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Abstract

Fatigue has been shown to alter the biomechanics of lower extremity during landing tasks. To date, no study has examined the effects
of two types of fatigue on kinetics and kinematics. Objectives: This study was conducted to assess biomechanical differences between two
fatigue protocols [Slow Linear Oxidative Fatigue Protocol (SLO-FP) and Functional Agility Short-Term Fatigue Protocol (FAST-FP)]. Design:
Single-group repeated measures design. Methods: Fifteen female collegiate soccer players had to perform five successful trials of unanticipated
sidestep cutting (SS) pre- and post-fatigue protocols. The SLO-FP consisted of an initial VO2peak test followed by 5-min rest, and a 30-min
interval run. The FAST-FP consisted of 4 sets of a functional circuit. Biomechanical measures of the hip and knee were obtained at different
instants while performing SS pre- and post-fatigue. Repeated 2 × 2 ANOVAs were conducted to examine task and fatigue differences. Alpha
level set a priori at 0.05. Results: During the FAST-FP, participants had increased knee internal rotation at initial contact (IC) (12.5 ± 5.9◦) when
compared to the SLO-FP (7.9 ± 5.4◦, p < 0.001). For hip flexion at IC, pre-fatigue had increased angles (36.4 ± 8.4◦) compared to post-fatigue
(30.4 ± 9.3◦, p = 0.003), also greater knee flexion during pre-fatigue (25.6 ± 6.8◦) than post-fatigue (22.4 ± 8.4◦, p = 0.022). Conclusion: The
results of this study showed that hip and knee mechanics were substantially altered during both fatigue conditions.
© 2011 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Non-contact anterior cruciate ligament (ACL) injuries
remain a problem in the athletic population, particularly in
females.1 Current research reports that an estimated 80,000
to more than 250,000 ACL injuries are occurring each year,
with female athletes being 4–6 times more likely to sustain
a serious knee injury than their male counterparts.2,3 Multi-
ple negative health consequences have also been reported
following ACL injury including early onset of arthritis,
chondral surface or meniscal damage, and functional insta-
bility leading to a decrease in the activity level of the
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individual.4 Given the long-term implications, a great deal
of research has been directed towards determining a link
between potential risk factors and the biomechanics of move-
ment patterns.5–7

Improper mechanics during dynamic maneuvers, such as
the sidestep cut, have commonly been reported to place sig-
nificant force and strain on the ACL.8,9 When combined with
an unanticipated movement, the neuromuscular control and
movement parameters are altered even further.10 Sidestep
cutting task has been commonly utilized when investigating
non-contact ACL injuries.7,9,11 Females have been shown
to execute sidestep cutting maneuvers with less hip flexion
and abduction, greater internal rotation, as well as less knee
flexion and increased knee internal rotation, greater knee
abduction and rearfoot pronation when compared to males.11

1440-2440/$ – see front matter © 2011 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserved.
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This detrimental position has been found to become more dis-
tinct in the presence of fatigue and with a decision process
involved (e.g., unanticipated tasks).8–10

Fatigue is considered to be a main factor affecting the mus-
culoskeletal system due to its association with decreased knee
proprioception and increased joint laxity12 in turn decreas-
ing the capability of the skeletal muscle to generate force
production.13,14 Current research analyzing fatigue and its
association with altered neuromuscular control strategies
has focused on different types of fatigue protocols; either
a short-term or a long-term.8,9,15 The short-term protocols
have focused on inducing fatigue with a series of consec-
utive repetitions of explosive movements such as vertical
jumps combined with short sprints,8 single-leg squats,15

or double-leg squats combined with a jump sequence.10

The long-term protocols have focused on inducing fatigue
by performing a 60-min shuttle run consisting of 15-min
blocks of walking, running, and sprinting.9 By utilizing a
soccer-specific short-term fatigue protocol and examining
both types of fatigue protocols, we aim to further under-
stand the neuromechanical differences induced by each type
of fatigue protocol. Therefore, the purpose of this study
was to determine biomechanical differences between two
fatigue protocols as measured by lower extremity biome-
chanics when performing an unanticipated sidestep cutting
task.

