
ABSTRACT

Background. Although anterior cruciate ligament (ACL)
sprains usually occur during the initial phase of the land-
ing cycle (less than 40° knee flexion), the literature has
focused on peak values of knee angles, vertical ground
reaction force (VGRF), and muscle activity even though it
is unclear what occurs during the initial phase of landing.

Objectives. The objectives of this study were to determine
the effects of sex (male and female) and fatigue (pre-
fatigue/post-fatigue) on knee flexion angles at the occur-
rence of peak values of biomechanical variables [knee val-
gus angle, VGRF, and normalized electromyographic
amplitude (NEMG) of the quadriceps and hamstring mus-
cles] during a bilateral drop landing task. 

Methods. Knee valgus angle, VGRF, and NEMG of the
quadricep and hamstring muscles were collected during
bilateral drop landings for twenty-nine recreational ath-
letes before and after a fatigue protocol.

Results. Peak values of knee valgus, VGRF, and NEMG of
medial and lateral hamstring muscles occurred during the
late phase of the landing cycle (>40° of knee flexion).
Females in the post-fatigue condition exhibited peak

VGRF at significantly less knee flexion than in the pre-
fatigue condition. Males in the post-fatigue condition
exhibited peak lateral hamstring muscles NEMG at signif-
icantly higher knee flexion than in the pre-fatigue
condition. 

Discussion and Conclusion. Peak values of biomechani-
cal variables that have been previously linked to ACL
injury did not occur during the initial phase of landing
when ACL injuries occur. No biomechanical variables
peaked during the initial phase of landing; therefore, peak
values may not be an optimal indicator of the biomechan-
ical factors leading to ACL injury during landing tasks. 
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INTRODUCTION
Sprains of the anterior cruciate ligament (ACL) are often
season-ending injuries that cause significant physical and
emotional burden on the injured athlete. These ACL
injuries also create substantial financial impact with costs
related to orthopaedic care and rehabilitation in the US
reaching approximately $850 million each year.1

Research efforts aimed at the prevention of ACL sprains
have focused on improving the understanding of the bio-
mechanics at the moment of injury. Previous researchers
have analyzed ACL sprains captured on video tape in a
variety of sports such as team handball, basketball, soccer,
and volleyball. These studies reported that the majority of
ACL injuries occur during the initial phase of landing
when the knee is flexed less than 40°.2-4 Additional evi-
dence suggesting that the initial phase of landing (less
than 40° of knee flexion) represents the most vulnerable
range for ACL tears comes from cadaveric,5,6 “in vivo,”7,8

and computer simulation9,10 studies of ACL strain or force.
These studies form a remarkable consensus within the lit-
erature, suggesting that the initial phase of landing from a
jump may be the most appropriate focus of biomechani-
cal studies attempting to clarify the mechanism of ACL
injury. Despite this consensus, current biomechanical
studies11-15 have focused analysis on variables without ver-
ifying that these variables occur in the initial phase of
landing. 

Landing from a jump has been cited as one of the most
common athletic maneuvers to cause ACL injuries,1,3,4,16-20

and several researchers have investigated the biomechan-
ics of landing.11-15 Although studies have used different
methodological approaches,11,12 many studies have used
analysis of peak values of lower extremity joint angles and
vertical ground reaction force (VGRF) without regard to
the degree of knee flexion.11,14,15 This approach assumes
that peak values are valid indicators of important biome-
chanical events regardless of the degree of knee flexion at
which they occur. Consequently, existing studies have not
described when peak values occur within the landing
cycle relative to the natural progression of knee flexion
from initial contact to peak knee flexion. It is unknown if
the peak values reported in the previous literature11,14,15

occur during the initial phase of landing when injury risk
and ACL strain are greatest, or during the latter stages of
the landing cycle, when studies suggest ACL injury risk 2-8

is decreased. If peak values occur during the initial stages
of landing, previous studies would be supported by sug-
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gesting that peak values occur at angles of knee flexion
that are associated with increased ACL injury risk.
However, if peak values do not occur during the initial
phase of landing, it would suggest that the methods in pre-
vious studies focusing only on peak values measured
across the entire landing cycle may have inadequately
addressed an important factor in ACL injury risk and
strain, namely, degree of knee flexion. Therefore, it is
important to determine when peak values of key biome-
chanical variables that have been linked to injury (knee
valgus angle, VGRF) occur relative to knee flexion angles
during the landing cycle.

