 1.978 2.207 1.446 1.870 2.176 

12 14.75 168.7 F 1.725 2.500 2.123 1.879 2.483 2.562 

13 14.00 175.8 F 1.599 2.000 2.320 1.496 1.850 2.460 

14 10.98 154.2 F 1.455 1.577 1.819 1.391 1.311 1.705 

15 12.92 153.4 F 1.728 2.632 2.476 1.991 2.786 2.230 

16 11.58 149.9 F 1.757 2.515 3.097 1.869 2.196 3.017 

17 12.66 162.3 F 1.563 1.586 1.621 1.751 1.768 1.814 

18 11.42 160.8 F 2.119 2.257 2.548 2.159 2.258 2.611 

19 14.00 156.8 F 1.813 2.233 2.423 2.918 2.764 2.912 

20 14.92 168.7 M 1.886 1.671 1.992 2.633 2.886 2.732 

21 16.00 177.8 M 2.192 2.870 2.901 2.032 2.482 2.208 

22 14.58 176.8 M 1.934 1.863 1.947 1.829 1.700 1.799 

23 13.00 164.1 M 1.862 2.437 2.860 1.619 2.814 2.790 

24 14.83 158.2 M 2.514 2.902 3.094 2.092 2.550 3.430 

25 15.75 175.5 M 1.870 1.971 2.163 2.039 2.248 1.828 
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26 10.00 146.8 M 1.459 2.411 2.661 1.389 2.141 2.223 

27 15.50 167.1 M 1.613 1.388 2.045 2.114 3.403 4.089 

28 14.92 180.1 M 1.941 1.577 2.199 1.357 1.522 2.117 

29 16.17 186.7 M 1.692 1.739 3.075 1.981 1.782 2.764 

30 13.00 151.6 M 1.410 1.970 2.538 1.488 2.185 2.413 

31 12.08 164.8 M 1.677 1.140 1.135 1.567 2.427 2.617 

32 14.00 152.9 M 2.222 2.689 3.192 2.314 2.161 2.513 

33 15.92 167.1 M 1.893 1.988 2.281 2.050 2.250 1.834 

34 12.42 164.6 M 1.475 1.928 2.184 1.656 1.450 1.971 

35 15.33 175.9 M 2.284 2.662 3.354 2.058 2.871 2.935 

36 14.75 164.1 M 2.043 2.380 2.349 2.033 2.046 2.329 

37 15.00 175.3 M 2.003 2.128 2.575 1.763 1.734 2.329 

38 12.25 144.8 M 1.603 2.192 4.092 1.820 3.025 3.519 

39 15.17 187.7 M 1.745 2.456 3.038 2.004 1.871 1.106 

40 14.92 169.7 M 2.512 2.383 2.967 2.528 2.124 2.432 

41 14.83 185.0 M 2.211 2.599 2.800 2.532 3.476 3.260 

42 11.25 150.1 M 1.779 2.137 2.260 2.023 2.073 2.374 

43 14.25 180.1 M 2.345 2.534 2.716 1.790 2.430 2.679 

44 10.50 133.0 M 1.907 1.693 1.993 1.860 2.119 2.080 

45 13.75 158.0 M 2.176 2.218 3.201 2.058 2.150 2.607 

46 11.33 151.9 M 1.359 1.835 2.759 1.402 1.660 2.546 

47 14.42 174.0 M 2.860 3.073 3.973 2.558 3.199 3.596 

48 13.50 168.4 M 2.830 2.315 2.245 2.603 2.162 2.671 

49 12.50 157.4 M 2.973 3.464 1.442 2.154 2.531 2.245 

50 15.92 160.0 F 3.283 3.223 4.241 3.128 3.506 3.311 

51 12.33 156.0 F 1.871 2.207 1.907 2.204 2.187 1.660 

52 11.00 150.5 F 1.557 1.921 2.029 1.728 1.766 2.231 

53 16.66 170.2 M 2.911 1.957 3.085 1.974 2.168 2.583 

54 11.25 154.7 M 1.724 2.024 2.466 1.843 1.992 2.079 

55 12.92 164.6 F 2.146 2.234 2.763 1.812 2.186 2.676 

56 14.92 163.6 F 2.750 2.839 3.007 3.865 3.342 3.520 

57 15.25 169.0 F 2.409 2.653 2.583 2.046 2.332 2.102 

58 14.75 162.3 F 2.727 3.449 3.259 2.253 2.631 3.343 

59 15.00 163.6 F 2.066 2.827 2.382 1.782 1.934 2.324 

60 14.00 172.2 F 1.924 2.713 2.882 1.656 2.228 2.577 

61 15.00 160.3 F 1.712 1.594 2.881 2.161 1.637 2.533 

62 13.92 158.2 F 2.858 3.638 3.743 2.906 3.519 3.357 

63 8.75 137.2 F 1.668 2.322 2.038 1.643 1.923 2.044 

64 10.75 146.1 F 1.692 2.460 2.890 1.785 2.230 2.633 

65 9.00 143.0 F 2.029 2.427 2.515 1.347 1.581 1.389 

66 9.00 142.2 F 2.340 2.634 2.341 1.962 2.365 2.351 

67 16.00 179.7 M 2.563 3.018 2.755 2.896 2.950 3.031 
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Appendix E Table 2. 

 Individual demographic and Harmonic Ratio data extracted from acceleration signals 

from the upper trunk (C7) sensor in session 1 participants (N=67). 

    HRAP 
    Pre-Fatigue Post-Fatigue 

Participan

t 

Age 

(Years) 