2. Methods

Based on data from previous studies focusing on the
effects of fatigue on lower extremity biomechanics8,10,16

and to achieve 80% statistical power with an alpha level
of 0.05, a sample of convenience of fifteen NCAA Divi-
sion I female soccer players (mean age = 19.2 ± 0.8 years;
height = 1.67 ± 0.05 m; mass = 61.7 ± 8.1 kg) were selected
to participate in this study. Institutional Review Board
approval and participants written informed consent were
obtained prior to testing. Participants were excluded if they
suffered from a cardiovascular or respiratory disease, or had
a previous injury that would prevent them from successfully
completing the fatigue protocols or dynamics tasks.16 The
dominant leg, defined as the leg that the participant would
use to kick a soccer ball as far as possible, was used for
analysis.

Eight high-speed video cameras (Vicon, Oxford, England)
were used to track marker trajectory at a sampling rate of
270 Hz, and two force plates (Bertec Corporation, Columbus
OH, USA) with a sampling rate of 1080 Hz provided ground
reaction force data. The participants wore spandex shorts,
sports bras, or tight-fitting clothing. The team running shoes
provided at the beginning of the season were used for the anal-
ysis (Adidas Supernova, AG, Herzogenaurach, Germany).
Participants were given a 10-min warm-up period and then
forty reflective markers were placed on specific anatomical
landmarks. From those forty, ten were calibration markers,

which included the bilateral greater trochanters, medial and
lateral knee, and medial and lateral malleoli. The remaining
markers consisted of the posterior and anterior superior iliac
crests, marker clusters for the thighs and shanks, and five
markers on each foot. A standing trial and a trial while mov-
ing the hips in a circular motion were obtained. After those
trials, the calibration markers were removed. A Polar heart
rate monitor was placed on the participant’s chest prior to
calibration.

A visualization of two soccer scenarios, the ball cutting
to one side and the ball stopping, were randomly generated
and projected onto a screen in front of the participants.17 The
unanticipation factor and the environment were intended to
mimic a decision-making soccer movement task. A Brower
Timing System (Brower Timing Systems, Draper, UT, USA)
was used to control the approach speed. The sidestep cut-
ting task consisted of a running approach, placement of the
dominant foot on the force plate followed by a 45◦ cutting
maneuver to the contralateral side of the foot.22 The partici-
pants performed five trials for each task pre- and post-fatigue.
Prior to data collection, the participants practiced a minimum
of three trials or until they felt comfortable with the tasks.
There was a 1-min rest period between pre-fatigue trials to
minimize fatigue.

Visual 3D (C-Motion, Germantown, MD, USA) was used
to create a lower extremity kinematic model for each par-
ticipant, taken from the standing trial. The kinematic model
was used to quantify the motion at the hip, knee, and ankle
joints utilizing standard inverse dynamics.18 The conven-
tion used for flexion-extension, abduction-adduction, and
internal-external rotation was comparative to a joint coordi-
nate system.19 An estimated functional hip joint center was
established by using the standing trial with circular motion
of the pelvis.20 Based on a power spectrum analysis, marker
trajectory was filtered with a fourth-order Butterworth zero
lag filter with a 7 Hz cutoff frequency and the ground reac-
tion force data were filtered with a similar filter with a 25 Hz
cutoff frequency.

