Copyright
by
Lindsay Victoria Slater
2010

The Thesis Committee for Lindsay Victoria Slater
Certifies that this is the approved version of the following thesis:

The Influence of Residual Fatigue on Lower Limb Stiffness During
Jump Landing

APPROVED BY
SUPERVISING COMMITTEE:

Supervisor:
Jody L. Jensen
Lawrence D. Abraham

The Influence of Residual Fatigue on Lower Limb Stiffness During
Jump Landing

by
Lindsay Victoria Slater, B.A.; B.S.

Thesis
Presented to the Faculty of the Graduate School of
The University of Texas at Austin
in Partial Fulfillment
of the Requirements
for the Degree of

Master of Arts

The University of Texas at Austin
August 2010

Dedication

This thesis is dedicated to my grandfather. I will always love you.

Acknowledgements
I would like to first and foremost thank my advisor, Dr. Jody Jensen, for her
patience and guidance throughout my graduate studies at The University of Texas at
Austin. You always encouraged me to be optimistic, even in the midst of rough waters,
and never let me give up. I greatly appreciate your advice and support through my many
mental breakdowns and would not have survived my graduate career at Texas if I didn’t
have your help. It has truly been an honor working with you and learning from your
expertise.
To Dr. Abraham, who constantly challenged me to think outside the box both as a
teaching assistant and researcher, you have inspired me to be creative both in my research
design and problem solving methods. You have helped me become a better teacher,
writer, and researcher.
To my colleagues and friends in the Department of Kinesiology, I could not have
done it without you. You kept me laughing during some of the hardest times and were
always there to help me, whether with Matlab or with a margarita, and I cannot thank you
enough. I wish you all great success and happiness and hope to see you again in the near
future.
To Renate, who was always willing to answer my panic emails at midnight
regarding problems with Vicon or Matlab, thank you for your calm and helpful
responses. I would not have been able to get past the first week of data collection without

v

your help and guidance. You were a wonderful RA and I hope to be as helpful and
patient as you in my RA position at McGill.
To Kristin Madl, who is one of the most amazing people I have ever had the
pleasure of meeting, I was honored to call you a friend over these past two years. Despite
our lack of motivation to continue our schooling and countless emotional breakdowns,
we managed to get through it together. You are a true friend.
To my friends and colleagues at Chaparral Ice Rink, thank you for welcoming me
into the coaching world in Austin two years ago with open arms. It has been an honor
coaching with you and learning from you. I leave Austin a much better coach because I
have had the opportunity to work with you.
To Kate Points, I will you miss you dearly. You are a wonderful friend and coach
and I always knew I could count on you when my car broke down and I broke down. I
look forward to seeing you again soon and hope you finish your tenure at the University
of Texas soon!
To Amber Volk, who passed away during my first semester at Texas, you were
such an enthusiastic and optimistic friend and I hope that I live up to all your expectations
for me. I hope to live the rest of my life with the same respect and empathy for others
that you so greatly exhibited in yours and will always remember to help those who are
less fortunate – something you dedicated your entire life doing.
Finally, I would like to thank my parents, Robert and Valerie Slater, who were
always willing to listen to me vent, regardless of time and rationale. I am so grateful for
all your time and patience, whether it was driving me to skating practice at five o’clock in
vi

the morning when I was in middle school or listening to me cry hysterically at midnight
when I thought I wouldn’t be able to survive my last month in school. You have
provided me with every opportunity, making sure that I knew that the sky’s the limit. I
could not have survived graduate school without your guidance and support and I hope
that my future studies at McGill University will involve more positive phone calls and
fewer breakdowns. Thank you for everything – you are wonderful parents and I strive to
make you proud every day. I love you both.

August 13, 2010

vii

Abstract

The Influence of Residual Fatigue on Lower Limb Stiffness During
Jump Landing

by

Lindsay Victoria Slater, MA
The University of Texas at Austin, 2010
Supervisor: Jody L. Jensen

Background: Anterior cruciate ligament (ACL) injuries have become
commonplace among female athletes in today’s society. With more than 70% of injuries
resulting from noncontact mechanisms such as jump landing, the relationship between
fatigue and altered movements patterns has become an important topic of research.
Purpose: The main purpose of this study was to investigate the influence of residual
fatigue on lower extremity kinematics and vertical leg stiffness at landing as experienced
by female athletes. Method: The participants in this study were 12 NCAA female
intercollegiate soccer players. Participants completed five single-leg drop jumps on their
dominant leg every day for 4 days. The first day was completed without intervention to
viii

obtain pre-fatigue data and drop jumps on days two through four were completed after a
fatigue protocol. Results: A repeated measures MANOVA did not reveal significant
differences in post-fatigue peak knee flexion angle, vertical ground reaction forces, or
vertical leg stiffness. Despite lack of statistical significance, vertical leg stiffness was
increased

during

post-fatigue

testing

when

compared

to

pre-fatigue

values.

Implications: The increased vertical leg stiffness may indicate altered landing techniques
in post-fatigue states. If fatigue results in compromised movement patterns, it may
explain the increased number of ACL injuries during the end of soccer matches.
Suggestions for Future Research: Future research with a larger sample size should
include post-fatigue dominant and nondominant leg comparison due to previous
conflicting findings regarding which limb is most often injured. Future researchers
should also quantify the magnitude of fatigue induced by the fatiguing protocol to
document the strength of the independent variable.
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Chapter 1: General Introduction
Anterior cruciate ligament (ACL) tears are devastating injuries that have become
commonplace among athletes in today’s society, with an estimated 100,000 annual tears
in the United States alone (Brown and Carson, 1999).

Although ACL repairs and

replacements have become more sophisticated over the past decade, current researchers
have indicated that many patients, post-surgery, do not return to 100% pre-injury
performance levels. Many patients continue to display weakness in the lower limb, knee
pain, and decreased range of motion even a year post-surgery, with many patients
requiring a second ACL operation. Even more alarming, much of the literature has
pointed to the increased risk of osteoarthritis in patients with ACL injuries regardless of
the treatment plan. These complications are debilitating for the average patient, however
they also can be significantly damaging to the collegiate athlete’s career.
Although many attribute the increased number of ACL injuries in athletics to the
contact nature of sports, ACL tears are most common in sports requiring cutting,
pivoting, sudden stops, or frequent jump landings, all of which are noncontact in nature.
Many sports require agile movements upon jump landing, making proper landing
techniques extremely important to attenuate increased vertical forces and decrease the
risk of injury. When fatigued, athletes often alter movement patterns, compromising safe
landing techniques and increasing risk of injury (Chappell et al., 2005; Pappas et al.,
2007; Benjaminse et al., 2008). Researchers have noted significantly decreased knee
flexion angle at landing, increased vertical forces, increased knee valgus, and increased
reliance on the quadriceps during fatigued conditions (Chappell et al., 2005; Pappas et al.,
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2007; Benjaminse et al., 2008; Padua et al., 2006).

The movement modifications

accompanying fatigue may help explain the large number of ACL injuries that occur
during the end of soccer matches, highlighting fatigue as a possible underlying factor in
the development of ACL injuries.
Previous research shows that fatigue can affect movement patterns, however, the
fatiguing protocols utilized in the studies typically produce acute fatigue (Pappas et al.,
2007; Benjaminse et al., 2008; Padua et al., 2006; Chappell et al., 2005; Hewett et al.,
2005; Gehring et al., 2009; McLean et al., 2006). The potential effect of sustained
fatigue, referred to in this study as residual fatigue, has not yet been examined in the
literature. Previous researchers have employed a single fatigue protocol, comparing preand post-fatigue measures. If acute fatigue can change movement kinematics, residual
fatigue is likely to change the movement kinematics as well, thus predisposing the athlete
to injury. It is logical to hypothesize that the accumulation of fatigue, over multiple days
of training, may lead to the same predisposition toward injury. The residual fatigue
experienced during preseason and elite training may not allow for appropriate recovery.
Without proper recovery, athletes will continue to become more fatigued after each
successive bout, which may further compromise their landing techniques. Understanding
the way fatigue and more specifically, residual or consistent fatigue over more than one
day, influences landing techniques will help identify why many experience ACL injuries
under fatigued conditions. If residual fatigue alters movement patterns and lower limb
kinematics, high intensity training without proper recovery may contribute to the high
rate of ACL injuries in athletics. In this study, the hypothesis explored is that residual
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fatigue would lead to changes in movement patterns with the potential to predispose the
athlete to injury. The purpose of this study, then, was to examine the consequences of a
multi-day fatigue protocol. We hypothesized that residual fatigue leads to changes in
movement kinematics, thus may put the athlete at risk for injury. Findings support for
this hypothesis would extend our understanding of conditions that may put the athlete at
risk for injury. Positive support for the hypothesis would also have implications for the
design of multi-day training programs, not just single training sessions.
There is another aspect to this fatigue story that must be considered, and that
aspect is the differences in injury occurrence between genders. Previous research has
noted gender differences in ACL injury, particularly relating to noncontact mechanisms
including cutting, pivoting, sudden stops, and frequent jump landings. These noncontact
mechanisms are of particular interest since studies of female athletes report 70% to 88%
of ACL injuries result from noncontact mechanisms, even in contact sports (Jacobs and
Mattachola, 2005; Griffin et al., 2000; Kirkendall and Garrett, 2000). Jump landings are
most often investigated in studies, with most researchers reporting significantly increased
knee valgus, knee extension, vertical ground reaction forces, and ankle dorsiflexion in
females (McLean et al., 2006; Pappas et al., 2007; Benjaminse et al., 2008; Chappell et
al., 2005). Gender differences in landing strategies may contribute to the increased risk
of ACL injury. As the gender differences in ACL injury are well established in the
literature, with females displaying compromised movement patterns in non-fatigued
conditions, participation in this study was restricted to female athletes.
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PURPOSE
The purpose of this study was to investigate the effect of residual fatigue,
subsequent to a multi-day fatigue protocol on the landing kinematics and stiffness of the
lower extremity. In particular, lower limb stiffness and movement kinematics associated
with single-leg jump landings will be quantified. Previous research has shown significant
differences between pre-fatigue and post-fatigue landing techniques in females, with
females showing an increase in lower limb stiffness in post-fatigue tests. This study built
on these previous findings, however, it is unique in that this is the first study to examine
the effects of fatigue accumulated across multiple days. By utilizing a multi-day fatigue
protocol, the fatigue experienced by participants more closely mimicks that experienced
by collegiate athletes. Significant results showing increases in lower limb stiffness and
altered movement kinematics, may implicate consecutive days of training without proper
recovery in athletics as a contributing factor to the high rate of ACL injury.
Our first hypothesis was that vertical leg stiffness would be greater on Day 2, Day
3, and Day 4 compared to Day 1 values. We expected stiffness to increase post-fatigue
because we expected increased vertical ground reaction forces and reduced knee flexion
at landing. As a function of residual fatigue, we expected that stiffness would not return
to pre-fatigue values across the multi-day fatiguing protocol.
The second hypothesis was that knee flexion angle would be smaller on the initial
post-fatigue test when compared to pre-fatigue angles.

Previous researchers have

reported decreased knee flexion angle during post-fatigue landings and we expected to
support previous findings (Chappell et al., 2005; Benjaminse et al., 2008). Decreased
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knee flexion angle at landing increases the tibial anterior shear force, which has been
linked to ACL injury.
The third hypothesis was that peak knee flexion angle would be negatively
correlated with residual fatigue. This supports the findings in Chappell et al. (2005) and
Benjaminse et al. (2008) who reported decreased knee flexion angle during post-fatigue
testing. If knee flexion decreases after a single fatigue protocol, it is expected that knee
flexion angle will continue to decrease across multiple fatigue protocols. Decreased knee
flexion angle across multiple days of fatigue may indicate that residual fatigue results in
compromised landing techniques, placing an athlete at increased risk of injury.
The fourth hypothesis was that vertical ground reaction forces would be larger on
initial post-fatigue test when compared to pre-fatigue forces. Previous researchers have
reported increased vertical ground reactions forces during post-fatigue testing (Chappell
et al., 2005; Pappas et al., 2007). It is expected that results in this study will support the
findings in previous studies.
The fifth hypothesis was that vertical ground reaction forces would be positively
correlated with residual fatigue. This supports the findings in Chappell et al. (2005) and
Pappas et al. (2007) who reported increased vertical ground reaction forces during postfatigue testing. If vertical ground reaction forces increase after a single fatigue protocol,
it is expected that vertical ground reaction forces will continue to increase across multiple
fatigue protocols. Increased landing forces across multiple days of fatigue may indicate
that residual fatigue increases the strain in the ACL to stabilize the landing, increasing the
risk of ACL injury.
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DEFINITION OF TERMS
Residual Fatigue -

Consistent fatigue continuing over two or more days. For the
purpose of this study, residual fatigue includes only lower limb
muscle fatigue.