Height 

(Centimeters) 
Sex SWS PWS FWS SWS PWS FWS 

1 10 146.3 F 1.582 1.660 2.325 1.448 1.546 2.504 

2 11.25 150.5 F 1.455 2.757 3.159 1.382 2.423 2.972 

3 10.92 156.0 F 1.480 2.854 3.276 1.723 2.399 2.197 

4 15.75 164.8 F 2.638 3.198 4.568 1.829 2.985 4.799 

5 11.75 139.4 F 1.793 2.227 3.325 2.107 2.552 4.301 

6 9.25 140.0 F 2.151 2.966 3.117 2.077 3.105 3.705 

7 13.00 164.6 F 1.426 1.785 3.261 1.542 1.844 3.765 

8 12.25 159.3 F 1.502 1.962 2.603 1.335 1.628 2.316 

9 12.92 161.0 F 2.803 3.121 3.280 2.714 3.689 2.331 

10 13.83 153.2 F 2.490 4.080 3.809 2.633 3.595 3.564 

11 15.42 166.1 F 1.999 2.035 2.593 2.214 2.220 2.295 

12 14.75 168.7 F 1.751 3.439 3.874 1.675 2.533 3.639 

13 14.00 175.8 F 1.835 2.067 2.392 2.012 1.871 2.675 

14 10.98 154.2 F 1.660 2.312 3.551 1.776 2.400 3.192 

15 12.92 153.4 F 2.377 3.978 3.568 2.083 3.565 3.690 

16 11.58 149.9 F 1.603 2.369 2.953 1.712 2.269 2.823 

17 12.66 162.3 F 2.302 2.219 2.453 2.081 1.973 2.044 

18 11.42 160.8 F 2.288 2.234 2.169 2.001 2.334 2.131 

19 14.00 156.8 F 1.653 2.579 2.849 1.493 1.751 2.160 

20 14.92 168.7 M 1.684 2.527 2.924 2.241 2.264 2.956 

21 16.00 177.8 M 2.007 3.358 4.227 2.112 3.485 4.403 

22 14.58 176.8 M 1.692 2.366 3.190 1.531 1.937 2.999 

23 13.00 164.1 M 1.642 2.112 1.807 1.412 2.482 1.851 

24 14.83 158.2 M 2.338 3.228 3.639 2.709 3.585 3.088 

25 15.75 175.5 M 1.695 2.190 2.217 1.438 1.789 1.901 

26 10.00 146.8 M 1.387 2.361 3.038 1.386 2.219 2.743 

27 15.50 167.1 M 2.221 3.116 3.972 2.333 3.063 3.935 

28 14.92 180.1 M 2.524 2.273 3.170 2.331 1.993 2.111 

29 16.17 186.7 M 2.689 3.055 2.611 2.542 2.886 2.421 

30 13.00 151.6 M 1.679 2.068 2.886 1.224 2.015 2.179 

31 12.08 164.8 M 2.039 2.653 2.763 1.566 2.539 2.672 

32 14.00 152.9 M 2.571 4.255 4.294 2.418 2.656 3.420 

33 15.92 167.1 M 1.639 2.203 2.962 2.009 2.554 1.800 

34 12.42 164.6 M 1.716 1.964 2.218 1.658 2.004 1.962 

35 15.33 175.9 M 1.794 3.037 4.002 1.750 1.995 3.518 

36 14.75 164.1 M 1.741 2.447 3.301 1.538 2.109 2.471 



134 
 

37 15.00 175.3 M 2.489 2.774 4.003 2.919 2.856 3.456 

38 12.25 144.8 M 1.512 1.953 3.752 1.563 2.294 2.808 

39 15.17 187.7 M 1.760 3.233 3.274 2.500 1.901 3.406 

40 14.92 169.7 M 2.038 1.934 2.984 1.782 1.662 2.431 

41 14.83 185.0 M 2.353 2.800 3.013 1.933 3.246 2.922 

42 11.25 150.1 M 1.766 2.703 2.717 2.053 2.803 3.086 

43 14.25 180.1 M 2.587 2.837 3.194 2.074 2.196 2.860 

44 10.50 133.0 M 1.431 1.796 2.275 1.449 2.049 2.493 

45 13.75 158.0 M 1.786 2.170 2.727 1.498 2.377 2.063 

46 11.33 151.9 M 1.707 2.286 3.121 1.887 2.516 2.643 

47 14.42 174.0 M 1.910 3.050 3.919 1.706 2.925 3.485 

48 13.50 168.4 M 1.990 1.831 2.583 1.959 1.820 2.784 

49 12.50 157.4 M 2.034 2.515 1.679 1.540 2.493 2.034 

50 15.92 160.0 F 2.499 2.604 3.701 2.074 2.579 3.537 

51 12.33 156.0 F 1.665 2.070 2.564 1.628 2.052 1.665 

52 11.00 150.5 F 1.271 1.916 2.001 1.287 1.858 2.213 

53 16.66 170.2 M 2.248 1.839 3.517 1.771 2.242 3.049 

54 11.25 154.7 M 1.310 1.829 2.706 1.302 1.793 2.408 

55 12.92 164.6 F 1.422 2.418 3.460 1.295 2.483 3.153 

56 14.92 163.6 F 2.183 2.932 3.563 2.157 3.186 3.990 

57 15.25 169.0 F 1.821 2.377 2.598 1.629 2.169 2.373 

58 14.75 162.3 F 2.157 2.982 3.541 1.938 2.462 3.247 

59 15.00 163.6 F 1.709 2.891 3.009 1.433 2.201 3.004 

60 14.00 172.2 F 1.768 2.339 2.679 1.590 2.149 2.773 

61 15.00 160.3 F 1.782 3.199 3.632 2.713 3.191 3.519 

62 13.92 158.2 F 2.846 4.368 5.226 2.771 4.743 4.489 

63 8.75 137.2 F 1.562 2.533 2.622 1.741 2.320 2.768 

64 10.75 146.1 F 1.495 2.174 2.815 1.287 2.146 2.671 

65 9.00 143.0 F 1.523 2.299 2.968 1.442 1.938 2.801 

66 9.00 142.2 F 1.545 2.067 2.596 1.457 2.160 2.705 

67 16.00 179.7 M 2.293 3.563 3.308 2.139 2.875 2.998 
    HRML 
    Pre-Fatigue Post-Fatigue 

Participan

t 

Age 

(Years) 

Height 

(Centimeters) 
Sex SWS PWS FWS SWS PWS FWS 

1 10 146.3 F 1.876 2.115 2.196 1.924 2.202 1.985 

2 11.25 150.5 F 2.693 2.735 2.198 2.425 2.662 1.989 

3 10.92 156.0 F 3.383 2.776 2.848 3.155 2.253 2.304 

4 15.75 164.8 F 2.324 2.598 2.674 2.203 2.312 2.929 

5 11.75 139.4 F 2.235 1.906 2.135 1.699 1.538 1.914 

6 9.25 140.0 F 3.112 1.996 2.781 2.649 2.113 3.006 

7 13.00 164.6 F 1.450 2.492 3.418 2.853 2.900 3.071 

8 12.25 159.3 F 3.265 2.583 2.738 3.193 2.391 2.401 

9 12.92 161.0 F 2.041 1.903 1.850 2.714 2.704 2.258 

10 13.83 153.2 F 2.517 2.543 2.821 2.915 2.579 2.741 
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11 15.42 166.1 F 2.723 2.822 3.259 2.914 2.946 3.066 