The Functional Agility Short-Term Fatigue Protocol
(FAST-FP) was established by combining various agility
movements in order to mimic multiple direction-changing
and sprinting patterns that a soccer athlete would endure dur-
ing a competitive match. The FAST-FP started with obtaining
each participant’s maximum vertical jump by using measur-
ing tape set up on a wall. A 30-cm high box was used to
complete a series of step up and down movements against
the wall for 20 s at 220 beats per minute (bpm) controlled by
a metronome. Following the step up drill, one repetition of
the “L-drill” was then performed between three cones that
were set at a distance of five yards apart in the shape of an
L. Participants began the drill by sprinting five yards to the
first cone, sprinting back to the starting cone, and back to
the previous cone where they ran around it and cut right to
the third cone. Participants then ran in a circle around the
third cone from the inside to the outside and ran around the
second cone before running to the first cone. Immediately
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following the “L-drill”, participants performed five consec-
utive counter-movement jumps at the measuring tape set up
on the wall making sure to stay within 78–82% of their maxi-
mum vertical jump recorded prior to the start of the protocol.
Following the counter-movement jumps, the participants then
ran down and back on an agility ladder. Participants ran in
the forward direction making sure to touch both feet inside
each space of the ladder the first and third times the protocol
was completed. Participants had to perform four sets of the
protocol with no rest in between, which took approximately
5 min per participant. The second and fourth time the proto-
col was completed the participant faced sideways down the
agility ladder making sure to touch both feet inside the spaces
of the ladder. The participants also performed the agility lad-
der to the rhythm of the metronome at 220 bpm so that the
participant would maintain a constant speed throughout the
protocol. The L drill and the ladder drill were both used in this
protocol to imitate the functional demands of soccer. Com-
pleting the four tasks (step-up and down movements, L drill,
vertical jumps, and agility ladder drill) counted as one set of
the protocol.

For the Slow Linear Oxidative Fatigue Protocol (SLO-
FP), height and mass were measured and body mass index
(BMI) was calculated. Submaximal O2 consumption and
VO2peak was measured using a SensorMedics Vmax 29c
metabolic cart (Yorba Linda, CA) during pre- and post-
testing sessions. VO2peak was calculated as the average of
the three highest, continuous 20-s interval VO2 measure-
ments. An incremental treadmill protocol that maintained
a 0◦ incline was used throughout testing to more closely
approximate the achievable maximal oxygen consumption
during competitive play.21 Resting and exercise heart rate
measurement were taken using the Polar heart rate monitor
during all testing. The protocol was explained to the partic-
ipant and the participant’s were fitted with the mouthpiece
and headset, which they were required to wear for the VO2
max test. Participants began the fatigue protocol by perform-
ing a VO2 max test.21 The protocol used for the VO2 max
test required the participants to run at a speed of 9 km/h for
5 min, followed by an increase in speed at 1 km increments
every 2 min until maximally fatigued. When the participants
felt as though they were maximally fatigued and could no
longer continue running they were instructed to grab the
sides of the treadmill, at which point the investigator slowed
down the treadmill to a walk. The participants were con-
sidered maximally fatigued when two of the four following
criteria were met: (1) participant’s heart rate reached 90%
of their age calculated max heart rate, (2) respiratory quo-
tient greater than 1.1, (3) plateau in the VO2 max curve,
and/or (4) the participant was unable to continue running
due to volitional exhaustion. Following the VO2 max test,
the participants were given a 5-min rest period while the
researchers calculated the running speeds for the 30-min
treadmill run. During the 30-min treadmill run, the partic-
ipants were required to run at a speed of 70% of their VO2
max for 4 min, followed by running for 1 min at 90% of their

VO2 max.9 The participant’s continued to alternate between
speeds until the 30 min had elapsed, mimicking an interval
run.

Paired t-tests were used to compare pre-fatigue conditions
(SLO-FP vs. FAST-FP). This was conducted to assess base-
line assumption for possible comparison of the post-fatigue
conditions between the SLO and FAST fatigue protocols.
Fatigue protocol and time were treated as independent vari-
ables. A 2 (fatigue protocol; SLO-FP and FAST-FP) × 2
(time; pre- and post-fatigue) factor repeated measures analy-
sis of variance (ANOVA) was conducted for each dependent
variable at each time instant analyzed. The dependent vari-
ables used in this study include: knee flexion, knee abduction,
knee rotation, hip flexion, hip abduction, hip rotation, vertical
and posterior ground reaction forces, knee flexion-extension
moment, knee abduction-adduction moment, and hip abduc-
tion moment. These variables were measured at different time
instants that include: initial contact, peak vertical and pos-
terior ground reaction forces, peak knee flexion, and peak
stance phase. Each trial was normalized to 100% of stance
phase (101 data points); defined as initial contact to toe off
from the force plate.16,22 Initial contact was defined as the
time instant where vertical ground reaction force is higher
than 10 N, whereas peak stance is defined as the maxi-
mum value for each dependent variable within the first 50%
of the stance phase. All data were reduced using a cus-
tom Matlab (MathWorks, Inc., Natick, MA, USA) program
and Visual 3D to export into a Microsoft Excel spread-
sheet. Each of the five trials were averaged and exported
into SPSS version 16.0 (SPSS Inc., Chicago, IL, USA)
for data analysis with alpha level being set a priori at
0.05.