Dominant Leg -

The preferred leg used to kick a soccer ball.

Loading Phase -

Time from initial contact on the force plate until peak vertical
force is reached.

LIMITATIONS OF THE STUDY
The following limitations apply to this study:
1. There was a small sample size in this study, which may have contributed to the
lack of statistical significance and power.
2. The participants in this study were included based on convenience and proximity
to the laboratory at The University of Texas at Austin and were therefore not
selected randomly.
3. The fatigue protocols employed in this study did not mimic the exact fatigue
experienced during training. Although measuring leg stiffness and peak landing
angles and forces during on-field training would be ideal, fatigue protocols
conducted outside the laboratory would create uncontrollable factors and may
result in alternate competing hypotheses.
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4. Fatigue was not quantified and therefore it was assumed that participants were
fatigued after completing the fatigue protocol.
5. Drop jump height was not standardized to maximum vertical jump height due to
lack of appropriate laboratory instruments. This is not expected to have a large
effect on the results due to the small variability in height and training level.

DELIMITATIONS OF THE STUDY
The following delimitations apply to this study:
1. All participants were intercollegiate female soccer players and therefore
represented a very specific community of athletes.
2. Age of the participants was restricted to 17-22 years old.
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Chapter 2: Review of Related Literature
This review of related literature is divided into five sections: incidence of anterior
cruciate ligament injury, the influence of fatigue on landing techniques, applying fatigue
protocols to the athlete population, gender differences in anterior cruciate ligament injury
rates, and measuring landing stiffness.

2.1 INCIDENCE OF ANTERIOR CRUCIATE LIGAMENT INJURY
Anterior cruciate ligament (ACL) tears are devastating injuries that have become
commonplace among athletes in today’s society, with an estimated 100,000 annual
occurrence of tears in the United States alone (Brown & Carson, 1999; Miyasaka et al.,
1991) and approximately 250,000 annual ACL injuries (Boden et al., 2000). Although
ACL repairs and replacements have become more sophisticated over the past decade,
research still shows that some patients may not return to 100% post-surgery. Sachs et al.
(1989) showed that a year post-surgery, patients displayed weakness in the quadriceps,
flexion contracture, and patellofemoral pain. Kartus et al. (1999) and Shelbourne et al.
(1991) explained that 30% of ACL reconstruction patients showed complications that
impeded rehabilitation, including a loss of range of motion in the injured knee and
anterior knee pain with a flexed knee. About 27% of the patients polled required a
second operation (Kartus et al., 1999). Lastly, Fleming (2003) showed that regardless of
treatment, osteoarthritis is more common in patients with ACL injuries, regardless of
treatment plans. Inability to return to 100% post-surgery with major complications may
not be debilitating for the average patient, but can be significantly damaging to a
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competitive athlete’s performance and career. Furthermore, ACL tears are of serious
concern for health insurance with the average cost of ACL reconstruction approximately
$17,000 (Boden et al., 2000; Malek et al., 1996). These estimates represent only the
surgical fees, so the total cost including evaluations and 10-12 months of physical therapy
would greatly increase the average cost. The debilitating nature and financial impact of
ACL injuries makes it extremely important to identify preventative methods and warning
signs for athletes who may be at risk for developing an ACL injury.
Despite the contact nature of many sports, researchers have shown that most ACL
injuries occur from non-contact mechanisms (Griffin et al., 2000; Alentorn-Geli et al.,
2009; Boden et al., 2000; Fauno and Wulff Jakobsen, 2006). Of the approximately
250,000 annual ACL injuries in the United States, 70-88% are the result of non-contact
mechanisms (Griffin et al., 2000; Kirkendall and Garrett, 2000). The main movements
that have been identified as resulting in ACL injury include side-step cutting, sudden
direction changes and deceleration, and jump landing. These movements are common in
most sports, however, are particularly regular in basketball and soccer, both of which are
ranked highest in ACL injury rates. Six researchers who used video to analyze the cause
of ACL injuries are were unanimous in identifying cutting or landing movements as
sources of injury (Renstrom et al., 2008). Other researchers have used biomechanical and
kinematic analysis to identify the movements that place increased strain to the ACL.
These studies will be discussed in the next sections.
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2.2 THE INFLUENCE OF FATIGUE ON LANDING TECHNIQUES
Fatigue is inevitable in sport and athletic training environments, particularly
during intense training periods (such as preseason training) and at the end of games and
matches. Soccer is particularly fatiguing due to the nonstop nature of the game coupled
with the substitution regulations.

While professional soccer limits the number of

substitutes allowed, the National Collegiate Athletic Association (NCAA) regulations
allow for unlimited substitutions however a player may not re-enter the same half that
he/she left. These NCAA regulations likely result in athletes playing through fatigue and
may explain the increased rate of injuries at the end of soccer matches. Reilly and
Thomas (1976) showed a drop in work rate during the last fifteen minutes of the first half
and the last thirty minutes of the second half in elite soccer, showing that players
experienced fatigue during the end of the match. Furthermore, McLean et al. (2006)
noted that a large percentage of noncontact injuries occur during the end of soccer
matches leading researchers to believe that fatigue plays a role in the incidence of
noncontact ACL injuries and may be a main culprit in the high rate of ACL injuries in
women’s soccer (Hawkins and Fuller, 1999). Soccer preseason may also be of concern
due to the high intensity practice with little recovery time. Collegiate soccer preseason
training includes 2-3 training sessions a day over a short period lasting about two weeks
(Powell, 2001), which does not allow for appropriate recovery between training sessions.
Without proper recovery, athletes will continue to become more fatigued, which may
further increase risk of injury.
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More recently, researchers have hypothesized that fatigue alters jump landing
strategies and techniques, increasing risk of ACL injury upon landing impact. Chappell
et al. (2005) reported decreased knee flexion angle and increased peak proximal tibial
anterior shear force post-fatigue in both genders. Females in the study also experienced
increased valgus moment post-fatigue. Pappas et al. (2007) noted a significant increase
in VGRF post-fatigue across gender, however they did not report a significant difference
in knee flexion angle at contact. Although it may not have been statistically significant,
knee flexion decreased from 20.8° to 19.4° as a result of the fatigue protocol, which may
be clinically significant. Benjaminse et al. (2008) reported significantly decreased knee
flexion angles at initial contact post-fatigue across genders, however they did not report
increase knee valgus post-fatigue. The above studies indicate that fatigue results in
altered landing techniques and strategies, which add increased strain in the ACL to
stabilize the lower limb. Chappell et al. (2005) also showed increase tibial anterior shear
force after a fatigue protocol, which has been linked to ACL injury.
While many researchers have shown significant differences post-fatigue, others
have noted few differences. Padua et al. (2006) was one of the first researchers to
calculate vertical leg stiffness (KVERT) for pre- and post-fatigue conditions, however they
reported no significant difference. In the same study, researchers also observed an
increased knee flexion angle at initial contact after fatigue during hopping (Padua et al.,
2006). Although these findings indicate that fatigue may not alter landing strategies, the
researchers did not report the peak knee flexion angle, which was investigated in the
previous studies.

Additionally, a participant would likely exhibit different control
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strategies during a continuous hopping protocol when compared to a single-leg drop jump
landing. McLean et al. (2007) used bilateral drop jumps to determine the effect of fatigue
on landing strategies. The researchers did not report significant differences in knee
flexion angle, however, it is not expected that knee flexion angle and VGRF would
significantly increase during bilateral jump landings due to the ability of the two limbs to
attenuate the impact. The single-leg drop jump places more strain on the ACL of the
landing leg and is more applicable to the type of landings observed in athletic
movements.
Coventry et al. (2006) investigated the effect of fatigue on shock attenuation
during single-leg jump landings, which is most similar to the type of landings observed in
sporting movements. Researchers noted no significant change in ability to attenuate
shock, however they did note an increase in hip joint work and a decrease in ankle work.
These findings may indicate that a female athlete may rely on the quadriceps to stabilize
the lower limb during landings when fatigued, which would increase strain on the ACL
(Hewett et al., 2005; Gehring et al., 2009). Gehring et al. (2009) showed decreased
activation in the hamstrings and gastrocnemius post-fatigue implying a decline in active
muscle control in the knee joint. Even though the effect of fatigue on landing strategies
needs to be investigated further as a result of inconsistent findings, most studies have
noted at least one significant difference between pre-and post fatigue measures that
increases the risk of ACL injury.
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2.3 APPLYING FATIGUE PROTOCOLS TO THE ATHLETE POPULATION
Researchers have only recently begun to examine the effect of fatigue on landing
strategies and therefore the fatigue protocols greatly differ among studies. Since there is
no accepted fatigue protocol among researchers, every researcher has designed a different
fatigue protocol dependent on participant level of fitness and testing measures. This
discrepancy between fatigue protocols makes it difficult to compare results and few of
these protocols apply to the fatigue experienced by elite athletes during training and
competition.
Chappell et al. (2005) used a customized fatigue exercise including five
consecutive squat jumps followed by a 30m sprint. Participants performed this exercise
continuously until reaching a state of volitional exhaustion. This fatigue protocol was
designed to mimic fatigue experienced during sport participation, including quick
direction changes with eccentric and concentric muscle work. As well as this fatigue
protocol may have produced muscle fatigue, all participants in the study were
recreational athletes and therefore may underestimate their ability to continue the
exercise past a point of slight fatigue.

Collegiate athletes are more likely to push

themselves to the point of complete exhaustion due to their increased fitness level and
competitive nature, as well as their repeated experience with fatigue, especially in sports
such as soccer where substitutions receive negative reinforcement. Therefore the results
reported by Chappell et al. (2005) may not be completely applicable to the athlete
population.
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Padua et al. (2006) designed a fatigue protocol that included repeated squats while
carrying one third of the participant’s body weight.

Researchers controlled the

movement frequency, requiring participants to perform 50 squats/min. The participant
was considered fatigued when he/she failed to complete two successful squat cycles or
fell four squat cycles behind the set pace. Although the added weight likely resulted in
quick fatigue of the lower limb musculature, the protocol did not mimic the type of
fatigue experienced in sports that include agile movements and speed under fatigued
conditions. Padua et al. (2006) also used “physically active” participants, which may
include a wide range of physical fitness levels and may have contributed to the lack of
significant findings.
While most researchers use a fatigue protocol to reach cardiovascular fatigue or to
exhaust the lower limb musculature, Coventry et al. (2006) designed a different type of
fatigue protocol called a “fatigue landing protocol” (FLP). The FLP aimed to fatigue the
dominant leg of the participant with cycles of single-leg movements and landings only on
the participant’s dominant leg. Participants performed sequences of single-leg landings,
maximal counter-movement jumps, and single-leg squats, all on the dominant leg.
Coventry et al. (2006) used the height of the counter-movement jump to quantify fatigue.
Each FLP lasted about 25 seconds, however, the number of FLP cycles or time to fatigue
was not reported. Participants in this study were physically active males. Physically
active was defined as participating in physical activity for at least 30 minutes during most
days of the week. Although the FLP designed likely produced extreme fatigue in the
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dominant leg, the broad description of physically active participants make it difficult to
apply the results to competitive and elite athletes.
McLean et al. (2007) designed a fatigue protocol similar to the one used in
Chappell et al. (2005) to mimic the actual game play. The fatigue protocol used in
McLean et al. (2007) incorporated a series of step-up movements, plyometric
movements, and direction changes. This fatigue protocol likely mimicked the type of
fatigue experienced during sport participation, however it only lasted exactly four
minutes. Furthermore, the participants were NCAA athletes in basketball, soccer, and
volleyball and therefore are expected to have increased physical fitness levels compared
to recreational athletes. It is unlikely that four minutes is an appropriate length of time to
fatigue the lower limb musculature of NCAA Division I collegiate athletes. As explained
in the previous section, McLean et al. (2007) also used a bilateral drop jump as opposed
to a single-leg drop jump which may have contributed to the lack of significant difference
between pre- and post-fatigue knee flexion angles.
The fatigue protocol used in Pappas et al. (2007) was very similar to the fatigue
protocols used in Chappell et al. (2005) and McLean et al. (2007) in that it included a
series of movements used to imitate the fatigue experienced in competitive athletic
training. The protocol included 100 consecutive jumps over short obstacles and 50
maximal vertical jumps to mimic the activities performed in sports. This protocol is
sufficient for the recreational athletes who participated in the study, however it only
represents a part of the athletic demands of a collegiate athlete. Soccer is a sport that
includes kicking, passing, trapping the ball, sprinting, running, cutting maneuvers,
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tackling, jumping, and sudden direction changes (Lees, 2005).