12 14.75 168.7 F 1.919 2.475 2.534 2.059 2.221 2.563 

13 14.00 175.8 F 2.832 2.341 2.439 2.679 2.201 2.621 

14 10.98 154.2 F 2.208 2.046 2.400 2.518 2.032 2.336 

15 12.92 153.4 F 2.705 3.842 3.095 2.799 3.796 3.253 

16 11.58 149.9 F 2.510 2.381 2.435 2.849 2.408 2.252 

17 12.66 162.3 F 2.438 2.022 2.126 2.243 1.867 1.947 

18 11.42 160.8 F 2.626 2.652 2.432 2.745 2.411 2.191 

19 14.00 156.8 F 3.395 2.915 3.084 3.179 2.788 2.843 

20 14.92 168.7 M 4.241 3.039 3.120 3.201 3.114 2.670 

21 16.00 177.8 M 3.276 3.393 3.372 3.719 3.477 3.128 

22 14.58 176.8 M 2.652 3.135 3.082 2.921 2.618 2.977 

23 13.00 164.1 M 2.281 2.156 1.709 2.127 2.085 1.690 

24 14.83 158.2 M 2.559 2.557 2.354 3.021 3.144 2.474 

25 15.75 175.5 M 3.146 2.998 2.519 3.024 2.786 2.332 

26 10.00 146.8 M 2.498 2.807 2.451 2.387 2.621 2.416 

27 15.50 167.1 M 2.727 2.586 1.862 2.796 2.605 2.177 

28 14.92 180.1 M 2.846 2.146 2.067 3.047 2.414 1.961 

29 16.17 186.7 M 2.681 2.312 2.944 2.653 2.105 2.776 

30 13.00 151.6 M 2.782 2.672 2.399 1.410 2.561 2.334 

31 12.08 164.8 M 3.173 3.298 2.749 3.029 2.907 2.623 

32 14.00 152.9 M 3.757 2.968 3.022 3.264 2.509 2.480 

33 15.92 167.1 M 2.151 2.254 2.133 2.756 2.561 2.015 

34 12.42 164.6 M 3.244 3.189 2.814 3.093 2.755 2.412 

35 15.33 175.9 M 3.117 3.656 3.370 2.832 2.912 3.053 

36 14.75 164.1 M 2.980 2.702 2.525 3.283 2.618 2.471 

37 15.00 175.3 M 3.344 3.065 3.310 3.311 3.352 2.750 

38 12.25 144.8 M 2.770 2.341 3.242 1.647 1.361 1.061 

39 15.17 187.7 M 2.526 2.856 2.499 2.385 2.188 2.401 

40 14.92 169.7 M 3.578 3.044 3.492 3.262 2.683 3.142 

41 14.83 185.0 M 3.006 2.378 2.495 2.323 2.024 2.199 

42 11.25 150.1 M 3.388 2.995 2.953 3.926 3.304 2.774 

43 14.25 180.1 M 3.279 2.562 2.923 2.682 2.170 2.832 

44 10.50 133.0 M 2.224 2.260 2.493 2.052 1.837 2.041 

45 13.75 158.0 M 2.338 2.293 2.571 2.380 2.242 2.193 

46 11.33 151.9 M 2.839 2.271 2.694 2.565 2.594 2.565 

47 14.42 174.0 M 3.736 3.236 3.188 3.793 2.749 2.451 

48 13.50 168.4 M 3.500 3.091 3.116 3.121 2.801 2.755 

49 12.50 157.4 M 3.204 3.555 2.403 2.555 3.578 3.029 

50 15.92 160.0 F 3.505 3.382 3.459 2.844 2.848 2.378 

51 12.33 156.0 F 2.834 2.236 2.513 2.713 2.479 2.111 

52 11.00 150.5 F 2.119 2.540 2.121 2.107 2.328 2.424 

53 16.66 170.2 M 3.071 2.470 2.989 2.645 2.444 2.756 

54 11.25 154.7 M 2.049 1.859 1.636 1.760 1.839 1.434 



136 
 

55 12.92 164.6 F 2.360 1.782 2.016 1.987 1.937 1.914 

56 14.92 163.6 F 3.032 3.432 3.388 3.837 3.878 4.053 

57 15.25 169.0 F 3.400 2.709 2.960 2.601 2.200 2.438 

58 14.75 162.3 F 2.476 2.897 2.937 2.442 2.239 2.644 

59 15.00 163.6 F 2.291 2.602 2.375 2.039 2.007 2.200 

60 14.00 172.2 F 2.186 2.066 2.235 2.132 2.031 2.296 

61 15.00 160.3 F 2.310 2.521 2.710 2.547 2.910 2.721 

62 13.92 158.2 F 2.939 3.304 3.378 3.489 3.495 3.478 

63 8.75 137.2 F 2.432 2.508 2.195 2.285 2.418 2.301 

64 10.75 146.1 F 2.609 2.649 3.009 2.263 2.372 2.898 

65 9.00 143.0 F 2.890 3.104 2.701 2.580 2.584 2.375 

66 9.00 142.2 F 2.717 2.683 2.349 2.540 2.861 2.517 

67 16.00 179.7 M 2.247 2.782 2.824 2.419 2.199 2.740 
    HRV 
    Pre-Fatigue Post-Fatigue 

Participan

t 

Age 

(Years) 

Height 

(Centimeters) 
Sex SWS PWS FWS SWS PWS FWS 

1 10 146.3 F 1.876 2.038 1.911 1.762 2.161 2.106 

2 11.25 150.5 F 2.212 3.719 3.473 2.019 3.382 3.112 

3 10.92 156.0 F 2.148 3.110 2.930 2.117 2.207 1.815 

4 15.75 164.8 F 2.531 2.697 2.579 1.744 2.447 2.719 

5 11.75 139.4 F 2.316 2.351 2.633 2.624 2.692 3.398 

6 9.25 140.0 F 2.418 2.472 2.347 2.282 2.375 2.905 

7 13.00 164.6 F 1.193 2.053 3.227 1.994 2.282 3.245 

8 12.25 159.3 F 1.620 1.896 2.161 1.459 1.795 2.249 

9 12.92 161.0 F 2.530 2.977 1.977 1.954 2.054 1.929 

10 13.83 153.2 F 2.090 2.304 2.212 2.466 1.966 2.294 

11 15.42 166.1 F 1.928 2.255 1.999 2.007 2.010 1.885 

12 14.75 168.7 F 1.559 2.910 3.712 1.602 2.133 3.224 

13 14.00 175.8 F 2.575 2.114 2.083 1.586 1.962 2.532 

14 10.98 154.2 F 1.874 1.991 2.485 1.904 1.911 1.888 

15 12.92 153.4 F 2.335 3.822 3.193 2.734 2.905 2.765 

16 11.58 149.9 F 1.603 2.456 2.956 1.773 2.163 2.850 

17 12.66 162.3 F 1.678 1.729 1.818 1.452 1.492 1.518 

18 11.42 160.8 F 1.575 1.597 1.802 1.484 1.531 1.654 

19 14.00 156.8 F 2.741 3.056 2.978 2.359 2.495 2.468 

20 14.92 168.7 M 2.522 2.256 2.507 2.744 1.979 2.258 

21 16.00 177.8 M 2.254 3.374 4.137 2.398 3.643 3.838 

22 14.58 176.8 M 1.911 2.128 2.677 1.585 1.801 2.156 

23 13.00 164.1 M 1.643 2.138 1.726 1.558 2.538 1.763 

24 14.83 158.2 M 2.148 2.580 2.988 2.070 2.301 2.697 

25 15.75 175.5 M 1.441 1.773 1.957 1.321 1.665 1.872 

26 10.00 146.8 M 1.584 2.265 2.213 1.231 2.001 2.098 

27 15.50 167.1 M 2.281 3.020 3.900 1.849 2.612 3.473 

28 14.92 180.1 M 2.369 1.745 2.121 1.940 1.724 1.777 
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29 16.17 186.7 M 2.103 2.396 2.883 1.872 2.045 1.763 