3. Results

Descriptive statistics for kinematic and kinetic data are
presented in Tables 1 and 2. The participants had an approach
speed of 3.72 m/s (SD 0.27) pre-SLO, 3.62 m/s (SD 0.13)
post-SLO, 3.64 m/s (SD 0.13) pre-FAST and 3.51 m/s (SD
0.17) post-FAST. Speeds were not significantly different,
p > 0.05. Participants involved in this study were working
at approximately 89.6% of their maximum heart rate, mean-
ing they had reached their anaerobic threshold in both the
FAST-FP and SLO-FP (Fig. 1).23

At initial contact, the primary changes were observed
for overall fatigue despite the protocol used. The major-
ity of the dependent measures presented higher values at
pre-fatigue than post-fatigue, which demonstrates a detri-
mental effect of fatigue. This was specifically obtained for
knee flexion (F1,14 = 6.669, p = 0.022, d = 0.38), hip flexion
(F1,14 = 13.373, p = 0.003, d = 0.65), and hip internal rotation
(F1,14 = 5.724, p = 0.031, d = 0.35). The only exception noted
between protocols was that throughout the FAST-FP par-
ticipants had increased internal knee rotation [mean 12.5◦
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Fig. 1. (a) Average percentage of estimated maximum heart rate for partic-
ipants in each set of the functional agility short-term fatigue protocol; (b)
average percentage of maximum heart rate for participants during the slow
linear oxidative fatigue protocol. HR4-1 – heart rate during 4 min at 70% of
their maximum speed set 1; HR1-1 – heart rate during 1 min at 90% of their
maximum speed at set 1.

(SD 5.9)] when compared to the SLO-FP [7.9◦ (SD 5.4)],
F1,14 = 20.890, p < 0.001, d = 0.78.

A similar pattern was observed at peak posterior and verti-
cal ground reaction forces and peak stance for most dependent
variables. Both fatigue protocols resulted in altered biome-
chanical patterns between pre- and post-fatigue time, with
pre-fatigue presenting increased values than post-fatigue.
This was noted for knee flexion (F1,14 = 7.295, p = .017,
d = 0.38), and hip internal rotation (F1,14 = 7.219, p = .018,
d = 0.40) at peak vertical ground reaction. Furthermore, at
peak posterior ground reaction the changes were observed
for knee internal rotation (F1,14 = 5.296, p = .037, d = 0.45),
and hip internal rotation (F1,14 = 11.313, p = .005, d = 0.49).
Lastly, at peak stance fatigue differences were attained for
knee flexion (F1,14 = 17.484, p = .001, d = 0.59), hip inter-
nal rotation (F1,14 = 10.110, p = .007, d = 0.20), hip flexion
(F1,14 = 16.261, p = .001, d = 0.73), and peak knee extension
moment (F1,14 = 7.720, p = .015, d = 0.34).