Additionally, although several studies have investigated
the effect of sex (male vs female)11-15 and fatigue12,21-25 on the
biomechanics of landing, none have described if differ-
ences exist in the angle of knee flexion at peak values
relative to sex and fatigue. Such differences may influence
the interpretation of data to date and future data. For
example, if women have a peak value which is significant-
ly higher than men, but the peak value for women occurs
much later in the cycle than the peak value for men,
direct comparison of these values for injury risk may be
not be valid given the influence of knee joint angle on
ACL forces and relative function of various muscles about
the knee.  Therefore, this study will also examine differ-
ences in knee flexion at the occurrence of peak biome-
chanical values relative to sex and fatigue. 

Biomechanical variables that have been linked to knee
injury by investigators include knee valgus, VGRF, and
lower extremity muscle activity (LEMG). In a prospective
biomechanical-epidemiological study,26 athletes with high-
er knee valgus angles during landing were at higher risk
of suffering an ACL sprain. High VGRF has been linked to
injury risk as the forces are being transferred up the kinet-
ic chain, thereby, increasing the moments and forces in
the joints.27 Strong contractions of the quadricep muscles
have been shown to increase anterior translation of the
tibia and place increased demands on the ACL9,28 while
hamstrings muscle contractions reduce the force within
the ACL.9 Most ACL injuries occur during closed kinetic
chain activities with the foot planted and the quadricep
muscles eccentrically contracting such as during landing
from a jump or cutting.
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Given this information presented, the objectives of the
present study were:

1. To describe the knee flexion angles at which peak bio-
mechanical variables (knee valgus, VGRF, and NEMG of
the rectus femoris, vastus medialis, medial hamstring, and
lateral hamstring muscles) occur during bilateral drop
landings from a 40 cm platform. 

2. To statistically evaluate the difference between sex and
fatigue status on the knee flexion angles at which peak
biomechanical variables occur.

METHODS
Subjects
Twenty-nine recreational athletes (14 females and 15
females) between the ages of 20-40 years were recruited.
The inclusion criteria were willingness to participate in
the study and participation in recreational sports at least
twice/week for a minimum of 45 minutes per practice
session. Exclusion criteria were: obesity (body mass index
greater than 30 kg/m2); a history of injuries or diseases
that would render unsafe the execution of
the protocol; and a history of injuries or
diseases that could affect the biomechan-
ics of landing, such as lower extremity
fractures. Subjects were excluded if they
had received specialized training in jump-
ing and landing techniques as could
occur through participation in gymnas-
tics or dance. 

Instrumentation
Electromyographic data were collected
with the Noraxon Myosystem 1400
(Noraxon USA, Inc., Scottsdale, AZ). The
electrodes were disposable, surface, pas-
sive electrodes (blue sensor, Ambu, Inc.,
Linthicum, MD). The skin was prepared
and the surface electrodes were placed on
the rectus femoris, vastus medialis, later-
al hamstring, and medial hamstring
muscles as in previous research.22 These
sites of electrode placement are consis-
tent with established guidelines29 and are
located between the motor point and the
distal tendon in order to improve intra
and inter-subject comparison reliability.30

Two electrodes were placed on each mus-

cle at a 20 mm inter-electrode distance and parallel to
fiber orientation.29 Athletic tape was used to fixate the elec-
trodes and decrease movement artifact.29

Kinematic data were collected with the use of eight Eagle
cameras (Motion Analysis Corp. Santa Rosa, CA) and
reflective markers were placed bilaterally as per
established protocol31 on the second dorsal metatarsopha-
langeal joint, calcaneus, lateral malleolus, lateral femoral
epicondyle, lateral mid-fibula (half way between the cal-
caneal and lateral femoral epicondyle markers), lateral
mid-thigh (half way between the lateral femoral epi-
condyle and anterior superior iliac spine markers), anteri-
or superior iliac spine, acromion, lateral humeral epi-
condyle, distal radioulnar joint, sacrum and left posterior
superior iliac spine (offset) (Figure 1). The software for data
collection was the EvaRT 4.0 (Motion Analysis Corp. Santa
Rosa, CA). 

The force plate was an OR6-5 AMTI biomechanical
platform (AMTI, Watertown, MA). The force platform was
time synchronized to the electromyography (EMG) and

the motion analysis     system. The kinet-
ic and EMG data were sampled at 1200
Hz and the kinematic data were sampled
at 240 Hz as appropriate for fast athletic
maneuvers.14

Experimental Protocol
Subjects were informed of the study pro-
tocol and total time needed for testing.
All risks and possible harm as described
in the consent form were verbally
explained. All subjects completed a
sports activity and medical history ques-
tionnaire, signed a consent form
approved by the Institutional Review
Board at New York University School of
Medicine, and were measured for height,
weight, foot width and length, and knee
width. 