30 13.00 151.6 M 1.743 2.001 2.620 1.182 2.090 1.969 

31 12.08 164.8 M 2.307 2.692 2.360 1.808 2.288 2.567 

32 14.00 152.9 M 2.457 3.826 4.206 2.581 2.829 3.446 

33 15.92 167.1 M 1.740 1.982 2.532 1.868 2.041 1.568 

34 12.42 164.6 M 1.653 1.826 1.889 1.789 1.906 1.659 

35 15.33 175.9 M 2.681 2.955 3.166 2.361 2.328 2.573 

36 14.75 164.1 M 1.805 2.174 2.966 1.675 2.035 2.575 

37 15.00 175.3 M 2.529 2.204 2.853 2.633 2.923 2.221 

38 12.25 144.8 M 1.593 1.702 2.762 1.397 1.218 1.719 

39 15.17 187.7 M 2.488 2.719 2.090 3.016 1.901 2.484 

40 14.92 169.7 M 2.360 2.353 2.608 2.062 2.098 1.762 

41 14.83 185.0 M 2.421 2.253 2.480 1.964 2.848 2.552 

42 11.25 150.1 M 1.729 1.862 2.097 1.915 2.023 1.828 

43 14.25 180.1 M 2.141 2.322 2.485 1.893 2.071 2.616 

44 10.50 133.0 M 1.484 1.839 2.379 1.615 2.089 2.611 

45 13.75 158.0 M 2.202 2.261 3.003 1.903 2.386 2.621 

46 11.33 151.9 M 1.536 1.684 2.277 1.461 1.706 1.997 

47 14.42 174.0 M 2.416 3.049 3.422 2.315 2.771 3.067 

48 13.50 168.4 M 2.350 2.239 2.205 2.058 2.005 2.008 

49 12.50 157.4 M 2.129 2.368 1.897 1.705 2.288 2.264 

50 15.92 160.0 F 2.638 2.693 3.385 2.058 2.610 2.831 

51 12.33 156.0 F 1.884 2.201 2.265 1.804 2.032 1.807 

52 11.00 150.5 F 1.461 2.191 2.140 1.666 1.932 2.522 

53 16.66 170.2 M 2.620 1.940 3.078 1.979 2.480 2.779 

54 11.25 154.7 M 1.643 2.047 2.027 1.447 1.892 1.901 

55 12.92 164.6 F 2.161 2.234 1.945 1.746 2.093 2.220 

56 14.92 163.6 F 2.469 2.730 2.883 3.108 3.022 3.342 

57 15.25 169.0 F 1.919 2.148 2.349 1.700 1.903 1.942 

58 14.75 162.3 F 2.155 2.580 2.710 1.789 1.794 1.973 

59 15.00 163.6 F 1.626 2.561 1.880 1.444 1.703 1.753 

60 14.00 172.2 F 1.725 2.130 2.202 1.371 1.612 2.121 

61 15.00 160.3 F 1.851 3.186 3.657 2.263 2.615 2.612 

62 13.92 158.2 F 2.531 2.639 2.534 2.186 2.815 2.698 

63 8.75 137.2 F 1.677 1.870 2.283 1.589 1.839 2.096 

64 10.75 146.1 F 1.852 2.802 2.912 1.759 2.382 2.675 

65 9.00 143.0 F 1.988 2.169 2.312 1.611 1.936 1.852 

66 9.00 142.2 F 2.266 2.383 2.261 1.727 2.245 2.000 

67 16.00 179.7 M 2.383 3.259 3.775 1.845 2.230 3.509 
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Appendix F Table 3 

Individual participant demographic and Harmonic Ratio data extracted from 

acceleration signals of the lower trunk (L5) sensor in session 2 participants. 

     HRAP 

 
Age 

(years) 

Growth 

Rate 

(cm/year) 