While it would be

difficult to represent all of the skills listed above in a single fatigue protocol, the protocol
should include both the cardiovascular demands of collegiate soccer and the agility
demands.
In contrast to the fatigue protocol designed by Pappas et al. (2007), Rahnama et
al. (2003) and Benjaminse et al. (2008) designed a fatigue protocol to simulate the
cardiovascular demands of competitive soccer. The protocol used in Rahnama et al.
(2003) incorporated 44 minutes of treadmill running (including walking, jogging,
cruising, and sprinting) with a one-minute rest at the 23rd minute. Rahnama et al. (2003)
reported a decline in force production with fatigue, indicating that the cardiovascular
demands of competitive soccer result in a decline of muscle strength, which increases risk
of injury at the end of soccer matches.
The fatigue protocol designed for this study built on the protocols used in the
above studies and included plyometric movements as well as sprints to best represent the
fatigue experienced by competitive soccer players.

2.4 GENDER DIFFERENCES IN ANTERIOR CRUCIATE LIGAMENT INJURY RATES
Over the past two decades, researchers have almost unanimously supported the
theory that women experience a significantly higher ACL injury rate when compared to
male counterparts, specifically in young athletes ages 14-19 (Arendt and Dick, 1995;
Tillman et al., 2002; Renstrom et al., 2008; Gray et al., 1985). Some researchers have
noted that ACL injury rates in females may be as high as 10 times more often than males
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during military training (Pappas et al., 2007; Griffin, 2001), however, ACL injury rates in
sporting environments are 2-6 times higher for female athletes (Pappas et al., 2007).
Arendt and Dick (1999) analyzed NCAA injury data over ten years, reporting that female
soccer players had an ACL injury rate more than double that of male soccer players.
Female athletes experience ACL injuries in many sports, however, soccer is of particular
concern as it is the world’s most popular sport with 200 million males and 21 millions
females registered with Fédération Internationale de Football Association (FIFA) (Giza et
al., 2005). Since the passing of Title IX in 1972, women’s collegiate soccer programs
have increased tremendously. In 1982, there were 25 women’s collegiate teams, totaling
520 athletes. In 2007, there were 300 teams, totaling over 7,000 athletes (DeHass, 2008).
Furthermore, female soccer players have been shown to injure their ACL 2-6 times more
often than their male counterparts (Pappas et al., 2007; Griffin, 2001; Arendt and Dick,
1999). Prodromos et al. (2007) reported that collegiate basketball had the highest femalemale ACL tear incidence rate at 3.5, while the overall tear rate across males and females
was highest for collegiate soccer at 0.12 and 0.32, respectively. Some skeptics believe
that the discrepancy in ACL injuries among genders is due to differences in skill level,
however, females have continued to experience more ACL injuries than males over the
years despite the increase in preparatory training programs for elite levels of play (Arendt
and Dick, 1999; Ireland, 1999). The difference in ACL injury rates has become an
accepted fact among researchers, with most researchers focusing on the gender
differences in injury mechanism.
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Many different theories have been suggested to explain the high risk of ACL
injuries in female athletes. Gender anatomical differences in the lower limb pose a
greater risk of injury including a greater Q-angle and knee laxity. The Q-angle is the
angle between the quadriceps and the patellar tendon. The female hips increase the Qangle, which causes the knee to be in an unstable position, as well as increases the valgus
angle (Boden et al., 2000; Alentorn-Geli et al., 2009). Researchers attempting to identify
a correlation between increased Q-angle and increased rate of ACL injuries have shown
inconsistent results and further research is needed on this theory. Some researchers have
also reported that increased knee and muscle laxity in women causes increased flexibility
in the lower limb, specifically in the hamstrings (Boden et al., 2000; Wojtys et al., 1998;
Renstrom et al., 2008). This may be related to sex hormones as some researchers have
identified significant associations between knee joint laxity and the ovulatory and postovulatory phases of the menstrual cycle (Alentorn-Geli et al., 2009; Zazulak et al., 2006).
More recently, researchers have noted a significantly greater incidence of ACL injuries
during the preovulatory phase (Renstrom et al., 2008). As with the Q-angle theory,
results are inconsistent and further research needs to be conducted on the effect of sex
hormones on injury risk in female athletes.
With regards to biomechanical and neuromuscular risk factors, three main
theories have been proposed concerning neuromuscular imbalances in women that may
increase risk of ACL injury: ligament dominance, quadriceps dominance, and leg
dominance (Myer et al., 2004). Hewett et al. (2002) explains ligament dominance as
when an athlete’s knee ligaments absorb most of the ground reaction force rather than
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utilizing the entire lower extremity musculature. This reliance on the knee ligaments is
evident in an increased knee valgus moment in women in comparison to men, which
increases risk of ligament injuries (Ford et al., 2003). Quadriceps dominance, which goes
hand-in-hand with the straight knee landing theory, suggests that females rely more on
the quadriceps than their hamstrings, resulting in decreased knee flexion during landing
(Hewett et al., 1996). Huston and Wojtys (1996) showed that collegiate athletes respond
to anterior tibial displacement differently depending on gender.

Female athletes

counteracted the displacement through increased quadriceps activation while their male
counterparts relied on the hamstrings. Quadriceps dominance results in a straighter knee
during landing, which is identified through increased knee and hip extension at landing,
and has been correlated with ACL injury (Boden et al., 2000). Landing with a greater
knee extension angle produces an anterior shear force and increased force in the patellar
tendon that places increased strain on the ACL (Renstrom et al., 2008; Withrow et al.,
2006). Renstrom et al. (2008) further explains that ACL injuries are often experienced as
a result of stiff landings, with the knee near full extension.

This study focused

predominantly on the quadriceps dominance theory and the straight knee landing theory.
Leg dominance theory explains the discrepancy between the dominant and
nondominant lower limb torques and imbalances (Myer et al., 2004). Ford et al. (2003)
showed that females had significant increases in knee valgus angle in the nondominant
leg when compared to their male counterparts during vertical jumps. Female athletes
participating in the Hewett et al. (1996) study displayed lower hamstring torques in the
nondominant leg. These imbalances result in amplified stress on the musculature of the
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dominant leg and a nondominant leg that is not conditioned to attenuate the high ground
reaction forces properly, leading to increased risk of injury in both legs.

Some

researchers indicate that female soccer players tend to tear the nondominant ACL more
frequently (Negrete et al., 2007; Brophy et al., 2010) while other researchers have shown
that elite female players tear the ACL of their dominant leg significantly more often than
the nondominant leg (Faude et al., 2006). Further research is necessary to identify a
significant correlation between leg dominance and risk of ACL injury. As a result of the
discrepancy in results, this study only investigated the dominant leg.

2.5 MEASURING LANDING STIFFNESS
There is no universal definition for biomechanical or mechanical stiffness,
however, it is usually defined as the resistance of an object to change in length (Brughelli
and Cronin, 2008; McMahon and Cheng, 1990). Although it can be assumed that some
stiffness is needed for optimal performance, too much stiffness may lead to injury, as it
increases peak force or stress during eccentric contractions. Since increased force can
result in improved performance as well as increased tissue damage, the fine line between
performance and injury is a topic of debate among the sporting community. While some
researchers have stated that greater lower limb stiffness is advantageous for running,
other researchers consider the increased VGRF associated with greater vertical stiffness
to be dangerous (Brughelli and Cronin, 2008; McMahon and Cheng, 1990; Butler et al.,
2003; Padua et al., 2006; Farley et al., 1991). In a prospective study, Hewett et al. (1996)
observed increased peak VGRF in an injured group of athletes when compared to an
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uninjured group at similar knee flexion angles. These findings suggest that increased
stiffness, as represented by increased VGRF, is a contributing factor to lower limb injury.
Few researchers have attempted to establish the direct relationship between stiffness and
injury due to the prospective nature of the research, and therefore it was assumed in this
study that increased stiffness increases risk of injury during jump landing.
There are many different ways to define and measure biomechanical lower limb
stiffness. Butler et al. (2003) outlined three main biomechanical categories for measuring
stiffness: vertical stiffness (KVERT), leg stiffness (KLEG), and torsional stiffness (KJOINT).
Vertical stiffness is commonly used to calculate linear movements including hopping and
jumping. There are multiple ways to calculate vertical stiffness, however, the following
equation was used to calculate stiffness in this study:
KVERT = FMAX/Δy

(McMahon and Cheng, 1990)

where FMAX is the maximum vertical force and
Δy is the vertical displacement of the body’s center of mass.
This equation was used because previous researchers including Padua et al. (2006) used
the same equation in their evaluation of the influence of fatigue on lower limb stiffness.
Leg stiffness and torsional stiffness were not investigated in this study because they are
commonly used to calculate running and joint stiffness, respectively, as opposed to
calculating vertical stiffness from jump landings.
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Chapter 3: Methods
3.1 PARTICIPANTS
All twelve participants were intercollegiate women’s soccer players. The study
included rostered players at the following universities: The University of Texas at Austin
(Division I), Concordia University (Division III), Southwestern University (Division III),
and Southwest Texas State University (Division III). These universities were chosen
based on proximity. Coaches who recruited players to participate were required to sign a
site letter permitting the investigator to communicate with players (Appendix A). ACL
injury rates are similar across divisions and previous researchers have shown little
difference between NCAA Division I and Division III female soccer athletes (Smith et
al., 2007). The main difference between the athletes playing at these levels typically
includes power and on-field skill, however, neither of these factors were examined in this
study. Participants were 17-22 years old (mean age = 19.25±1.36 years). Participant
mean height was 1699.98±69.59mm and participant mean weight was 62.36±8.53kg.
Exclusion from participation in this study included current serious lower limb injuries
(which limited on-field participation as well), or an operable injury in either leg within
the past 12 months.

3.2 INSTRUMENTATION
The study took place in the Developmental Motor Laboratory at The University of
Texas at Austin. A single Bertec force plate (Force Plate Number K70501, Type 455008) was used to collect in this study. The force plate data were sampled at 1200Hz. The
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force plate was calibrated before each trial and between participants. Kinematic data
were collected using a 10-camera Vicon motion capture system at 120Hz (Vicon MX
system). The system was calibrated at the beginning of each collection day.

3.3 TESTING PROCEDURE
Participants came to the laboratory, one at a time, based on their sign-up time.
The first collection also acted as an orientation session, where the participant became
comfortable with the equipment and the testing procedures.

The participant was

debriefed on the purpose and procedure of the study, however specific research
hypotheses were not disclosed to the participant. All participants signed the informed
consent form before continuing with the study (Appendix B). Participants under the age
of 18 were required to have parents or legal guardians provide informed consent before
continuing with the study.

Participants wore their own athletic clothes and shoes.

Required clothing included fitted athletic gear in order to place the Vicon markers on the
appropriate location without risk of the clothing moving.

Any athletic shoe was

acceptable and athletic tape was placed over all reflectors on the shoes. Participants were
randomly assigned to control and experimental groups.
Participant height and weight were taken once before the first test.

Basic

measurements taken also included leg length from the anterior superior iliac spine to the
lateral malleolus. Knee width (from lateral to medial femoral condyle) as well as ankle
width (lateral to medial malleolus) were measured and recorded for both legs. After
measurements were taken on the first day, the participant performed all testing without
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fatiguing exercises in order to obtain pre-fatigue values.

On Days 2, 3, and 4,

participants performed the fatiguing protocol before completing testing. The control
group only performed single-leg drop jumps on Days 2, 3, and 4. All participants were
required to complete a physical activity questionnaire every day before continuing the
appropriate testing procedure (Appendix C). Since limiting physical activity outside of
the study was not an option for collegiate athletes, the physical activity questionnaire was
completed to help interpret anomalous data.

Illustration 3.1 Participant reflective marker set (dominant leg pictured)
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Reflective markers were placed in the following positions on both left and right
sides: anterior superior iliac spine, posterior superior iliac spine, lateral midthigh, lateral
femoral condyle, lateral midcalf, lateral malleolus, posterior calcaneous, and head of the
second metatarsal. Once all markers were in place, the participant stood still in a normal
upright position on the force plate for static calibration.

A static calibration was

performed for the Vicon system and force plate, with the participant standing on both feet
looking straight ahead on the force plate (Illustration 3.1). The participant was instructed
to step up on the drop box and place her feet as far forward as possible on the box while
still balancing comfortably. A drop height of 30 centimeters (cm) was used in order to
minimize the risk of injury and high vertical forces of a single-leg drop jump. Previous
researchers have used distances ranging from 30cm to 55cm, with most researchers using
30cm for recreational athletes (McLean et al., 2006; Pappas et al., 2007; Coventry et al.,
2006). Bobbert et al. (1987) suggested using drop jump heights between 20cm and 40cm
to decrease joint reaction forces. As there is no agreement on proper drop jump height
across studies and specifically for elite athletes, 30cm was used in this study as a
conservative compromise. Participants were allowed to wear their own athletic shoes in
order to keep the landing as natural as possible. The participant jumped forward off of
the box, landing only on the dominant leg, with the foot completely inside the boundaries
of the force plate (Illustration 3.2).
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Illustration 3.2 Arrangement of the drop box and the force plate

The dominant leg was defined as the leg with which the participant preferred to
kick a ball. The dominant leg was examined in this study because previous researchers
have indicated inconclusive results as to which leg is more likely to become injured in
competitive soccer. The dominant leg was assumed to have increased strength and
stability when compared to the nondominant leg, therefore, the dominant leg was used in
order to decrease risk of injury from participation in this study. Any time the foot exited
the force plate during landing, the data were not used and the trial was repeated. No
other instruction regarding jump technique was provided to the participant in order to
avoid any coaching effect.