Subjects completed the entire protocol
(three landings pre-fatigue, fatigue proto-
col, and three landings post-fatigue) in a
single session. The subjects were allowed
two practice jumps and then performed
three bilateral drop landings from a 40
cm platform. They were instructed to

Figure 1. Participant with
markers and electrodes preparing
to perform a drop landing.
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drop directly down off the box and land with both legs on
the force plate. Subjects did not receive any instructions
on the landing technique to avoid a coaching effect. The
effect of the arms was minimized by asking the subjects to
keep their arms crossed against their chest.32,33 Trials were
repeated when they were judged as non-acceptable (such
as when subjects lost their balance or did not land with
both feet on the force plate) by the primary investigator
who was observing the real-time data on the monitor, the
research assistant who was closely monitoring the jumps,
or the subject. Upon completion of three successful land-
ings, the wires were disconnected from the electrodes (but
the electrodes were not removed). The subjects then fol-
lowed the fatigue protocol: they jumped over five consec-
utive 5-7 cm obstacles. This was repeated 20 times for a
total of 100 jumps. Then, the subjects jumped maximally
vertically 50 times. After the fatigue protocol was complet-
ed, the wires were re-connected to the EMG electrodes
and the same procedure of landing assessment was
repeated for the post-fatigue part of data collection. All
subjects completed all post-fatigue trials within six min-
utes after the completion of the fatigue protocol.

Data Processing
The analysis of the data was performed with Orthotrak 5.0
(Motion Analysis Corp. Santa Rosa, CA). Kinematic data
were smoothed using a Butterworth fourth order low pass
filter with a cut-off frequency of 6 Hz. The EMG data were
filtered through a 6th order Butterworth filter (10-500Hz).31

The EMG amplitude was normalized to the maximum lin-
ear-enveloped EMG of each muscle32,34-36 exhibited during
the landing phase of bilateral landings from a 20 cm plat-
form (mean of three trials). The VGRF was normalized to
body weight as in previous studies.16,37

Statistical Analysis
This project utilized a repeated measures pre-fatigue and
post-fatigue experimental design that used measures of
NEMG, kinetic, and kinematic data. The knee flexion
angles at which each biomechanical variable peaked were
averaged for the three trials. The kinetic, kinematic, and
NEMG data of the dependent variables relative to the dif-
ferent levels of the independent variables were entered
into a statistical software package (SPSS 12.0, SPSS Inc.,
Chicago, IL, 60606). 

The independent variables were sex (male/female) and
level of fatigue (pre-fatigue/post-fatigue). The dependent
variables were knee flexion angle at the occurrence of

peak values for the following biomechanical variables:
knee valgus angles; VGRF; and NEMG amplitude of the
rectus femoris, vastus medialis, medial hamstring, and
lateral hamstring muscles. All NEMG and kinematic
measurements were in reference to the right lower
extremity (which was the dominant leg determined by leg
used for kicking a ball) for all participants. Descriptive sta-
tistics (mean and SD) were produced for the values of
knee flexion angle at the occurrence of peak values of the
dependent variables (four NEMG amplitudes, VGRF, and
knee valgus angle). The data were inspected and tested to
ensure that the assumptions for data normality and
sphericity of the univariate and multivariate repeated
measures analysis of variance (MANOVA) were not violat-
ed. 

A MANOVA procedure was used to evaluate the effects of
sex (male/female), fatigue (pre-fatigue/post-fatigue) and
their interaction on knee flexion angle at the occurrence
of peak values. Follow up analysis of variance (ANOVA)
tests were performed when the MANOVA reached signifi-
cance (p<0.05)38,39 to determine which of the variables
achieved significance. Significance was accepted at
p<0.05. 

RESULTS
No landing trial had to be repeated due to subjects losing
their balance or failing to follow the instructions.  No dif-
ferences between males and females existed in respect to
weekly number of sports participation hours as reported
by the volunteers [mean hours/wk (SD): males: 6.6 (3),
females 7.1 (6), p=0.77]. Peak values for all investigated
biomechanical variables occurred when the knee was
flexed more than 40° (Figures 2-5).  The results of the
MANOVA found that neither sex (df=7:21; F=2.44,
p=0.053) nor fatigue (df=7:21; F=1.91, p=0.119) had a
significant effect on knee flexion angle at occurrence of
peak values of the biomechanical variables, however, the
interaction of sex x fatigue was statistically significant
(df=7:20; F=4.8, p<0.05). Univariate repeated-measures
ANOVA tests were performed for sex x fatigue and deter-
mined that two of the variables were significantly differ-
ent: 1) knee flexion  at peak VGRF (p<0.05) - the knee
angle increased in males by 1° but decreased by 5.6° in
females in the post fatigue condition [mean (SD); non-
fatigued males: 48.8° (±13), fatigued males: 49.6° (±15),
non-fatigued females: 52.7° (±11), 47.1° (±11)] (see Figure
6); 2) knee flexion angle at peak lateral hamstring muscles
NEMG (p=0.003) - the knee angle increased by 11° in
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males but decreased in females by 3° in the post fatigue con-
dition [mean (SD); non-fatigued males: 62.2° (±19), fatigued
male: 73.7° (±21), non-fatigued females: 77.8° (±16),