Height 

(cm) 
Sex 

Pre-Fatigue Post-Fatigue 

 SWS PWS FWS SWS PWS FWS 

1 12.08 4.4 141.2 F 1.490 2.785 4.005 1.484 2.668 4.323 

2 11.00 6.3 153.0 F 2.417 4.227 3.672 1.921 4.189 3.767 

3 11.83 8.8 154.4 F 2.038 3.379 3.657 2.583 2.863 3.088 

4 14.17 4.9 154.9 F 2.472 3.901 4.575 2.275 3.388 4.385 

5 13.25 2.3 165.4 F 2.565 3.488 3.680 1.780 2.101 2.337 

6 12.66 3.5 146.1 M 2.079 3.185 3.392 1.737 2.573 2.318 

7 11.58 4.7 156.2 M 1.983 2.725 3.146 2.379 2.628 3.343 

8 15.42 4.7 172.2 M 2.925 3.429 3.603 2.539 3.464 3.203 

9 12.83 5.6 166.9 M 3.279 3.870 3.315 2.670 3.444 2.965 

10 15.83 0.0 167.1 M 2.427 3.091 3.900 2.592 3.004 3.226 

11 16.50 0.0 186.7 M 2.665 2.540 3.469 2.401 3.222 3.481 

12 15.17 1.4 158.8 M 2.622 3.417 5.260 1.898 2.914 3.658 

13 13.25 2.0 161.8 F 1.981 3.098 3.512 2.171 4.215 4.406 

14 11.42 2.5 161.5 F 2.790 3.622 2.905 2.919 2.973 2.694 

15 13.00 3.0 155.2 M 2.279 2.812 3.015 2.167 2.691 2.966 

16 14.75 3.2 170.2 F 2.512 3.094 4.185 2.186 3.390 4.074 

17 16.17 5.0 168.7 M 2.827 2.794 3.242 2.704 3.307 2.754 

18 15.50 5.3 172.2 m 2.447 3.105 3.495 2.871 2.687 3.245 

19 11.75 10.6 155.2 M 2.086 2.463 2.746 1.539 1.968 2.548 

20 11.50 13.0 154.4 M 2.010 2.547 3.395 2.065 3.309 3.236 

21 15.17 13.3 189.7 M 3.464 4.429 4.383 2.731 3.867 3.972 

22 16.17 5.1 177.5 M 1.481 1.587 1.401 1.509 1.235 1.216 

23 14.92 0.0 176.8 M 1.423 1.262 2.220 2.740 2.925 3.653 

24 15.50 5.5 177.8 M 2.757 4.284 4.511 2.383 3.945 3.707 

25 14.58 2.8 181.4 M 2.206 2.290 2.804 2.137 2.732 2.378 

26 15.08 6.5 166.6 M 2.938 3.532 3.342 2.468 2.413 2.248 

27 15.33 1.4 180.6 M 3.459 2.997 2.214 2.350 2.158 1.686 

28 15.75 1.5 176.5 M 2.637 3.650 3.936 2.720 3.685 3.637 

29 15.75 0.0 164.8 F 2.836 4.670 4.512 2.869 4.402 4.411 

30 12.58 3.9 160.8 F 2.942 3.873 3.385 2.878 3.291 3.145 

31 10.92 9.4 136.7 M 2.485 3.030 3.038 2.242 1.856 2.335 

32 14.17 7.1 160.8 M 1.939 2.721 2.464 2.213 2.828 2.499 

33 14.00 4.1 175.5 M 4.726 3.856 3.480 4.424 4.446 4.170 

34 13.00 4.1 169.9 M 2.665 3.882 3.072 2.669 3.365 2.676 
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35 12.00 2.0 158.1 M 1.661 1.730 1.533 2.303 2.612 2.410 

36 13.42 3.6 154.9 F 3.383 3.153 3.613 2.602 2.824 4.455 

37 11.42 6.0 156.7 F 2.235 2.482 3.536 2.108 2.453 3.509 

38 12.00 7.4 158.8 F 2.204 2.895 3.071 2.185 3.000 3.515 

39 11.50 1.9 151.1 F 1.881 2.815 2.541 1.742 2.704 2.661 

40 15.92 0.0 160.0 F 2.875 3.416 3.806 2.848 2.877 2.646 

41 15.42 1.8 167.1 F 1.731 3.161 3.174 2.424 2.369 3.445 

42 14.00 1.8 176.8 F 2.372 3.066 2.573 2.133 2.996 2.506 

43 11.25 6.3 150.4 M 1.647 3.047 2.999 1.651 2.578 2.630 

44 10.60 10.7 163.6 F 2.627 3.110 3.864 2.496 2.907 3.945 

45 8.60 10.7 141.0 F 2.778 2.979 3.599 2.759 2.477 2.683 

46 15.10 0.0 149.9 F 3.313 3.362 3.441 3.120 3.104 3.240 

     HRML 

 Age 

(years) 

Growth 

Rate 

(cm/year) 

Height 

(cm) 
Sex Pre-Fatigue Post-Fatigue 

     SWS PWS FWS SWS PWS FWS 

1 12.08 4.4 141.2 F 2.231 1.981 2.031 2.165 2.061 2.018 

2 11.00 6.3 153.0 F 1.765 2.340 2.435 1.416 2.267 2.118 

3 11.83 8.8 154.4 F 1.381 1.858 2.346 1.833 2.091 2.104 

4 14.17 4.9 154.9 F 1.734 2.650 2.870 1.705 2.419 2.933 

5 13.25 2.3 165.4 F 1.910 2.260 2.156 1.530 1.778 1.883 

6 12.66 3.5 146.1 M 1.372 1.731 2.248 1.411 1.450 1.909 

7 11.58 4.7 156.2 M 1.347 1.875 2.332 1.532 2.103 2.497 

8 15.42 4.7 172.2 M 2.175 2.079 2.394 1.621 1.997 2.228 

9 12.83 5.6 166.9 M 1.993 1.901 1.949 2.103 2.280 2.075 

10 15.83 0.0 167.1 M 3.181 4.555 4.506 3.130 3.596 3.777 

11 16.50 0.0 186.7 M 2.074 2.012 2.514 1.791 2.503 2.490 

12 15.17 1.4 158.8 M 2.757 3.140 3.540 1.391 2.186 3.056 

13 13.25 2.0 161.8 F 2.225 3.223 3.012 1.409 2.348 2.301 

14 11.42 2.5 161.5 F 2.215 2.783 2.190 2.839 2.874 2.368 

15 13.00 3.0 155.2 M 2.358 2.807 3.097 2.249 2.866 2.659 

16 14.75 3.2 170.2 F 2.049 2.850 3.712 2.111 3.083 3.439 

17 16.17 5.0 168.7 M 2.018 3.220 2.568 2.204 2.007 1.985 

18 15.50 5.3 172.2 M 2.455 2.776 3.684 3.959 2.773 2.610 

19 11.75 10.6 155.2 M 2.116 2.371 2.629 1.701 2.188 2.655 

20 11.50 13.0 154.4 M 1.906 2.208 2.375 1.997 2.592 2.514 

21 15.17 13.3 189.7 M 2.926 3.349 2.721 2.891 3.425 3.138 

22 16.17 5.1 177.5 M 1.778 2.030 2.517 1.667 1.624 1.873 

23 14.92 0.0 176.8 M 1.881 1.584 2.030 1.820 1.766 2.145 

24 15.50 5.5 177.8 M 2.188 1.900 2.786 2.026 1.832 2.358 

25 14.58 2.8 181.4 M 1.822 2.012 2.305 1.685 2.222 2.259 
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26 15.08 6.5 166.6 M 2.206 2.066 2.899 1.817 2.045 2.268 

27 15.33 1.4 180.6 M 1.675 2.133 1.872 1.454 1.679 1.591 

28 15.75 1.5 176.5 M 1.914 2.443 2.541 1.815 2.621 2.514 

29 15.75 0.0 164.8 F 1.772 2.870 2.917 1.794 2.534 2.781 

30 12.58 3.9 160.8 F 1.937 2.563 2.155 1.716 1.891 1.868 

31 10.92 9.4 136.7 M 1.880 1.775 2.074 1.975 1.568 1.768 

32 14.17 7.1 160.8 M 1.471 1.960 2.130 1.546 1.947 2.310 

33 14.00 4.1 175.5 M 2.227 2.256 2.409 2.518 1.954 2.062 

34 13.00 4.1 169.9 M 1.548 1.970 2.425 1.619 2.012 1.860 

35 12.00 2.0 158.1 M 1.740 1.837 1.915 2.029 2.067 1.850 

36 13.42 3.6 154.9 F 2.796 2.001 2.652 1.948 2.071 3.005 

37 11.42 6.0 156.7 F 1.365 1.947 2.491 1.415 1.853 2.479 

38 12.00 7.4 158.8 F 1.929 2.061 2.196 1.776 1.737 1.772 

39 11.50 1.9 151.1 F 1.680 2.174 2.601 1.413 2.188 2.698 

40 15.92 0.0 160.0 F 1.654 1.846 2.470 1.975 1.950 2.218 

41 15.42 1.8 167.1 F 1.570 2.299 2.062 2.038 1.660 2.011 

42 14.00 1.8 176.8 F 2.080 2.043 1.802 1.680 1.676 1.815 

43 11.25 6.3 150.4 M 1.727 2.024 2.425 1.717 1.862 2.350 

44 10.60 10.7 163.6 F 1.670 2.015 2.526 1.519 2.054 2.523 

45 8.60 10.7 141.0 F 1.869 1.886 2.208 1.788 1.936 2.129 

46 15.10 0.0 149.9 F 2.063 2.203 2.622 1.830 2.043 2.357 

     HRV 

 
Age 

(years) 