The participant received two practice trials and then

completed five successful trials. Successful trials included proper foot placement and
holding the landing position for 3 seconds before returning to an upright stance. All
jumps were completed consecutively without a set rest interval.
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After completing five successful drop jumps, all markers were removed and the
participant scheduled a time for the next test before leaving the laboratory. Each testing
procedure followed the protocol listed above without amendment.

3.4 FATIGUE PROTOCOL
The fatigue protocol used in this study was designed to include both eccentric and
concentric contractions in a manner that would best mimic activity on the soccer field.
No exercises were repeated during this study in order to avoid repeated bout effect.
Soccer is a sport that includes kicking, passing, trapping the ball, sprinting, running,
cutting maneuvers, tackling, jumping, and sudden direction changes (Lees, 2005). The
fatigue protocol designed for this study used both plyometric activities and short sprints
in order to mimic the agility and speed utilized on the soccer field. No changes in
direction or cutting maneuvers were included in order to decrease risk of injury.
All three plyometric activities included in the fatigue protocol were chosen based
on their regular inclusion in training regimens. Squat jumps, jumping lunges, and squat
thrusts are regular exercises for the average healthy individual.

The participant

performed five sets of 20 repetitions for all three plyometric activities. This number was
chosen based on fatigue protocols previously published (e.g., Borotikar et al., 2008;
Gehring et al., 2009). Chappell et al. (2005) utilized a similar fatigue protocol with
recreational athletes, requiring participants to perform five squat jumps with a target
vertical height followed by a 30m sprint without rest intervals until participant reached
volitional exhaustion. Chappell et al. (2005) designed his fatigue protocol to include both
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aerobic and anaerobic fatigue experienced by soccer, volleyball, and basketball players.
The fatigue protocol in this study included a 50m sprint rather than a 30m sprint as a
result of the increased activity level of the collegiate athlete compared to the recreational
athlete. Previous researchers have used other plyometric activities, such as step-ups and
quick direction changes in their protocol (McLean et al., 2007; Borotikar et al., 2007),
however this fatigue protocol did not include a step-up box or direction changes to
minimize risk of injury.
The number of repetitions for each plyometric activity was chosen based on
previous literature. Although the fatigue protocols vary across studies, the main goal
maintains reaching a point of fatigue. Female participants in Gehring et al. (2009)
reached fatigue after performing approximately 120 leg presses with a 50.0 kg load.
Pappas et al. (2007) had participants perform 100 consecutive jumps over obstacles and
50 maximal vertical jumps.

Both of these fatigue protocols were designed for

recreational athletes. Female NCAA athletes participating in Borotikar et al. (2008)
performed on average 79 squat-landing sequences before reaching a point of fatigue. It
must be noted that the landing sequences employed in Borotikar et al. (2008) fatigue
protocol included aggressive and rapid lateral jumping sequences which would likely
induce more central fatigue than vertical squat jumps. Furthermore, Borotikar et al.
(2008) did not include rest intervals. It was expected that participants in this study would
require over 79 squat jumps to reach a point of fatigue based on the nature of the
plyometric activity and the included rest. The included activities were designed to be
fatiguing without introducing a new movement pattern that would need to be learned. All
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participants had performed the plyometric activity in training and were reminded of
proper form.

Verbal cues and instruction were provided if a participant was not

practicing proper form during the activity.
Participants performed different plyometric exercises on days 2, 3, and 4 of the
study (Table 3.1). No fatiguing exercises were performed on day 1 in order to record prefatigue values. Day 2 fatigue protocol included 100 squat jumps with sprint intervals.
Squat jumps were performed in five sets, 20 repetitions each set. A rest interval of 2
minutes was utilized between each set. The participant was monitored during the squat
jumps in order to ensure that she was seemingly exerting 100% effort on each squat jump
and performing safe squats with proper form. After each successful set, the participant
was required to complete a 50m sprint, performing a total of five 50m sprints.
Participants in the control group only completed the testing protocol on Day 2.
Day 3 fatigue protocol included 100 reverse jumping lunges with sprint intervals.
Jumping lunges were performed in five sets, 20 repetitions each set. A rest interval of 2
minutes was utilized between each set. The participant was monitored during the jumping
lunges in order to ensure that lunges were performed safely and with proper form. The
participant started the jumping lunge set by stepping into a backwards lunge and then
jumping to switch legs in the air, landing with the opposite leg behind in a lunge position.
Following each successful set of 20 jumping lunges, the participant was required to
complete a 50m sprint, performing a total of five 50m sprints. Participants in the control
group only completed the testing protocol on Day 3.

29

Day 4 fatigue protocol included 100 squat thrusts (also known as burpees) with
sprint intervals. Squat thrusts were performed in 5 sets, 20 repetitions each set. A rest
interval of 2 minutes was utilized between each set. The participant was monitored
during the squat thrusts in order to ensure that they were performed safely and with
proper form. After each successful set, the participant was required to complete a 50m
sprint, performing a total of 5 50m sprints.

Participants in the control group only

completed the testing protocol on Day 4.

Table 3.1 Plyometric and sprint exercises performed in the fatigue protocol

Day of Fatigue
Protocol
Day 1
Day 2
Day 3
Day 4

Plyometric Exercise

Sprint

Rest Interval

No exercise performed

No sprints performed

N/A

100 Squat Jumps (5 sets x
20 repetitions)
100 Jumping Lunges (5
sets x 20 repetitions)
100 Squat Thrusts (5 sets
x 20 repetitions)

Five 50m sprints

2 minutes
between sets
2 minutes
between sets
2 minutes
between sets

Five 50m sprints
Five 50m sprints

3.5 DATA ANALYSIS
Knee flexion angle was determined using the kinematic data from the Vicon
motion imagining system. The marker set used included the lateral midthigh, lateral
femoral condyle, and lateral midcalf of the dominant leg. Using the 3-D information
provided, the extension angle was calculated using a Euclidean triangle approach. The
extension angle was subtracted from 180 degrees to define the peak knee flexion angle.
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The average of the five trials was calculated to represent the average knee flexion angle
during each testing session.
Analog data were demeaned using the average of the first 1000 frames while the
participant stood still on the drop box and there was no activity on the force plate. Since
peak force is related to body weight, forces were normalized to the participant body
weight (BW). Peak forces were calculated as a percentage of BW. The average of the
five trials was calculated to represent the average peak force for each testing session.
Impulse was calculated as the integral of the force-time curve. Participant BW
was subtracted from force data to identify the “loading phase” of the landing. The
“loading phase” was defined as the time from when the applied vertical force exceeded
BW until peak force was reached. The average of the five trials was used to represent the
average impulse.
Vertical leg stiffness (KVERT) was calculated using the following equation as
outlined by McMahon and Cheng (1990) and used in Padua et al. (2006):
KVERT = FMAX/∆y
In order to calculate the center of mass displacement, the force data were adjusted by
subtracting participant BW then divided by participant mass to define acceleration (KVERTNORM

). Only force during the loading phase (as previously defined) was used to calculate

vertical stiffness. The integral of the acceleration-time curve was calculated to define
velocity-time curve. The integral of the velocity-time curve was calculated to define
instantaneous changes in position. Vertical stiffness was calculated in accordance with
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Padua et al. (2006) using the regression slope of the force-position curve. The average of
the five trials was used to represent the average vertical leg stiffness.

3.6 STATISTICAL ANALYSIS
Descriptive statistics were obtained using SPSS for all dependent variables,
including peak knee flexion angle, peak vertical ground reaction forces, impulse, and
vertical leg stiffness. Outlier data were defined as those greater than three standard
deviations from the mean.
An independent t-test was used to identify any existing group differences for prefatigue values. A repeated-measures MANOVA was used to test dependent variables
across days of fatigue. Using one MANOVA test to analyze knee flexion, vertical
ground reaction forces, and leg stiffness together controlled for Type I error rate, keeping
the rate as close as possible to the nominal Type I error rate, α = 0.05. As a result of the
small sample size, normality assumptions were not met. Therefore, a non-parametric test,
the Wilcoxon signed-rank test, was used to further examine the relationship between time
and vertical stiffness based on the research hypotheses. The Wilcoxon signed-rank test
was only used to test for significance of the time-stiffness relationship because that was
the main purpose of this study. Using a non-parametric test for all dependent variables
would inflate the p-value.
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Chapter 4: Results
The purpose of this study was to examine the influence of residual fatigue on
lower limb kinematics and vertical leg stiffness at landing. It was hypothesized that 1)
vertical leg stiffness would be increased on days 2, 3, and 4 compared to day 1 values; 2)
knee flexion angle would be decreased on initial post-fatigue test when compared to prefatigue angles; 3) peak knee flexion angle would be negatively correlated with residual
fatigue; 4) vertical ground reaction forces would be increased on initial post-fatigue test
when compared to pre-fatigue forces; and 5) vertical ground reaction forces would be
positively correlated with residual fatigue.

The results did not support any of the

hypotheses and no statistical significance was found.
An independent samples t-test was used to identify any existing group differences
for day 1.

Pretest variables included all dependent variables including vertical leg

stiffness (KVERT-NORM), peak knee flexion (PKF), peak force (VGRF), and impulse (IMP).
Pre-fatigue PKF angle was not significantly different between groups (t = 0.251, p =
0.807). Pre-fatigue VGRF was not significantly different between groups (t = -1.776, p =
0.106). Pre-fatigue IMP was not significantly different between groups (t = -0.692, p =
0.504). Pre-fatigue KVERT-NORM was not significantly different between groups (t = -0.480,
p = 0.647). The lack of significant differences between the control group (CG) and
experimental group (EG) for pre-fatigue values allowed for comparison between groups
after intervention using a MANOVA. An alpha level of 0.05 was used for all statistical
tests.
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The means and standard deviations for all four dependent variables (PKF, VGRF,
IMP, and KVERT-NORM) are listed in Table 4.1. Group means showed no trend for PKF and
impulse, while VGRF for the experimental group increased slightly over the four days.
KVERT-NORM increased from day 1 for the experimental group, while the control group
showed a minimal but steady decrease in KVERT-NORM (Figure 4.1). KVERT-NORM showed the
largest increase in the experimental group from day 1 to day 2 (+0.35 kN/m). The
MANOVA did not report any significant differences for KVERT-NORM across time or group.
Since normality assumptions were not satisfied and due to the nature of the research
question, the Wilcoxon signed-rank test was also run for KVERT-NORM. The nonparametric
test did not report a significant difference between day 1 and day 2 KVERT-NORM (Z = 1.153, p = 0.249). KVERT-NORM decreased from day 2 to day 3 (-0.27 kN/m) and the
nonparametric test did not report a significant difference between day 1 and day 3 KVERTNORM

(Z = -1.363, p = 0.173). KVERT-NORM increased from day 3 to day 4 (+0.14 kN/m) and

difference between day 1 and day 4 approached significance (Z = -1.782, p = 0.075).
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Figure 4.1 Vertical leg stiffness (normalized to body weight) across time for experimental (EG)
and control (CG) groups.

The results for the four dependent variables were entered into a repeated measures
MANOVA in order to calculate the significant effects of group and time at alpha = 0.05.
Mauchly’s Test of Sphericity was violated for impulse therefore the Huynh-Feldt
correction was used for all dependent variables. The results of the repeated measures
MANOVA showed no significance for all dependent variables across groups and time.
PKF increased slightly from day 1 to day 2 for both experimental and control
groups (Table 4.1), however remained constant across day 2, 3, and 4 (Figure 4.2). The
MANOVA showed no significant difference for PKF across time (F = 1.653, p = 0.210)
or for the time by group interaction (F = 10.128, p = 0.239). Observed power was very
low for PKF (0.336).
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Figure 4.2 Peak knee flexion (PKF) angles across time for experimental (EG) and control (CG)
groups.

Peak vertical ground reaction forces remained constant across all days for the
experimental group, ranging from approximately 2.91BW to 2.93BW, while peak forces
decreased gradually every day for the control group (Figure 4.3).

The MANOVA

showed no significant differences for VGRF across time (F = 1.264, p = 0.305) and no
significant differences for the time by group interaction (F = 1.923, p = 0.150). Observed
power was very low for VGRF (0.296).
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Figure 4.3 Peak vertical forces (normalized to body weight) across time for experimental (EG)
and control (CG) groups.

No trends were observed in net impulse across time for either group.