fatigued females: 75° (±15)] (Figure 7). 

Figure 2. Occurrence of peak values in the landing cycle: non-
fatigued males

Figure 3. Occurrence of peak values in the landing cycle:
fatigued males

Figure 4. Occurrence of peak values in the landing cycle: non-
fatigued females

Figure 5. Occurrence of peak values in the landing cycle:
fatigued females

Figure 6. Knee flexion angle at occurrence of peak vertical
ground reaction force

Figure 7. Knee flexion angle at occurrence of peak lateral
hamstring muscles normalized electromyographic 
amplitude
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DISCUSSION
The present study examined knee flexion angles at the
occurrence of peak biomechanical values. The peak values
of all variables, (including variables that have been previ-
ously cited as contributors to ACL injury: knee valgus,
VGRF, and quadriceps activity)2,15,26-28 did not occur during
the initial phase of the landing cycle (knee flexion angle
less than 40°) when ACL injury risk is increased. Given the
literature cited in the introduction, these findings suggest
that the methods used in previous studies focusing only on
peak values measured across the entire landing cycle may
have inadequately addressed an important factor in ACL
injury risk, namely, the degree of knee flexion at which
peak biomechanical values occur. These studies have pro-
vided insight with regards to biomechanical differences
between males and females; they found that females land
with greater peak knee valgus,14,15,40 greater peak quadriceps
NEMG amplitude,22 and greater peak VGRF41 compared to
males. Previous findings on peak values42 also suggest that
females exhibit greater knee valgus and VGRF than males,
however, the differences due to sex on the effect on quadri-
cep muscle NEMG did not reach statistical significance.
Although peak values of biomechanical variables occur and
can be analyzed after 40° of knee flexion, examining
biomechanical variables at peak values may not be the
optimal methodological approach given the potential for
knee flexion to influence ACL injury risk.

The two variables that were significantly different due to
the interaction of sex x fatigue were VGRF and NEMG of
the lateral hamstring muscles. Although contraction of the
hamstring muscles can effectively decrease anterior tibial
translation and prevent excessive stress on the ACL,9 it is
unclear if the observed increase of 11° in knee flexion
angle at the peak NEMG of the lateral hamstrings in males
represents a finding that is related to the ACL injury mech-
anism.  More likely, this study’s findings relative to lateral
hamstring muscle NEMG may not be clinically relevant as
peak values of lateral hamstring muscles occur very late in
the landing cycle (more than 60° of knee flexion) where
ACL injury risk is less. An alternative explanation of the
effect of fatigue on lateral but not medial hamstring mus-
cles may be related to an effort to resist a frontal plane or
rotary force.

However, the findings relative to VGRF may have clinical
relevance as VGRF has been identified as a variable impor-
tant to ACL injuries15,27 and the peak values occurred at
knee flexion angles which are much closer to the angles

known to demonstrate increased risk. In the current study,
after a fatiguing protocol, females decreased  the amount of
knee flexion at which peak VGRF occurred by 5.6° to a
value of  47.1°, while men increased the amount of knee
flexion by 0.8° to a value of 49.6°. It appears that peak
VGRF in men tends to occur in similar or slightly higher
knee flexion angles in the post-fatigue condition while in
women peak VGRF tends to occur in lower knee flexion
angles, thereby, placing their knees closer to knee flexion
values known to be related to ACL injury risk. This effect
may be magnified with a fatigue protocol that is either
more vigorous or ensures that all subjects are fatigued to
the same level and potentially cause peak VGRF in fatigued
females to occur when the knee is flexed less than 40° and
the ACL more vulnerable to trauma. 