Growth 

Rate 

(cm/year) 

Height 

(cm) 
Sex 

Pre-Fatigue Post-Fatigue 

 SWS PWS FWS SWS PWS FWS 

1 12.08 4.4 141.2 F 1.935 2.143 3.112 1.979 2.182 3.224 

2 11.00 6.3 153.0 F 2.435 3.540 2.914 1.861 3.511 2.392 

3 11.83 8.8 154.4 F 1.808 2.870 3.010 2.563 2.656 2.827 

4 14.17 4.9 154.9 F 2.446 3.489 3.454 2.546 3.262 3.226 

5 13.25 2.3 165.4 F 2.480 2.447 2.603 1.560 1.551 1.996 

6 12.66 3.5 146.1 M 2.189 2.802 2.755 1.878 2.496 2.742 

7 11.58 4.7 156.2 M 1.791 2.325 3.129 1.860 2.164 2.686 

8 15.42 4.7 172.2 M 2.530 2.717 3.153 2.566 2.562 2.543 

9 12.83 5.6 166.9 M 2.654 3.789 3.094 2.264 3.322 2.504 

10 15.83 0.0 167.1 M 1.564 1.667 1.904 1.819 1.919 3.011 

11 16.50 0.0 186.7 M 2.295 1.801 2.578 2.803 2.075 2.254 

12 15.17 1.4 158.8 M 1.652 2.460 3.121 2.296 2.949 3.670 

13 13.25 2.0 161.8 F 1.761 2.037 2.239 1.745 3.286 2.858 

14 11.42 2.5 161.5 F 1.952 2.859 2.754 1.823 2.738 2.508 

15 13.00 3.0 155.2 M 1.517 2.335 2.618 1.497 2.472 2.463 

16 14.75 3.2 170.2 F 1.659 2.080 3.188 1.903 2.581 2.955 

17 16.17 5.0 168.7 M 1.904 2.135 2.234 2.178 2.251 1.978 



141 
 

18 15.50 5.3 172.2 M 1.881 2.038 2.973 2.660 2.183 2.902 

19 11.75 10.6 155.2 M 1.490 2.027 2.655 1.480 1.829 2.477 

20 11.50 13.0 154.4 M 1.492 1.778 2.248 1.667 2.464 2.513 

21 15.17 13.3 189.7 M 2.225 2.759 2.967 1.796 2.373 2.754 

22 16.17 5.1 177.5 M 1.684 1.691 2.801 1.634 1.670 1.811 

23 14.92 0.0 176.8 M 2.289 2.577 3.002 2.777 3.207 3.560 

24 15.50 5.5 177.8 M 2.579 3.649 3.938 2.662 3.356 3.745 

25 14.58 2.8 181.4 M 2.530 2.328 1.758 1.320 1.276 1.155 

26 15.08 6.5 166.6 M 2.498 2.689 3.101 2.006 2.172 2.305 

27 15.33 1.4 180.6 M 2.459 2.011 1.733 1.923 1.687 1.625 

28 15.75 1.5 176.5 M 2.494 2.807 3.356 2.280 2.646 3.122 

29 15.75 0.0 164.8 F 2.277 2.969 4.116 2.332 3.175 3.989 

30 12.58 3.9 160.8 F 2.434 3.341 2.607 2.378 2.013 2.326 

31 10.92 9.4 136.7 M 1.625 2.646 3.078 1.719 1.807 2.332 

32 14.17 7.1 160.8 M 1.690 2.270 2.687 1.913 2.007 2.934 

33 14.00 4.1 175.5 M 2.857 2.812 2.892 3.227 3.224 2.892 

34 13.00 4.1 169.9 M 1.947 2.265 1.770 2.543 1.994 1.855 

35 12.00 2.0 158.1 M 2.260 2.211 1.823 2.139 1.754 1.651 

36 13.42 3.6 154.9 F 3.459 2.783 3.498 2.948 2.922 3.449 

37 11.42 6.0 156.7 F 2.265 2.354 3.660 2.093 2.668 3.699 

38 12.00 7.4 158.8 F 2.040 1.970 1.912 2.109 1.677 1.618 

39 11.50 1.9 151.1 F 1.711 2.104 2.411 1.562 2.557 2.707 

40 15.92 0.0 160.0 F 3.319 3.095 3.349 2.857 2.535 2.677 

41 15.42 1.8 167.1 F 1.996 2.652 2.476 2.465 2.188 2.467 

42 14.00 1.8 176.8 F 2.500 2.940 2.341 2.367 2.413 2.241 

43 11.25 6.3 150.4 M 1.474 2.534 2.660 1.695 1.941 2.801 

44 10.60 10.7 163.6 F 1.966 2.368 2.846 1.861 2.411 2.772 

45 8.60 10.7 141.0 F 1.983 2.337 2.731 2.122 1.770 1.773 

46 15.10 0.0 149.9 F 3.215 2.887 3.006 2.978 2.541 2.710 
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Appendix F- Table 4 

Individual participant demographic and Harmonic Ratio data extracted from 

acceleration signals of the upper trunk (C7) sensor in session 2 participants 

     HRAP 

 
Age 

(years) 

Growth 

Rate 

(cm/year) 