No

significant results were noted for IMP across time (F = 1.142, p = 0.339) or for the group
by time interaction (F = 0.61, p = 0.942). Observed power was low for net impulse
(0.053).
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Table 4.1 Means and standard deviations for dependent variables: peak knee flexion (PKF),
vertical ground reaction forces (VGRF), impulse (IMP), and vertical leg stiffness (KVERT-NORM).

PKF Day 1
(degrees)
PKF Day 2
(degrees)
PKF Day 3
(degrees)
PKF Day 4
(degrees)
VGRF Day 1
(BW)
VGRF Day 2
(BW)
VGRF Day 3
(BW)
VGRF Day 4
(BW)
IMP Day 1
(Ns)
IMP Day 2
(Ns)
IMP Day 3
(Ns)
IMP Day 4
(Ns)
KVERT-NORM Day 1
(kN/m)
KVERT-NORMDay 2
(kN/m)
KVERT-NORM Day 3
(kN/m)
KVERT-NORM Day 4
(kN/m)

Group Assignment
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
EG
CG
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Mean
49.54
48.46
55.69
52.31
52.61
52.75
53.89
51.03
2.91
3.29
2.93
3.28
2.93
3.19
2.93
3.15
236.78
286.16
217.11
260.24
266.90
334.00
224.49
290.42
0.68
0.85
1.03
0.83
0.76
0.80
0.90
0.79

Std. Deviation
9.89
3.54
13.51
5.74
12.41
3.90
16.04
13.30
0.29
0.44
0.31
0.29
0.32
0.37
0.31
0.36
108.07
137.25
132.90
125.16
147.13
203.02
134.82
169.56
0.32
0.80
0.80
0.79
0.42
0.86
0.50
0.71

Chapter 5: Discussion
The purpose of this study was to investigate the effect of residual fatigue on lower
extremity kinematics and vertical leg stiffness in female intercollegiate soccer players.
Participants performed single-leg drop jumps from a 30cm height, landing only on the
dominant leg, every day for 4 days. A fatigue protocol preceded the single-leg drop
jumps on days 2, 3, and 4 for the experimental group. It was hypothesized that 1) vertical
leg stiffness would be increased on days 2, 3, and 4 compared to day 1 values; 2) knee
flexion angle would be decreased on initial post-fatigue test when compared to prefatigue angles; 3) peak knee flexion angle would be negatively correlated with residual
fatigue; 4) vertical ground reaction forces would be increased on initial post-fatigue test
when compared to pre-fatigue forces; and 5) vertical ground reaction forces would be
positively correlated with residual fatigue.
The first hypothesis that vertical leg stiffness would be increased on days 2-4
compared to day 1 values was not statistically supported. The nonparametric test was not
significant and the repeated measures MANOVA did not show a significant difference
across time or group. The groups did, however, exhibit trends supporting the hypothesis.
The experimental group increased in vertical leg stiffness on trials performed after fatigue
protocols while the control group decreased in vertical leg stiffness every day compared
to day 1. This finding is consistent with the findings of Padua et al. (2006), who noted
that KVERT-NORM increased from pre-fatigue to post-fatigue, 0.50 ± 0.20 kN/m to 0.53 ±
0.17 kN/m. Padua et al. (2006) did not find a significant difference between pre- and
post-fatigue values (F1,19 = 2.284, p = 0.147). Despite the lack of statistical significance,
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Padua et al. (2006) is the only previous report to investigate the effect of fatigue on leg
stiffness, showing a similar trend to this study. The participants in this study exhibited a
greater increase in leg stiffness from pre-fatigue to post-fatigue at 0.68 ± 0.32 kN/m to
1.03 ± 0.80 kN/m than the participants in Padua et al. (2006). This may be due to the
difference in participant activity level. While this study only included intercollegiate
female soccer players to best represent the at-risk population, Padua et al. (2006)
included a variety of physically active females (mean age = 24 years). Individual results
in this study showed that four of the six participants in the experimental group exhibited
the largest increase in leg stiffness from day 1 to day 2. This indicates that a single
fatigue protocol may result in increased leg stiffness and compromised landing
mechanics. Furthermore, four of the six participants in the experimental group did not
return to pre-fatigue levels throughout the study. This may indicate that without proper
recovery, participants may be unable to return to preferred landing techniques, increasing
risk of injury with continuous days of intense training.

Therefore, the increase in

stiffness exhibited by participants in this study may be clinically significant and warrant
further investigation using a larger sample size.
The second hypothesis that peak knee flexion angle would be decreased on the
initial post-fatigue test compared to pre-fatigue angles was not supported by the data.
Knee flexion angle increased from Day 1 to Day 2 by, on average 8.2º. This finding
contradicts the findings in Chappell et al. (2005). Chappell et al. (2005) found that
females had significantly decreased knee flexion angles post-fatigue, with flexion angles
decreasing as much as 12%.

Even though the data contradicted those reported by
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Chappell et al. (2005), the data support the findings in McLean et al. (2007) and Gehring
et al. (2009).

Knee flexion angle increased post-fatigue in both the dominant and

nondominant legs for females in McLean et al. (2007). Gehring et al. (2009) also
reported an increase in maximum knee flexion angle in females post-fatigue. Neither
McLean et al. (2007) nor Gehring et al. (2009) reported statistically significant increases.
These increases in peak knee flexion may be the result of the participant becoming more
compliant with the landing forces in fatigued conditions. Some researchers, such as
Benjaminse et al. (2008) have reported significant decreases in knee flexion angle at
initial contact with little difference in peak knee flexion angles post-fatigue, implying that
fatigue may decrease peak knee flexion in the knee joint post-fatigue only during the first
50ms of landing as opposed to the loading phase. Decreased knee flexion angle at initial
contact may prevent the lower extremity from attenuating shock appropriately, requiring
increased strain in the ACL to stabilize the landing. These results are inconsistent with
those of Padua et al. (2006), who reported significantly increased flexion angle at initial
contact during post-fatigue tests. Decreased knee flexion at initial contact should be
investigated during residual fatigue to determine whether flexion angles decrease over
continuous days of fatigue protocols.
The third hypothesis that knee flexion angle would be negatively correlated with
residual fatigue was not supported. While peak knee flexion increased on initial postfatigue test, it remained largely unchanged from days 2-3. This suggests that peak knee
flexion is mostly unaffected in a fatigued state, even after the initial post-fatigue test. It is
of particular interest that knee flexion angle remains constant despite the increasing
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vertical leg stiffness. As previously explained, participants exhibited increased vertical
leg stiffness across days 2-4 when compared to day 1 values, however, the exact opposite
was evident with regards to peak knee flexion angle.

This indicates that stiffness

increased as a result of increased VGRF or increased stiffness at hip and/or ankle joint,
preventing increased center of mass displacement. Future research should investigate the
influence of residual fatigue on hip flexion and ankle dorsiflexion.
The fourth hypothesis that vertical ground reaction forces would be increased on
the initial post-fatigue test when compared to pre-fatigue forces was not supported by the
data. Participant VGRF increased minimally throughout the study for the experimental
group, while the control group VGRF decreased slightly throughout the study. These
data contradict the findings in Coventry et al. (2006), who reported a large decrease in
peak GRF post-fatigue. Even though there was a small increase in VGRF (BW) on Day
2, the results do not support the findings in Pappas et al. (2007). Pappas et al. (2007)
noted significantly increased VGRF on post-fatigue drop jumps, from 4.5 BW to 4.7 BW.
The forces experienced by participants in this study were much lower than those
experienced in Pappas et al. (2007) because this study employed a shorter drop jump
height (30 cm) than used in the Pappas et al. (2007) study (40 cm). Furthermore, the
small sample size likely contributed to the lack of significant difference, while Pappas et
al. (2007) had a larger sample size (n = 32).
The fifth hypothesis that residual fatigue would be positively correlated with
vertical ground reaction forces was not supported by the data.

Participant VGRF

remained constant across Days 2-4. These unchanged vertical forces are most important
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in understanding the increased vertical leg stiffness in the experimental group throughout
the study. While the peak vertical force represents the landing load at an instant in time,
the net impulse was calculated during the loading phase to better understand the
relationship between force and time.

While force remained constant, net impulse

fluctuated. More specifically, while KVERT-NORM increased from Day 1 to Day 2 and VGRF
remained constant, net impulse decreased from 236.78 ± 108.07 Ns to 217.11 ± 132.9 Ns.
Although the decrease was not significant, it indicates that the same VGRF was absorbed
during a shorter period of time on Day 2, which may contribute to the decreased center of
mass displacement and increase the risk of injury when fatigued. Further research needs
to be conducted on residual fatigue to identify the influence of consecutive days of
fatigue on lower limb stiffness.
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Chapter 6: Conclusion and Implications
The purpose of this study was to investigate the effect of residual fatigue on lower
extremity kinematics and landing stiffness in female intercollegiate soccer players. It
was hypothesized that 1) vertical leg stiffness would be increased on days 2, 3, and 4
compared to day 1 values; 2) knee flexion angle would be decreased on initial postfatigue test when compared to pre-fatigue angles; 3) residual fatigue would be negatively
correlated with peak knee flexion angle; 4) vertical ground reaction forces would be
increased on initial post-fatigue test when compared to pre-fatigue forces; and 5) residual
fatigue would be positively correlated with vertical ground reaction forces. KVERT-NORM
values showed a trend that partially supported the first hypothesis, however, all statistical
tests were nonsignificant and the data did not support the hypotheses.
There were a few limitations to this study that likely added to the lack of
statistical significance. The sample size was very small (n = 12) as a result of the specific
and limited participant pool.

Participants were required to be NCAA female

intercollegiate soccer players. Previous researchers used recreational and physically
active participants to increase sample size, however, the goal of this study required only
elite soccer players to be tested. Although sample size in this study was small, results
offered insight regarding the way female intercollegiate soccer players respond to fatigue.
Another limiting factor in this study included the inability of the researchers to
restrict participant physical activity outside of the laboratory fatigue protocols. The
participants often had practice or training during the study and were unable to miss
training to participate in the study.

Therefore, exercise before participation was
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unregulated and resulted in some control group participants engaging in rigorous physical
activity (as recorded using the form in Appendix B) before completing the single-leg
drop jumps and some participants in the experimental group performing multiple
workouts a day, including the fatigue protocol. This may have contributed to the large
individual differences and standard deviation in the results.
Along with the inability to regulate physical activity outside of the laboratory
during the study, the fatigue protocol included a different plyometric activity every day.
The fatigue protocol was designed this way in order to minimize risk of injury in the
study, however, performing different activities every day may have contributed to the
lack of significance. Some of the plyometric activities may have been more fatiguing
than others, depending on the individual’s prior experience, which may have resulted in
inconsistent fatigue across days. Since this study was the first to examine the effect of
residual fatigue on lower limb stiffness, there was no prior fatigue protocol to replicate.
The fatigue protocol employed in this study was designed to expand upon fatigue
protocols used in previous studies and was tested among United States Olympic athletes
and collegiate soccer players for feedback and suggestions.
The last limitation in this study was that fatigue was not quantified. Common
ways of quantifying fatigue include invasive methods, such as measuring lactic acid build
up, or lengthy methods, requiring participants to perform maximal voluntary contractions
in the target muscles. Neither of the above methods was feasible in this study because
the coaches would not agree to invasive methods during data collection and the
participants had limited availability to participate in the study. Therefore, there was no
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way to measure if participants reached a point of fatigue during the study. This may have
contributed to the lack of significant results and expected trends in the data. Although
five of the six participants in the experimental group did not return to pre-fatigue KVERTNORM

values on days 2-4, four of the participants decreased in stiffness from day 2 to day

3. One explanation for this decline in stiffness may be that participants were less fatigued
during day 3 exercises compared to day 2. The only way to eliminate the variability in
participant fatigue would be to quantify fatigue.
Despite the lack of statistical significance in this study, the increase in KVERT-NORM
in the experimental group may be clinically significant and warrants further investigation.
The results in this study indicate that fatigue increases stiffness in the lower limb and
without proper recovery stiffness levels remain elevated. In future studies, it may be
particularly interesting to evaluate stiffness during intense training periods outside the
laboratory, such as during preseason training, to compare results from laboratory fatigue
protocols to on-field training.
Future studies should also include dominant and nondominant leg to compare
post-fatigue stiffness levels between limbs.

Previous researchers have reported

contradictory results regarding which leg is most often injured in soccer and therefore, it
may be beneficial to examine both legs.
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Site Letters
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Appendix B
IRB Application and Informed Consent
I.

Title

The influence of residual fatigue on lower limb stiffness during jump landing
II.

Investigators (co-investigators)

Lindsay Slater, Dr. Jody Jensen
III.