4. Discussion

The most important finding of this study was that female
soccer athletes altered their hip and knee mechanics in as
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little as 5 min of physical activity. The SLO-FP and the
FAST-FP elicited similar kinematic and kinetic changes
to the lower extremity during the sidestep cutting task.
Specifically, participants landed with decreased hip flexion,
and increased hip internal rotation, as well as decreased
knee flexion and decreased knee internal rotation. Regard-
less of the type of fatigue protocol instituted, changes
in sagittal plane kinematics leading to a more extended
lower extremity position at various time instants during
the stop jump phase occurred. It was initially hypothesized
that the agility drills used during the FAST-FP would pro-
duce a greater demand on the lower extremity compared
to the SLO-FP. However, regardless of the type of proto-
col used, both the SLO-FP and FAST-FP resulted in the
similar neuromuscular adaptations. This implies that the
design of fatigue studies to modify biomechanical risk factors
should be further explored by the introduction of FAST-
FP or similar protocols. This protocol utilizes athletic drills
to induce fatigue within a short period of time without
complex clinical instruments (e.g., metabolic cart, tread-
mill).

The results of the current study, in which participants
landed in a more erect posture post-fatigue, are consistent
with previous research.8,10,15 Chappell et al. found that partic-
ipants landed with decreased knee flexion while performing a
stop-jump task. Our participants landed with decreased knee
flexion but to a lesser degree than to the participant popu-
lation in Chappell et al. One theory for this is because our
study included highly conditioned collegiate soccer players
whereas Chappell et al. used similarly aged individuals but
they were possibly at a lower level of physical training and
neuromuscular control as compared to our athletes. It is possi-
ble that our participants were used to placing higher demands
on the lower extremity and could adapt to fatigue better than
the recreational athletes. Another factor is that the tasks used
between both studies differ; Chappell et al. analyzed a run-
ning stop-jump task, whereas we utilized a sidestep cutting
task.

An extended position at landing has been associated with
increased ACL load, and with increased anterior tibial shear
force due to increased patellar tendon-tibia shaft angle.24,25

In a cadaveric study, it was noted that anterior tibial displace-
ment is augmented between 15 and 45◦ of knee flexion, with
its peak occurring at 30◦.26 At initial contact, our participants
were within the range that is thought to increase anterior tib-
ial displacement, and consequently place higher stress on
the ACL. We speculate that our participants had increased
load on the ACL due to their erect posture at post-fatigue.
This is most likely due to the mechanical disadvantage expe-
rienced by the hamstring muscles.27 Previous researchers
have reported altered movement patterns during post-fatigue;
specifically increased knee abduction and internal rotation
angles,10,15,16 increased hip rotation angles,10,15,28 hip inter-
nal rotation moments,15 and decreased knee flexion angles.8

Specifically, knee motion resulting in increased internal tibial
rotation angles have been shown to increase the load placed

on the ACL.29 Our participants presented an internally rotated
tibia, which might have augmented their ACL load. This fact
combined with extended position may represent that fatigue
induces a biomechanical position that can increase the risk
for injury.

Our study presents some limitations that we cautious
the reader to consider. Our participants attained a simi-
lar % of HR as previously reported during a soccer match
(Fig. 1). However, the fatigue protocols may not represent
a similar pattern of fatigue as the one that occur during
a match. Further, we cannot precisely quantify the fatigue
level presented by the participants. We used heart rate as
a measure of effort and its relation with anaerobic thresh-
old. Though, further studies should incorporate blood lactate
measures and rate of perceived exertion scales to objectively
quantify the level of fatigue experience throughout the pro-
tocol(s).

5. Conclusion

Based on the research of this study, female soccer players
can negatively alter their mechanics in 5 min according to
the similarities seen between the SLO-FP and FAST-FP. It is
important to note the types of exercises that were being com-
pleted during the FAST-FP. These exercises involved quick
agility movements, sprinting, cutting, jumping, and squat-
ting at varying intensities. This information can be useful
for future ACL prevention programs as well, noting how
quickly athletes can alter their joint position. It is important
to encourage proper mechanics when instructing preven-
tion programs throughout the practice and not only at early
stages.

Practical implications

• After 5 min of a fatigue protocol changes are observed in
the lower extremity that can place an athlete at higher risk
for injury.

• Intervention programs should be designing to take
into account the effects of fatigue on lower body
mechanics.

• Pre-season sport specific assessment programs should
be established utilizing baseline and short-term fatigue
protocols to evaluate individuals potentially at-risk for
injury.
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