Height 

(cm) 
Sex 

Pre-Fatigue Post-Fatigue 

 SWS PWS FWS SWS PWS FWS 

1 12.083 4.4 141.2 F 2.237 2.809 4.324 2.245 2.841 4.237 

2 11 6.3 153.0 F 1.396 2.421 2.789 1.351 2.413 2.488 

3 11.83 8.8 154.4 F 1.424 2.156 3.240 1.699 2.355 2.996 

4 14.167 4.9 154.9 F 2.219 3.644 3.602 2.081 2.992 4.193 

5 13.25 2.3 165.4 F 1.398 2.244 2.976 1.287 2.181 2.900 

6 12.66 3.5 146.1 M 1.934 2.340 3.187 1.586 2.747 2.579 

7 11.583 4.7 156.2 M 1.322 2.076 3.344 1.387 2.256 3.299 

8 15.417 4.7 172.2 M 1.687 2.740 4.224 1.716 2.475 2.126 

9 12.83 5.6 166.9 M 2.226 3.232 2.822 1.894 3.225 2.604 

10 15.83 0.0 167.1 M 2.736 3.940 3.175 1.795 3.899 3.215 

11 16.5 0.0 186.7 M 2.458 2.546 2.695 2.176 2.715 3.134 

12 15.167 1.4 158.8 M 2.434 4.522 4.721 2.422 3.790 3.911 

13 13.25 2.0 161.8 F 2.492 3.735 3.745 2.472 4.262 4.289 

14 11.417 2.5 161.5 F 2.504 3.009 2.219 3.062 3.125 2.405 

15 13 3.0 155.2 M 1.152 2.204 2.906 1.551 1.983 2.548 

16 14.75 3.2 170.2 F 1.837 3.336 4.452 1.941 3.240 4.208 

17 16.167 5.0 168.7 M 1.927 3.776 2.438 1.743 2.576 1.541 

18 15.5 5.3 172.2 m 2.051 3.270 4.747 2.812 2.355 4.585 

19 11.75 10.6 155.2 M 1.710 2.391 3.157 1.681 1.986 2.512 

20 11.5 13.0 154.4 M 1.930 2.607 2.965 2.081 2.476 2.809 

21 15.167 13.3 189.7 M 1.576 2.701 2.922 2.072 3.127 2.699 

22 16.167 5.1 177.5 M 2.160 2.346 3.253 1.882 1.833 2.547 

23 14.917 0.0 176.8 M 2.104 2.883 4.516 2.086 2.775 4.013 

24 15.5 5.5 177.8 M 2.233 3.490 4.927 2.358 3.293 4.540 

25 14.583 2.8 181.4 M 2.213 2.433 1.919 2.095 2.316 1.836 

26 15.083 6.5 166.6 M 1.742 2.674 3.021 1.542 2.052 2.526 

27 15.33 1.4 180.6 M 2.028 2.022 1.900 1.907 1.670 1.648 

28 15.75 1.5 176.5 M 1.837 2.768 3.952 1.797 2.144 4.426 

29 15.75 0.0 164.8 F 1.878 3.591 4.472 1.834 3.342 4.046 

30 12.583 3.9 160.8 F 1.357 2.289 2.256 1.214 1.642 1.923 

31 10.917 9.4 136.7 M 1.478 2.310 2.637 1.314 1.693 2.068 

32 14.1667 7.1 160.8 M 1.385 1.829 2.582 1.665 1.705 2.202 

33 14 4.1 175.5 M 2.296 3.223 2.919 2.178 3.571 2.801 

34 13 4.1 169.9 M 1.565 2.301 2.024 2.085 2.260 2.206 
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35 12 2.0 158.1 M 2.113 2.364 2.043 1.916 2.162 1.994 

36 13.417 3.6 154.9 F 1.896 2.841 4.198 1.731 2.437 4.431 

37 11.417 6.0 156.7 F 2.138 2.587 4.302 1.823 2.795 3.787 

38 12 7.4 158.8 F 2.002 2.572 2.199 2.218 2.235 1.990 

39 11.5 1.9 151.1 F 1.456 1.869 2.610 1.441 2.112 2.805 

40 15.917 0.0 160.0 F 2.078 2.256 3.448 1.803 2.001 3.030 

41 15.417 1.8 167.1 F 1.873 2.943 3.184 2.435 2.265 3.421 

42 14 1.8 176.8 F 1.839 2.365 2.228 1.788 1.948 2.142 

43 11.25 6.3 150.4 M 1.290 2.253 3.031 1.396 2.138 3.099 

44 10.6 10.7 163.6 F 1.752 2.540 2.799 1.617 2.140 2.701 

45 8.6 10.7 141.0 F 1.541 2.361 2.895 1.816 1.894 2.429 

46 15.1 0.0 149.9 F 2.532 2.585 3.136 2.103 2.118 2.456 

     HRML 

 
Age 

(years) 

Growthrate 

(cm/year) 

Height 

(cm) 
Sex 

Pre-Fatigue Post-Fatigue 

 SWS PWS FWS SWS PWS FWS 

1 12.083 4.4 141.2 F 1.815 1.733 2.333 1.534 1.808 2.375 

2 11 6.3 153.0 F 3.075 3.021 2.483 2.406 2.799 2.385 

3 11.83 8.8 154.4 F 2.602 2.060 1.918 2.771 2.337 1.970 

4 14.167 4.9 154.9 F 2.994 3.117 3.181 2.713 2.578 3.037 

5 13.25 2.3 165.4 F 2.243 2.228 2.401 1.897 1.883 1.406 

6 12.66 3.5 146.1 M 2.398 2.909 2.410 2.324 2.556 2.400 

7 11.583 4.7 156.2 M 2.139 1.924 1.875 2.129 1.784 2.060 

8 15.417 4.7 172.2 M 3.481 3.212 2.946 3.286 2.776 2.645 

9 12.83 5.6 166.9 M 2.850 2.206 2.664 2.900 2.824 2.322 

10 15.83 0.0 167.1 M 3.047 2.316 2.078 2.508 2.148 1.795 

11 16.5 0.0 186.7 M 2.980 2.070 1.894 2.935 2.196 2.392 

12 15.167 1.4 158.8 M 2.883 3.274 2.819 2.875 2.756 2.144 

13 13.25 2.0 161.8 F 3.057 2.510 2.857 2.559 2.850 2.460 

14 11.417 2.5 161.5 F 2.570 2.417 2.303 2.378 2.199 2.134 

15 13 3.0 155.2 M 1.049 2.329 2.689 2.520 2.327 2.414 

16 14.75 3.2 170.2 F 2.515 2.613 2.224 2.442 2.509 2.175 

17 16.167 5.0 168.7 M 2.321 2.379 2.093 2.146 2.083 1.311 

18 15.5 5.3 172.2 m 4.122 3.098 2.971 3.835 2.732 2.932 

19 11.75 10.6 155.2 M 2.562 2.400 2.721 2.332 2.167 2.119 

20 11.5 13.0 154.4 M 3.352 2.888 2.621 3.352 3.007 2.263 

21 15.167 13.3 189.7 M 2.852 2.558 2.386 2.926 2.225 1.964 

22 16.167 5.1 177.5 M 1.754 1.604 2.027 1.461 1.611 1.608 

23 14.917 0.0 176.8 M 2.797 3.045 3.378 2.935 3.008 2.792 

24 15.5 5.5 177.8 M 2.901 2.507 2.685 2.904 2.442 2.520 

25 14.583 2.8 181.4 M 3.311 3.023 2.220 3.139 3.123 2.165 

26 15.083 6.5 166.6 M 3.482 2.751 2.482 3.441 2.445 2.287 
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27 15.33 1.4 180.6 M 3.123 2.456 1.964 3.243 2.439 1.770 