Hypothesis, Research Questions, or Goals of the Project

The purpose of this study is to examine the effects of residual fatigue on single-leg landing
techniques in competitive female soccer players. Previous researchers have noted a significant
difference in post-fatigue landing techniques, using only one fatigue protocol. This study will
examine if landing techniques are further compromised with more than one fatigue protocol to
mimic the intensity of the competitive athlete’s training regimen. Significant results would
indicate that consecutive days of intensive training without proper recovery intervals would
greatly increase risk of ACL injury, explaining the increased number of injuries during soccer
preseason and at the end of soccer matches.
Hypotheses include:
1.
Knee flexion angle will be decreased on initial post-fatigue test when compared to prefatigue values in accordance with previous studies.
2.
Vertical ground reaction forces will be increased on initial post-fatigue test when
compared to pre-fatigue forces.
3.
Residual fatigue will be negatively correlated with landing knee flexion angle.
4.
Residual fatigue will be positively correlated with vertical ground reaction forces.
IV.

Background and Significance:

Anterior cruciate ligament (ACL) tears are devastating injuries that have become commonplace
among athletes in today’s society, with an estimated 100,000 annual occurrence in the United
States alone (Brown & Carson, 1999) and approximately 250,000 annual ACL injuries (Boden et
al., 2000). Although ACL repairs and replacements have become more sophisticated over the past
decade, research still shows that some patients may not return to 100% post-surgery. Sachs et al.
(1989) showed that a year post-surgery, patients displayed weakness in the quadriceps, flexion
contracture, and patellofemoral pain. Kartus et al. (1999) and Shelbourne et al. (1991) explained
that 30% of ACL reconstruction patients showed complications that impeded rehabilitation,
including a loss of range of motion in the injured knee and anterior knee pain with a flexed knee.
About 27% of the patients polled required a second operation (Kartus et al., 1999). Lastly,
Fleming (2003) showed that regardless of treatment, osteoarthritis is more common in patients
with ACL injuries, regardless of treatment plans. These complications are debilitating for the
average patient, but can be significantly damaging to a competitive athlete’s performance and
career. Furthermore, ACL tears are of serious concern for health insurance with the average cost
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of ACL reconstruction approximately $17,000 (Boden et al., 2000; Malek et al., 1996). These
estimates represent only the surgical fees, so the total cost including evaluations and 10-12 months
of physical therapy would greatly increase the average cost. The debilitating nature and financial
impact of ACL injuries makes it extremely important to identify preventative methods and
warning signs for athletes who may be at risk for developing an ACL injury.
Previous researchers have shown that ACL tears occur more often in women than men (Arendt &
Dick, 1995). Much of the latest research has focused on gender differences during some of the
noncontact mechanisms of ACL injury, such as jump landing and pivoting, to better understand
why women might be at increased risk for ACL injury. Three main theories have been proposed
with regards to neuromuscular imbalances in women that may increase risk of ACL injury:
ligament dominance, quadriceps dominance, and leg dominance (Myer et al., 2004). Hewett et al.
(2002) explains ligament dominance as when an athlete’s knee ligaments absorb most of the
ground reaction force rather than utilizing the entire lower extremity musculature. This reliance
on the knee ligaments is evident in an increased knee valgus moment in women in comparison to
men, which increases risk of ligament injuries (Ford et al., 2003). Quadriceps dominance, which
goes hand-in-hand with the straight knee landing theory, suggests that females rely more on the
quadriceps than their hamstrings (Hewett et al., 1996). Huston and Wojtys (1996) showed that
collegiate athletes respond to anterior tibial displacement differently depending on gender.
Female athletes counteracted the displacement through increased quadriceps activation while their
male counterparts relied on the hamstrings. Quadriceps dominance results in a straighter knee
during landing, which is identified through increased knee and hip extension at landing, and has
been correlated with ACL injury (Boden et al., 2000). Leg dominance theory explains the
discrepancy between the dominant and nondominant lower limb torques and imbalances (Myer et
al., 2004). Ford et al. (2003) showed that females had significant increases in knee valgus angle
in the nondominant leg when compared to their male counterparts during vertical jumps. Female
athletes participating in the Hewett et al. (1996) study displayed lower hamstring torques in the
nondominant leg. These imbalances result in amplified stress on the musculature of the dominant
leg and a nondominant leg that is not conditioned to attenuate the high ground reaction forces
properly, leading to increased risk of injury in both legs.
Although many attribute the increased number of ACL injuries to contact sports, these three
theories help explain why ACL tears are most common in sports requiring cutting, pivoting,
sudden stops, or frequent jump landings, all of which are noncontact in nature (Chappell et al.,
2005), with female athletes reporting 70% to 88% of ACL injuries resulting from noncontact
mechanisms (Jacobs & Mattachola, 2005). These noncontact mechanisms are difficult on the
lower limb musculature for any athlete as a result of the increase in peak forces. For example,
when comparing vertical ground reaction forces of walking or running with a simple sport-specific
movement, such as a volleyball spike landing, the peak landing forces increase from body weight
(BW) to approximately 6BW (Bressel & Cronin, 2005). The bones are designed to take a
compressive load, however compromised landing techniques don’t allow the lower limb to
attenuate forces properly, placing increasing stress on the lower limb ligaments to stabilize the
landing.
Female athletes experience ACL injuries in many sports, however, soccer is of particular concern
as it is the world’s most popular sport with 200 million males and 21 millions females registered
with FIFA (Giza et al., 2005). Since the passing of Title IX in 1972, women’s collegiate soccer
programs have increased tremendously. In 1982, there were 25 women’s collegiate teams, totaling
520 athletes. In 2007, there were 300 teams, totaling over 7,000 athletes (DeHass, 2008). This
spur in women’s collegiate soccer programs across the nation has also increased the number of
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women’s high school and select soccer programs to prepare girls for collegiate soccer. As the
number of female collegiate athletes continues to grow, researchers have become more interested
in comparing the functional difference between men and women in sport settings, with most
research focusing on the biomechanics of jump landing techniques. More recently, researchers
have indicated a significant gender difference in response to fatigue with female athletes
displaying increased peak knee valgus angle, VGRF, and knee extension angle at landing,
although few are applicable to the collegiate researchers have employed a single fatigue protocol,
comparing pre- and post-fatigue measures, with almost every study demonstrating a significant
difference. Soccer preseason, however, includes 2-3 training sessions a day over a short period
lasting about two weeks (Powell, 2001), which does not allow for appropriate recovery between
training sessions. Without proper recovery, athletes will continue to become
more fatigued,
which may further compromise their landing techniques. Understanding the way fatigue and more
specifically, residual or consistent fatigue, influence landing techniques will help identify why
many athletes experience ACL injuries. If residual fatigue causes increased landing stiffness, as
defined by decreased knee flexion angle, hip flexion angle and increased VGRF, high intensity
training and preseason without proper recovery may be responsible for the high rate of ACL
injuries in female competitive soccer players.
Significance
The purpose of this study is to examine the influence of fatigue on lower limb stiffness during
single-leg jump landing. Previous researchers have identified significant differences between prefatigue and post-fatigue landing techniques in females, with females increasing in lower limb
stiffness in post-fatigue tests. This study will build on previous findings, however, will be unique
in that it will be the first study to examine stiffness over consecutive days of fatigue protocols. By
utilizing consecutive fatigue protocols, the fatigue experienced by participants will more closely
mimic that experienced by competitive athletes. Significant results showing that residual fatigue
increases lower limb stiffness would indicate that consecutive days of training without proper
recovery in athletics might be a culprit for the high rate of ACL injury. The fatigue protocols
utilized in this study also combine fatigue protocols used in previous studies to include both
cardiovascular and muscular fatigue to better mimic the fatigue experienced during sporting
activity. Significant results would require further investigation and research on fatigue protocols
in competitive athletics, including measuring lower limb stiffness during regular training outside
of the laboratory. Specifically, further research should be conducted on lower limb stiffness
during preseason training rather than including laboratory induced fatigue.
V. Research Method, Design, and Proposed Statistical Analysis:
Participants
All participants will be female soccer players at the high school and collegiate level. The study
will include National Collegiate Athletic Association (NCAA) and National Association for
Intercollegiate Athletics (NAIA) rostered players at the following universities: The University of
Texas at Austin (Division I), Concordia University (Division III), and Huston-Tillotson University
(NAIA). These universities were chosen based on proximity. ACL injury rates are similar across
divisions and previous researchers have shown little difference in injury rates between NCAA
Division I and Division III female soccer athletes (Harmon & Dick, 1998; Smith et al., 2007). The
main difference between the athletes includes power and on-field skill, however, neither of these
factors will be examined in this study. As most of the participants have been college freshmen
between 18-19 years old, eligible participants will be expanded to include high school female
soccer players between 16-19 years old. High school players have a practice regimen as intensive
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and difficult as the collegiate training regimen, with many players opting to play on more than one
team to prepare for college soccer. Soderman et al. (2002) noted that out of 773 competitive
female soccer players surveyed, 398 had sustained an ACL injury before the age of 19, with 38%
of the players sustaining an injury before the age of 16. Some researchers have noted that high
school athletes have similar injury patterns to collegiate athletes while some researchers indicate
that high school soccer players in fact have higher ACL injury rates (DeHaven & Linter,
1986;Chandy & Grana, 1985). Therefore, it is important to include female soccer players in high
school when identifying possible increases in risk of ACL injury. Exclusion from participation in
this study includes current serious lower limb injuries in either leg (which limits on-field
participation as well), or an operable injury to the either leg within the past year. If a player
becomes injured during the study, she will be excluded from completing the study.
Apparatus
The study will take place in the Motor Development Laboratory at The University of Texas at
Austin. A single Bertec force plate will be used to collect analog data of the drop jump and
ground reaction forces. The force plate will collect data at 1000Hz. The force plate will be
calibrated before each trial and in between participants. Kinematic data will be collected using a
10-camera Vicon motion capture system at 1200Hz. Participants will stand in the center of the
room so that all cameras can successfully collect data. The system will be calibrated at the
beginning of each collection day.
Procedure
Participants will come to the laboratory, one at a time, based on their sign-up time. The first
collection will also act as an orientation session, where the participant can become comfortable
with the equipment and the testing procedures. The participant will be debriefed on the purpose
and procedure of the study, however researcher hypotheses will not be disclosed to the participant.
All participants will sign and date the informed consent form (Appendix A) before continuing
with the study. Participants under the age of 18 will be required to have a parent or legal guardian
sign the informed consent form before beginning the study. Participants will wear their own
athletic clothes and shoes. Required clothing includes fitted athletic gear in order to place the
Vicon markers on the appropriate location without risk of the clothing moving.
Participant height and weight will be taken once before the first test. Basic measurements taken
will also include leg length from the anterior superior iliac spine to the lateral femoral condyle and
from the lateral femoral condyle to the lateral malleolus. Knee width will also be measured (from
lateral to medial femoral condyle). After measurements are taken on the first day, the participant
will perform all testing without fatiguing exercises in order to obtain pre-fatigue values. On Days
2, 3, and 4, participants will perform the appropriate fatiguing protocol before completing testing.
Control group will only perform single-leg drop jumps on Days 2, 3, and 4. All participants,
regardless of group assignment, will be required to fill out the Physical Activity Questionnaire
(Appendix B) before participating each day.
Reflective markers will be placed in the following positions on both left and right sides: anterior
superior iliac spine, posterior superior iliac spine, lateral midthigh, lateral femoral condyle, lateral
midcalf, lateral malleoulus, posterior calcaneous, and head of the second metatarsal. A static
calibration will be performed for the Vicon system and force plate. The participant will step onto
the drop box (set at 30cm) and will be instructed to drop vertically off the box onto the force plate,
landing only on one leg. The participant will be instructed to land all drop jumps on either her
dominant or plant leg. Group assignment will be randomized. A drop height of 30cm will be used
in order to minimize risk of injury and intensity of single-leg drop jump. Previous researchers
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have used distances ranging from 30cm to 55cm, with most researchers using 30cm for
recreational athletes (McLean et al., 2006; Pappas et al., 2007; Coventry et al., 2006). Bobbert et
al. (1987) further suggests using drop jump heights between 20cm and 40cm to decrease joint
reaction forces. Since there is no agreement on proper drop jump height across studies, a 30 cm
drop height will be used in this study in order to minimize risk of injury. The plant leg will be
defined as the leg with which the participant does not prefer to kick the ball. The dominant leg
will be defined as the leg with which the participant prefers to kick the ball. Participants will be
allowed to wear their own athletic shoes in order to keep the landing as natural as possible.
Once all markers are in place, the participant will stand still in a normal upright position on the
force plate for static calibration. The participant will be instructed to step up on the drop box and
place her feet as far forward as possible on the box while still balancing comfortably. The
participant will then jump forward off of the box, landing only on one leg, with the foot
completely inside the boundaries of the force plate. Any time the foot exits the force plate during
landing, the data will not be used and the trial will be repeated. No other instruction regarding
jump technique will be given to avoid any coaching effect. The participant will receive 2 practice
trials and then must complete 5 successful trials. Successful trials will include proper plant leg
foot placement and holding the landing position for 2 seconds before returning to an upright
stance. All jumps will be completed consecutively without a set rest interval.
After completing 5 successful drop jumps, all markers will be removed and the participant will
schedule a time for the next test before leaving the laboratory. Each testing procedure will follow
the protocol listed above without amendment.
Fatigue Protocol
This fatigue protocol was designed to include both eccentric and concentric contractions in a
manner that would best mimic activity on the soccer field. No exercises were repeated during this
study in order to avoid repeated bout effect and avoid risk of injury from participation in the study.
Soccer is a sport that includes kicking, passing, trapping the ball, sprinting, running, cutting
maneuvers, tackling, jumping, and sudden direction changes (Lees, 2005). The fatigue protocol
designed in this study uses both plyometric activities and short sprints in order to mimic the agility
and speed utilized on the soccer field. No cutting maneuvers or quick changes of direction were
included to minimize risk of injury. The only change of direction included in the fatigue protocol
is in the sprint, however, the protocol will not be timed and participants will be encouraged to take
their time when changing direction. This change of direction will not be difficult for participants
based on their daily training regimen, which includes many changes of direction while sprinting
and dribbling a soccer ball.
All three plyometric activities included in the fatigue protocol were chosen based on their
regularity in training regimens around the world. Squat jumps, jumping lunges, and squat thrusts
are regular exercises for the average healthy individual as well as the college athlete (See uploaded
documents for two women’s intercollegiate soccer training regimens). These two training
regimens are examples of activities intercollegiate soccer players do every day, and include the
plyometric activities included in this study. It is considered appropriate to include high school
athletes in this study as well as all current participants have been 18-19 years old and have
provided positive feedback regarding the fatigue protocol. Every participant in the experimental
group provided verbal feedback that the fatigue protocols were not extremely difficult. Two of the
participants from Concordia University successfully completed the fatigue protocol every day
without issue even though they had not trained on the field or in the weight room during the
previous month. High school athletes train throughout the year and therefore will be as
conditioned, if not more physically fit, than the NCAA Division III players who successfully
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completed the fatigue protocol. Furthermore, previous researchers have designed more difficult
fatigue protocols, as explained below, which were successfully completed by recreational athletes.
The participant will be doing 5 sets of 20 repetitions for all three plyometric activities. This
number was chosen based on fatigue protocols in previous literature as well as compared to the
average training regimen for competitive athletes. Chappell et al. (2005) utilized a similar fatigue
protocol with recreational athletes, requiring participants to perform 5 squat jumps with a target
vertical height followed by a 30m sprint without rest intervals until participant reached volitional
exhaustion. Chappell et al. (2005) designed his fatigue protocol to include both aerobic and
anaerobic fatigue experienced by soccer, volleyball, and basketball players. The fatigue protocol
in this study will include a 50m sprint rather than a 30m sprint as a result of the increased activity
level of the competitive athlete compared to the recreational athlete. Previous researchers have
used other plyometric activities, such as step-ups and quick direction changes in their protocol
(McLean et al., 2007; Borotikar et al., 2007), however, this fatigue protocol will not include a
step-up box or direction changes during plyometric activies to minimize risk of injury.
The number of repetitions for each plyometric activity was chosen based on previous literature.
Although the fatigue protocols vary across studies, the main goal maintains reaching a point of
fatigue. Female participants in Gehring et al. (2009) reached fatigue after performing
approximately 120 leg presses with a 50.0kg load (approximately 110 lbs.). Pappas et al. (2007)
had participants perform 100 consecutive jumps over obstacles and 50 maximal vertical jumps.
Both of these fatigue protocols were designed for recreational athletes. Female NCAA athletes
participating in Borotikar et al. (2008) performed on average 79 squat-landing sequences before
reaching a point of fatigue. It must be noted that the landing sequences employed in Borotikar et
al. (2008) fatigue protocol included aggressive and rapid lateral jumping sequences which would
likely induce more central fatigue than vertical squat jumps. Furthermore, Borotikar et al. (2008)
did not include rest intervals. It is expected that participants in this study will require over 79
squat jumps to reach a point of fatigue based on the nature of the plyometric activity and the
included rest intervals to prevent dehydration.
As a fatigue protocol, these activities are designed to be fatiguing without introducing a new
movement pattern that would need to be learned. It is expected that all athletes in the study will
know proper form for all three plyometric activities and will be able to maintain proper form
throughout the protocol. If a participant is unable to maintain proper form, she will not continue
the fatigue protocol in order to minimize risk of injury.
Participants will perform different plyometric exercises on days 2, 3, and 4 of the study. No
fatiguing exercise will be conducted on day 1 in order to get pre-fatigue data. Day 2 fatigue
protocol will include 100 squat jumps with sprint intervals. Squat jumps will be performed in 5
sets, 20 repetitions each set. A rest interval of 2 minutes will be utilized between each set. The
participant will be monitored during the squat jumps to ensure she is performing safe squats with
proper form. After each successful set, the participant will be required to complete a 50m sprint,
performing a total of 5 50m sprints. Participants in the control group will only complete testing
protocol on Day 2.
Day 3 fatigue protocol will include 100 reverse jumping lunges with sprint intervals. Jumping
lunges will be performed in 5 sets, 20 repetitions each set. A rest interval of 2 minutes will be
utilized between each set. The participant will be visually monitored during the jumping lunges in
order to ensure that lunges are performed safely and with proper form. The participant will start
the jumping lunge set by stepping into a backwards lunge and then jumping to switch legs in the
air, landing with the opposite leg behind in a lunge position. Following each successful set of 20
jumping lunges, the participant will be required to complete a 50m sprint, performing a total of 5
50m sprints. Participants in the control group will only complete testing protocol on Day 3.
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Day 4 fatigue protocol will include 100 squat thrusts (also known as burpies) with sprint intervals.
Squat thrusts will be performed in 5 sets, 20 repetitions each set. A rest interval of 2 minutes will
be utilized between each set. The participant will be monitored during the squat thrusts in order to
ensure that they are performed safely and with proper form. After each successful set, the
participant will be required to complete a 50m sprint, performing a total of 5 50m sprints.
Participants in the control group will only complete testing protocol on Day 4.
VI.