In addition to finding that all peak variables occurred after
the initial phase of landing and that the interaction of sex
(male vs female) x fatigue (pre-fatigue/post-fatigue) was
significant for VGRF and NEMG of the lateral hamstrings
muscle, the current study also found that knee flexion
angle at which peak values occurred was not significantly
different relative to the difference between sex or fatigue
(Figures 2-5).  Therefore, the findings of the current study
suggest that peak values of key biomechanical variables
occur at similar knee flexion angles in non-fatigued male
and female athletes and in pre and post-fatigued athletes of
the same sex.  However, caution should be taken in regard
to this interpretation as two important  issues that can
potentially diminish the validity of sex and fatigue compar-
isons without regard for knee flexion.  First, the use of peak
values at degrees of knee flexion beyond 40° may not ade-
quately describe biomechanical strain on the ACL.  Second,
as found in this study, the interaction of sex x fatigue
produce significant differences in some variables and,
therefore, knee flexion angles may have an influence on
biomechanical strain of the ACL when examining differ-
ences between males and females using a fatiguing
protocol. 

This specific fatigue protocol was chosen because the com-
bination of tasks simulates activities commonly performed
in sports and because an eccentric-concentric fatigue pro-
tocol is more effective in producing fatigue than a concen-
tric fatigue protocol.43 The fatigue protocol was designed in
a way that the fatigue-induced pattern was applicable to
functional activities outside the laboratory setting. The
protocol used in the present study was similar to fatigue
protocols used in previous research.12,21 Other research21,44
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has demonstrated that a fatigue protocol similar to the one
used in the current study is sufficient to induce fatigue  in
a similar way to subjects of different training levels.45

Moreover, the demands of games such as soccer are very
similar for males and females in terms of distance covered,
sprint duration, and exercise intensity46 suggesting that lab-
oratory fatigue protocols have greater applicability if they
fatigue male and female athletes in a similar way as it
occurs on the athletic field.

Implications for Future Research
As measurements of peak values occur late in the landing
cycle when ACL injury risk is less, future biomechanical
studies may be improved by examining biomechanical
variables during the initial phase of landing. Future studies
should determine if measurements at predefined knee flex-
ion angles in the initial phase of landing are better predic-
tors of ACL injury than peak values which occur after 40°
of knee flexion. Future research should also investigate the
differences between males and females using a more vigor-
ous fatigue protocol in order to determine if increased
fatigue may further alter the degree of knee flexion at
which peak VGRF values occur. Considering the rapid pro-
liferation of biomechanical studies of landing from a jump
in recent years, the limited number of subjects in most
studies, and the highly variable methodology across stud-
ies, methodology standardization may be needed to allow a
meta-analysis investigation. The present study represents a
first step towards standardization of methodology by
suggesting that appropriate measures of biomechanical
variables should occur during the initial phase of landing
and by demonstrating that peak values do not occur until
later in the landing cycle. Future studies should identify
the variables that best predict ACL injury and the exact
time in the initial phase of the landing cycle that the vari-
able should be measured.

Limitations
Although all subjects were fatigued with the same fatigue
protocol as opposed to normalizing the protocol to their ath-
letic abilities, a specific measure of fatigue could have been
used to ensure that all subjects had exceeded some mini-
mum cut-off. Doing so might have allowed for a more
meaningful interpretation of the effect of fatigue.

A general limitation of the present study is that the landing
task may not adequately represent landing techniques on
the athletic field because subjects were instructed to keep
their arms crossed across their chest and jump down from

a platform. Although these modifications were deemed
necessary in order to have all subjects perform the same
task with minimal variability, generalizability of the find-
ings is decreased. In addition to drop landings, which have
been used extensively in the literature of sports injury bio-
mechanics,14,40,47 researchers have also used stop-jump and
cutting maneuvers.11-13,48,49 Investigating both drop landings
and continuous tasks such as cutting or stop-jump may
have provided a more comprehensive picture of the effect
of sex and fatigue on the biomechanical variables.
Additionally, as with all biomechanics studies, direct impli-
cations to ACL injury cannot be made as no injuries
occurred during the testing.

All subjects were recreational athletes who participated at
least twice per week in a variety of sports that involved
jumping. No differences existed between males and
females in regards to hours of sports participation per
week. However, this lack of a difference does not ensure
equal proficiency in drop landings. Some subjects may
have been more proficient than others in landing from a
jump. A more homogenous group of subjects such as recre-
ational basketball or volleyball players would make the
findings of this study less generalizable but may increase its
internal validity. 

CONCLUSION
In summary, the present study demonstrated that peak val-
ues of the biomechanical variables that have been previ-
ously cited as contributors to ACL injury, such as knee val-
gus, VGRF, and quadricep muscles activity did not occur
during the initial phase of the landing cycle when ACL
injury risk is greatest. This finding suggests that analyses
based only on peak values may not be adequately address-
ing the influence of knee flexion on ACL strain which is
higher when the knee is in less than 40° of flexion. 
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