28 15.75 1.5 176.5 M 2.541 2.659 2.249 3.013 2.691 2.218 

29 15.75 0.0 164.8 F 2.206 2.658 2.914 2.128 2.090 2.257 

30 12.583 3.9 160.8 F 2.833 2.564 2.115 2.559 2.337 2.124 

31 10.917 9.4 136.7 M 2.586 1.912 2.163 2.546 1.958 1.784 

32 14.1667 7.1 160.8 M 2.029 1.931 2.240 1.847 1.966 1.993 

33 14 4.1 175.5 M 4.117 3.351 2.806 5.084 3.348 2.698 

34 13 4.1 169.9 M 3.757 4.059 3.122 4.148 3.918 3.074 

35 12 2.0 158.1 M 3.057 3.180 2.371 2.871 3.184 2.641 

36 13.417 3.6 154.9 F 4.477 3.485 3.911 3.351 2.714 4.011 

37 11.417 6.0 156.7 F 1.944 1.882 2.488 1.923 1.796 2.293 

38 12 7.4 158.8 F 2.985 2.628 2.534 2.812 2.344 2.519 

39 11.5 1.9 151.1 F 2.665 2.458 2.554 2.412 2.471 2.487 

40 15.917 0.0 160.0 F 3.515 3.453 3.302 4.094 3.776 3.065 

41 15.417 1.8 167.1 F 2.958 2.783 2.729 2.891 2.773 2.745 

42 14 1.8 176.8 F 2.261 2.462 2.071 2.354 2.377 2.158 

43 11.25 6.3 150.4 M 1.999 2.634 2.143 2.189 1.966 1.831 

44 10.6 10.7 163.6 F 2.495 2.742 2.990 2.251 2.208 2.788 

45 8.6 10.7 141.0 F 2.248 2.359 2.540 2.492 2.634 2.613 

46 15.1 0.0 149.9 F 2.658 2.519 2.611 2.124 2.098 2.161 

     HRV 

 
Age 

(years) 

Growthrate 

(cm/year) 

Height 

(cm) 
Sex 

Pre-Fatigue Post-Fatigue 

 SWS PWS FWS SWS PWS FWS 

1 12.083 4.4 141.2 F 1.714 2.393 3.390 1.774 2.330 3.595 

2 11 6.3 153.0 F 2.287 3.907 3.129 1.881 3.800 2.634 

3 11.83 8.8 154.4 F 1.595 2.558 2.744 1.921 2.294 2.693 

4 14.167 4.9 154.9 F 2.043 2.694 2.157 2.078 2.490 2.110 

5 13.25 2.3 165.4 F 2.361 2.077 1.715 2.281 1.993 2.226 

6 12.66 3.5 146.1 M 1.833 2.368 2.490 1.564 2.297 2.092 

7 11.583 4.7 156.2 M 1.577 2.169 2.370 1.928 2.118 2.469 

8 15.417 4.7 172.2 M 2.575 2.939 3.021 2.647 2.878 2.778 

9 12.83 5.6 166.9 M 2.255 3.004 2.828 1.899 2.717 2.283 

10 15.83 0.0 167.1 M 2.785 4.089 3.932 2.372 2.933 3.650 

11 16.5 0.0 186.7 M 2.358 2.263 2.177 2.002 2.361 2.626 

12 15.167 1.4 158.8 M 2.360 3.862 3.511 2.306 2.532 2.554 

13 13.25 2.0 161.8 F 2.303 3.213 2.847 2.325 3.417 2.754 

14 11.417 2.5 161.5 F 1.856 2.414 2.084 2.141 2.234 2.106 

15 13 3.0 155.2 M 1.098 1.838 2.589 1.766 2.016 2.024 

16 14.75 3.2 170.2 F 1.609 2.566 2.968 1.836 2.491 3.146 

17 16.167 5.0 168.7 M 1.761 2.723 1.795 1.591 1.745 1.296 

18 15.5 5.3 172.2 m 2.347 2.672 3.285 3.376 2.012 3.065 
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19 11.75 10.6 155.2 M 1.617 1.735 2.181 1.581 1.634 1.745 

20 11.5 13.0 154.4 M 1.514 1.876 2.282 1.630 2.034 2.221 

21 15.167 13.3 189.7 M 1.878 2.764 2.633 2.497 2.870 2.142 

22 16.167 5.1 177.5 M 1.567 2.048 2.617 1.748 1.659 2.153 

23 14.917 0.0 176.8 M 2.035 1.996 2.734 2.235 2.026 2.204 

24 15.5 5.5 177.8 M 1.984 2.866 3.077 2.059 2.656 2.576 

25 14.583 2.8 181.4 M 2.103 2.432 2.168 2.663 2.786 2.196 

26 15.083 6.5 166.6 M 2.347 2.499 2.881 2.145 2.333 2.316 

27 15.33 1.4 180.6 M 2.259 1.863 1.696 1.994 1.571 1.553 

28 15.75 1.5 176.5 M 2.216 2.722 2.726 2.209 2.362 2.787 

29 15.75 0.0 164.8 F 1.942 3.411 3.239 2.048 3.713 3.125 

30 12.583 3.9 160.8 F 1.878 2.559 2.543 1.794 2.024 2.418 

31 10.917 9.4 136.7 M 1.511 2.305 2.493 1.440 1.570 1.976 

32 14.1667 7.1 160.8 M 1.932 2.469 2.579 1.942 2.060 2.425 

33 14 4.1 175.5 M 2.691 2.891 2.722 2.956 2.795 2.943 

34 13 4.1 169.9 M 1.967 2.514 1.952 2.166 2.164 1.839 

35 12 2.0 158.1 M 1.913 1.506 1.334 1.812 1.668 1.621 

36 13.417 3.6 154.9 F 2.998 2.514 2.815 2.513 2.311 2.982 

37 11.417 6.0 156.7 F 2.425 2.333 2.939 2.077 2.414 2.433 

38 12 7.4 158.8 F 2.006 2.212 2.303 1.936 2.091 2.270 

39 11.5 1.9 151.1 F 1.692 2.401 2.315 1.563 2.508 2.361 

40 15.917 0.0 160.0 F 2.633 2.564 3.101 2.491 2.693 2.488 

41 15.417 1.8 167.1 F 1.690 2.491 2.062 2.064 1.877 1.946 

42 14 1.8 176.8 F 2.223 2.875 2.446 1.946 2.382 2.190 

43 11.25 6.3 150.4 M 1.536 2.192 1.927 1.562 1.788 2.108 

44 10.6 10.7 163.6 F 2.105 2.617 2.821 1.873 2.405 2.714 

45 8.6 10.7 141.0 F 1.827 1.864 2.156 1.794 1.914 1.972 

46 15.1 0.0 149.9 F 2.819 2.852 2.976 2.704 2.843 2.634 

 