Human Subject Interactions

A. Participants will be rostered players on the intercollegiate women’s soccer teams at The
University of Texas at Austin, Concordia University, and Huston-Tillotson University as well as
female players on varsity high school soccer teams. Participation in this study is voluntary. If a
participant has had an operable knee injury within the past calendar year and/or current serious
lower limb injuries in either leg (which limits on-field participation as well), she will be excluded
from participation in order to prevent interference with physical therapy and rehabilitation needs.
The principal investigator will ask the participant directly about previous lower limb injuries and
surgeries. This information will not be written down or stored, and is only used as exclusion
criteria at the beginning of the study. The principal investigator will also ask if participants have
been involved in any rigorous activities within the past 24 hours other than participation in this
study at the beginning of each day. If the participant was involved in rigorous activity, the
principal investigator will also ask if she experienced any injuries from the activity. These
answers will be documented in the participant file (Appendix B). Other injuries experienced by
participants, including chronic ankle instability, will not exclude a participant from the study. The
protocol and activities used in this study are designed to mimic the activities the participants do in
daily training. If a participant is unable to participate in their normal team training due to a current
injury, she will be excluded from participation. The athletic trainer and coach at Concordia
University and The University of Texas at Austin have approved the fatigue protocol and testing
measures, as well as the exclusion criteria. If a player becomes injured during the study, she will
be excluded from completing the study. All participants will sign informed consent before
beginning study. A parent or legal guardian will be required to sign the informed consent form if
the participant is under the age of 18. Data collection will take place January through May.
B.

Procedures for the recruitment of the participants

Participants will be women’s intercollegiate soccer players at The University of Texas at Austin,
Concordia University and Huston-Tillotson University, as well as female high school soccer
players in the Austin area. This study will be conducted during the off-season and the participant
will not be engaged in regular training while participating. Participation in this study is voluntary.
With full support from the head coach at Concordia University, The University of Texas at Austin,
and Huston-Tillotson University, recruitment will begin when coaches inform players of the study.
No enrollment of Huston-Tillotson University players will begin until a signed site letter is
received from the head coach. Coaches will only be used to distribute information. Interested
individuals over the age of 18 will contact the principal investigator directly. High school athlete
recruitment through schools will begin with the support of the head coach who will present the
study to the players and provide players with consent forms. Recruitment through the community
will begin with the support of the appropriate community sport organizers (including directors,
trainers, coaches, etc.) who will present the information to their players. No participants under the
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age of 18 will be enrolled in the study without receipt of signed consent forms from parents or
legal guardians. Coaches will not be given a list of participant names or data and will not be
informed if a participant decides to drop out of the study. Email correspondence will follow
between the primary investigators and potential participants. All meetings regarding participation
between primary investigators and potential participants will be in the Developmental Motor
Laboratory at The University of Texas at Austin.
C.

Procedure for obtaining informed consent.

All participants will be debriefed on the study before pre-fatigue testing and will sign an informed
consent form before participating. All participants under the age of 18 will be required to have a
parent or legal guardian sign the informed consent form as well before participating. Any
participants unwilling to sign informed consent will not participate in the study. Informed consent
form is included in Appendix A as well as in the uploaded documents.
D.

Research protocol

Participants will perform all testing procedures in the Developmental Motor Laboratory at The
University of Texas at Austin. No testing will be done without proper supervision from one of the
investigators listed above. The participants will be asked to perform the appropriate fatigue
protocol and will complete at least seven single-leg drop jumps (2 practice trials, 5 recorded
trials). This entire procedure will take about 30-45 minutes for each participant. Primary
investigators will be collecting kinematic and kinetic data from the vertical drop jumps using the
Vicon motion capture system and Bertec force plate.
E.

Privacy and confidentiality of participants

The participants will complete the study only in the presence of the investigators, their peers will
not be allowed to watch or wait in the laboratory area. There is a specified waiting room for
participants who arrive earlier than their appointment. Windows between the waiting area and
laboratory will be covered to ensure participant privacy. The data will be coded and stored in the
secured computer and will not have full names listed anywhere in relation to the collected data in
order to maintain confidentiality. Individual results will not be shared with other participants or
reported to coaches.
F.

Confidentiality of the research data

Data will be coded and stored in the computer and will not have full names listed anywhere in
relation to the collected data. Individual results will not be shared with other participants. Only
primary investigators will be working with the data. The participants will not be taped, with the
exception of Vicon motion analysis, which cannot be linked to the participant at the conclusion of
the study. The Physical Activity Questionnaire will be shredded after completing study to
maintain participant confidentiality. The data will remain on the computer after completing the
study for secondary studies. Group data will be reported to The University of Texas at Austin,
Concordia University, and Huston-Tillotson University head coaches. No individual data will be
reported.
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The principal investigators will maintain the coded data for an indefinite period for future analysis.
The data may be made available to other researchers in the future for research purposes. The data
will contain no identifying information and will be kept completely anonymous.
G. Research Resources
The study will take place in the Developmental Motor Laboratory at The University of Texas at
Austin. The force plates and motion imagining system are currently set-up and running in the
laboratory and will be calibrated and used for purpose of this study only with one of the primary
investigators present. Graduate students in the Department of Kinesiology may assist in data
collection and analysis, as needed. The primary investigator will purchase a 30cm drop jump box
before beginning the study for use in the Developmental Motor Laboratory. The gymnasium next
to the laboratory will be used for the sprint intervals during the fatigue protocol with clear
indicators of the 50m-sprint distance. The sprint distance will require one change of direction,
however, the participant will not be timed throughout the fatigue protocol and the participant will
be encouraged to take her time on the turn and only focus on speed after completing the change in
direction. Water will be provided for all participants. Each participant collection will take
approximately 30-45 minutes. Collection days will last approximately 8-10 hours, with no more
than 6 participants on each collection day. If an emergency situation arises, the participant will be
immediately taken to Seton Hospital, approximately 2 miles from the Developmental Motor
Laboratory.
VII.

Potential risks

There is a minimal risk of physical injury during this study. The study has been designed to
include skills that the participants practice daily and a rest interval is included between sets to
allow for proper hydration and injury prevention. The only way to further reduce risk of injury
would be to include only a cardiovascular fatigue protocol, such as running on a treadmill until
reaching the point of fatigue, however, the fatigue protocol would not mimic the intensity of the
collegiate training regimen and results may not be applicable to the athlete population.
In order to minimize potential risks, participants will be monitored throughout the fatigue protocol
and testing procedures to ensure they keep proper form during plyometric activities and are
drinking plenty of fluids to prevent dehydration. If a participant is unable to maintain proper
form for five consecutive squat jumps, jumping lunges, or squat thrusts, she will discontinue the
fatigue protocol to minimize risk of injury. The participant will be provided with verbal cues to
regain form if the participant breaks form. If the participant is unable to complete the fatigue
protocol with proper form, she will be excluded from the study to avoid increased risk of injury.
The principal investigator is CPR and first aid certified and will be present throughout data
collection. The laboratory does not have an AED. This protocol is typical or workouts employed
in other athletic programs and in other published studies. A review of this information has
revealed no adverse events as a result of study participation. This study is submitted as an
expedited protocol, which, by definition, means it is a minimal risk study. The risks experienced
by participants in this study are no greater than the risks they experience each day in their sport
training and competition. By ACSM guidelines, participants are not of an age classification that
requires additional medical supervision. If an injury or adverse event occurs, basic first aid will be
provided and The University of Texas police will be called to assist in providing more extensive
medical care. If an athlete suffers a minor injury, standard first aid will be provided and the
participant will be directed to their athletic training and/or student health service center. Although
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unlikely, if a participant experiences an injury requiring immediate medical care beyond basic first
aid, the participant will be taken to Seton Hospital at North Lamar and 38th Street in Austin, Texas.
The appropriate university coaches and sports medicine staff will be immediately contacted, as
they are responsible for the health and medical care of their respective athletes. If participants are
under the age of 18, their parents or legal guardian will be immediately contacted. Participants
must agree to this exception in confidentiality policies to be included in the study.
VIII.

Potential benefits

There are no direct benefits to participants as a result of their participation in this study.
IX.

Sites or agencies involved in the research project

The study will take place in the Developmental Motor Laboratory at The University of Texas at
Austin. Concordia University head coach will sign and return the site letter giving the primary
investigators permission to work with the women’s soccer team before contacting any potential
participants and beginning the study. The site letter from Concordia University is attached in the
uploaded documents. The site letter from The University of Texas at Austin women’s soccer team
is attached in the uploaded documents. The primary investigator currently has a verbal agreement
for participation with the Huston-Tillotson University women’s soccer coach, however, no
enrollment of players will begin until a signed site letter is received. All high school teams
interested in participating in this study must have the high school head soccer coach sign and
return the site letter to the principal investigator. No enrollment of high school players will begin
until the appropriate site letters have been received.
X. If the project has had or will receive review by another IRB, indicate this. Attach a copy of
this approval to this application or submit it to the IRB secretary of the IRB when you receive it.
The UT IRB will usually accept the versions of consent forms that have been approved by IRBs
affiliated with hospitals or medical schools, or by the site where the research will be conducted.
N/A
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Title: The Influence of Residual Fatigue on Lower Limb Stiffness During Jump Landing
Conducted By: Lindsay Slater
Of The University of Texas at Austin: Department of Kinesiology, BEL 54J
Telephone: (301) 980-5831
Email: lslater@mail.utexas.edu
Faculty Sponsor: Dr. Jody Jensen, Department of Kinesiology, BEL 546K
Telephone: (512) 232-2685
Email: jlj@mail.utexas.edu
You are being asked to participate in a research study. This form provides you with information
about the study. The person in charge of this research will also describe this study to you and
answer all of your questions. Please read the information below and ask any questions you might
have before deciding whether or not to take part. Your participation is entirely voluntary. You
can refuse to participate without penalty or loss of benefits to which you are otherwise entitled.
You can stop your participation at any time and your refusal will not impact current or future
relationships with The University of Texas at Austin, participating sites, or your relationship with
your team or coach. To do so simply tell the researcher you wish to stop participation. The
researcher will provide you with a copy of this consent for your records.
The purpose of this study is to examine the effects of residual fatigue on single-leg landing
techniques in female competitive soccer players. This study will examine if more than one
fatigue protocol further compromises landing techniques to mimic the intensity of the collegiate
athlete’s training regimen. This study will include 30 subjects, 15 subjects in both the control and
experimental groups.
If you agree to be in this study, we will ask you to do the following things:
• Wear fitted athletic gear to the laboratory while participating.
• Take height, weight, and basic measurements on the first day of participation (including
leg length and knee width).
• Complete 7 single-leg drop jumps at 30cm (2 practice trials and 5 successful trials).
• Allow us to take video recordings of your movements using the Vicon motion capture
system with uses reflective markers on a stick figure.
• No real photos will be taken without your permission and will not include headshots.
These photos will not include any identifying information.
• Complete the Physical Activity Questionnaire before beginning study each day.
If you are the experimental group, we will ask you to do the following things:
• Complete 3 fatigue protocols in the following manner:
• Day 1- Complete 7 single-leg drop jumps at 30cm (2 practice trials and 5 successful
trials). Day 1 will not include a fatigue protocol.
• Day 2- 100 squat jumps (completed in 5 sets of 20 repetitions) with a 50m sprint between
each set, totaling 5 50m sprints. You will be given a 2-minute rest interval between sets.
You will then be required to complete 7 single-leg drop jumps at 30cm.
• Day 3- 100 jumping lunges (completed in 5 sets of 20 repetitions) with a 50m sprint
between each set, totaling 5 50m sprints. You will be given a 2-minute rest interval
between sets. You will then be required to complete 7 single-leg drop jumps at 30cm.
• Day 4- 100 squat thrusts (completed in 5 sets of 20 repetitions) with a 50m sprint
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between each set, totaling 5 50m sprints. You will be given a 2-minute rest interval
between sets. You will then be required to complete 7 single-leg drop jumps at 30cm.
Total estimated time to participate in this study is 4 hours.
Risks of being in this study include:
• The fatigue protocol has a small likelihood of resulting in an injury. You may stop your
participation at any time and may discontinue the fatigue protocol if you are unable to
maintain proper form during any of the activities.
• The fatigue protocol may cause muscle soreness similar to soreness after a vigorous
workout. Such muscle soreness typically resolves within 24-48 hours.
• If you wish to discuss the information above or any other risks you may experience, you
may ask questions now or call Lindsay Slater, the Principal Investigator listed on the
front page of this form.
Benefits of being in this study include helping researchers to identify the relationship between
residual fatigue and anterior cruciate ligament injuries. There are no direct benefits for
participation in this study.
What if you are injured in this study?
• The University of Texas at Austin has no program or plan to provide treatment for
research related injury or payment in the event of a medical problem. In the event of a
research related injury, please contact the principal investigator.
• The University of Texas at Austin has no program or plan for continuing medical care
and/or hospitalization for research-related injuries or for financial compensation.
• Eligible UT-Austin students who experience any injuries as a result of study activity may
be treated at the usual level of care with the usual cost for services at the Student Health
Center, but the University has no policy to provide payment in the event of a medical
problem.
Compensation: There will be no compensation for participation in this study.
Confidentiality and Privacy Protections:
• The participants will complete the study only in the presence of the investigators.
• Peers will not be allowed to watch or wait in the laboratory area.
• Both the video and reaction force data will be coded and stored in the secured computer
and will not have full names listed anywhere in relation to the collected data.
• Individual results will not be shared with other participants or reported to coaches.
• The data resulting from your participation may be made available to other researchers in
the future for research purposes not detailed within this consent form. In these cases, the
data will contain no identifying information that could associate you with it, or with your
participation in any study.
• If you become seriously injured at any point during the study, your coach and/or athletic
trainer will be immediately notified. If you are under the age of 18 and become injured
during this study, your parent or legal guardian will be immediately notified as well. You
must agree to this in order to participate in the study.
The records of this study will be stored securely and kept confidential. Authorized persons from
The University of Texas at Austin and members for the Institutional Review Board have the legal
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right to review research records and will protect the confidentiality of those records to the extent
permitted by law. All publications will exclude any information that will make it possible to
identify you as a subject. Throughout the study, the researchers will notify you of new
information that may become available and that affect your decision to remain in the study.
Contacts and Questions:
If you have any questions about the study please ask now. If you have questions later, want
additional information, or wish to withdraw your participation call the researchers conducting the
study. Their names, phone numbers, and e-mail addresses are at the top of this page.
If you would like to obtain information about the research study, have questions, concerns,
complaints or wish to discuss problems about a research study with someone unaffiliated with the
study, please contact the IRB Office at (512) 471-8871 or Jody Jensen, Ph.D., Chair, The
University of Texas at Austin Institutional Review Board for the Protection of Human Subjects at
(512) 232-2685. Anonymity, if desired, will be protected to the extent possible. As an alternative
method of contact, an email may be sent to orsc@uts.cc.utexas.edu or a letter sent to IRB
Administrator, P.O. Box 7426, Mail Code A 3200, Austin, TX 78713.

You will be given a copy of this information to keep for your records.
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Exclusion and Inclusion Criteria:
Age: ____________
History of Lower Limb Injuries: ___________________________________________________
______________________________________________________________________________
______________________________________________________________________________
______________________________________________________________________________
Statement of Consent:
I have read the above information and have sufficient information to make a decision about
participating in this study. I consent to participate in the study.
Signature: __________________________________________ Date: __________________
__________________________________________________ Date: __________________
Signature of Parent or Legal Guardian (If Participant is Under 18)
(__________) _____________ - _____________________
Phone Number for Parent or Legal Guardian (If Participant is Under 18)
___________________________________________________ Date: ___________________
Signature of Person Obtaining Consent
___________________________________________________ Date: ___________________
Signature of Investigator
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Appendix C
Physical Activity Questionnaire
Name: _________________________________________

Date: ______________

1. Have you participated in any rigorous activity in the past 24 hours? YES

NO

If you answered NO, you may skip to number 5.
2. If you answered yes, please describe activity:
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
3. Have you sustained any injuries due to the rigorous activity? YES

NO

4. If you answered yes, please describe injury:
_______________________________________________________________________
_______________________________________________________________________
_______________________________________________________________________
5. Please sign your name below:
___________________________________________________________
Signature of Participant

___________________________________________________________
Signature of Investigator
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Appendix D
Individual Participant Data
Experimental group individual data of dependent variables: peak knee flexion (PKF),
force (VGRF), vertical leg stiffness (KVERT-NORM), and impulse (IMP).
Participants Day PKF (degrees)
VGRF (BW)
KVERT-NORM (kN/m) IMP (Ns)
THH9
1
50.8926
3.305551
0.68058
248.606
2
46.2331
3.2640598
1.61564
141.454
3
39.5929
3.3028024
0.90456
214.026
4
44.96384
3.2927212
0.8561
204.75
DLNW18
1
58.23185
3.12406575
0.387125
377.98
2
76.369056
3.2843732
0.47876
267.428
3
66.90362
3.2898882
0.27208
522.444
4
73.619852
3.2791682
0.39982
361.068
REF19
1
45.32152
2.7747762
1.1676
127.364
2
49.09836
2.7731584
2.35472
59.258
3
50.31284
2.7616858
1.3467
121.196
4
56.9097
2.769641
1.41844
123.556
TLK20
1
32.7974
2.623633
0.91724
113.362
2
39.26042
2.6205966
0.86494
165.262
3
36.82456
2.601545
1.05906
205.406
4
31.43978
2.6223842
1.4845
98.56
LK1S
1
49.7816
3.0098992
0.34458
339.664
2
59.09838
3.0029022
0.2214
446.034
3
60.60282
3.0011726
0.3166
356.112
4
46.65408
3.0047134
0.2868
420.452
OSJ1
1
60.18692
2.6062828
0.60628
213.696
2
64.08026
2.6041482
0.65954
223.23
3
61.42392
2.6062244
0.67924
182.2404
4
69.73663
2.5986622
0.96458
138.5428
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Control group individual data for dependent variables: peak knee flexion (PKF), force
(VGRF), vertical leg stiffness (KVERT-NORM), and impulse (IMP).
Participants
TSMG

VEW19

TAOF

SJF

HJW19

STC18

Day
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4
1
2
3
4

PKF (degrees)
VGRF (BW)
KVERT-NORM (kN/m)
IMP (Ns)
46.848812
3.1543666
0.29174
340.314
47.787184
3.1542776
0.27288
324.518
47.428024
2.8714788
0.15292
686.13
29.132512
2.7900756
0.17904
553.232
52.08324
3.8676328
2.13306
109.548
60.5123
3.625387
2.38168
79.846
57.94332
3.7830604
2.49308
87.728
61.05696
3.6065334
2.12854
80.928
46.41832
3.0341222
0.38868
305.168
53.03822
3.2291262
0.55052
227.146
55.8171
3.046369
0.2795
423.605
56.3973
3.1882472
0.3065
423.092
46.91502
2.6321098
0.3067
414.746
52.646834
2.788853
0.30934
437.344
53.978214
2.8060606
0.56956
288.332
66.321454
2.6661114
0.51044
261.4
44.81276
3.6034738
0.40948
419.966
44.21982
3.4325218
0.57404
312.648
49.87588
3.1980468
0.5662
266.492
45.446475
3.2513785
0.744725
208.473
53.66692
3.4326554
1.58584
127.232
55.64014
3.4293252
0.90838
179.956
51.46738
3.4244754
0.7631
251.726
47.80448
3.4175416
0.85884
215.406
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