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Background: Females are at an increased risk of sustaining noncontact knee ligament injuries as compared with their male
counterparts. The kinetics that load the anterior cruciate ligament (ACL) are still under dispute in the literature.

Purpose/Hypothesis: The purpose of this study was to determine whether there are differences in knee kinetics between the
sexes that lead to greater ACL strain in females when similar external loads are applied during a simulated drop vertical jump
landing task. It was hypothesized that female limbs would demonstrate significant differences in knee abduction moment that
predispose females to ACL injury when compared with males.

Study Design: Controlled laboratory study.

Methods: Motion analysis data of 67 athletes who performed a drop vertical jump were collected. The kinematic and kinetic data
were used to categorize tertiles of relative risk, and these values were input into a cadaveric impact simulator to assess liga-
mentous loads during the simulated landing task. Uni- and multiaxial load cells and differential variable reluctance transducer strain
sensors were utilized to collect kinetic data and maximum ACL strain for analysis. Conditions of external loads applied to the
cadaveric limbs were systematically varied and randomized. Data were analyzed with 2-way repeated-measures analysis of
variance and the Fisher exact test.

Results: Five kinetic parameters were evaluated. Of the 5 kinetic variables, only knee abduction moment (KAM) demonstrated
significant differences in females as compared with males (F1,136 ¼ 4.398, P ¼ .038). When normalized to height and weight, this
difference between males and females increased in significance (F1,136 ¼ 7.155, P ¼ .008). Compared with males, females
exhibited a 10.3-N�m increased knee abduction torque at 66 milliseconds postimpact and a 22.3-N�m increased abduction torque
at 100 milliseconds postimpact. For loading condition, the condition of “maximum ACL strain” demonstrated a maximum differ-
ence of 54.3-N�m increased abduction torque and 74.5-N�m increased abduction torque at 66 milliseconds postimpact.

Conclusion: Under the tested conditions, increased external loads led to increased medial knee translation force, knee abduction
moment, and external knee moment. Females exhibited greater forces and moments at the knee, especially at KAM, when loaded
in similar conditions. As these KAM loads are associated with increased load and strain on the ACL, the sex-based differences
observed in the present study may account for a portion of the underlying mechanics that predispose females to ACL injury as
compared with males in a controlled simulated athletic task.

Clinical Relevance: KAM increases strain to the ACL under clinically representative loading. Additionally, this work establishes the
biomechanical characteristics of knee loading between sexes.
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Anterior cruciate ligament (ACL) injuries are common
knee-related injuries, with worldwide annual estimates of
>2 million.32 The majority of ACL injuries occur with
participation in sports that include cutting, pivoting, and
landing.30 Participation in sports and incidence of sport
injuries have increased among females, and exercise-
related musculoskeletal injuries are more prevalent in

females than in males.22,40 In addition, females have a 4-
to 6-fold increased risk of ACL injury when compared with
their male counterparts.1,12,25,30,35 In the United States,
annual estimates of surgery and rehabilitation costs asso-
ciated with female ACL injuries total $646 million.17,20

These factors result in a near-epidemic health issue for
female athletes.19

Injury of the ACL is generally noncontact in nature, with
estimates of a noncontact mechanism of injury near
75%.10,27,28,35 These findings indicate that ACL injuries are
likely influenced by faulty biomechanical factors and poor
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neuromuscular control, which can be addressed with pre-
ventive biomechanical and neuromuscular strategies. To
optimize preventive programs and lower the individual and
societal burden of these injuries, especially for females, it is
essential to establish the underlying mechanics that con-
tribute to excessive loads that lead to ligament failure.3,11

The specific mechanisms that preload the ACL for injury
are still under dispute, and the mechanisms may be differ-
ent between sexes.30,42 Previous work has demonstrated
that sex differences exist for proximal control of the knee
joint, kinematics, stiffness, and recruitment strate-
gies.23,26,41 However, insufficient cadaveric work has been
performed to analyze (1) the kinetics that occur at the knee
during landings that induce maximum ACL strain and
ACL ruptures and (2) the sex differences in these variables.
These studies are necessary to understand the forces and
moments at the knee that lead to increased load on the
ACL. Improved knowledge of the kinetics at the knee will
allow for improved prevention strategies. Prevention is
essential for reduction of the health burden associated with
ACL injury and its debilitating sequelae,6 which include
lower activity levels, contralateral ACL injury, and early-
onset osteoarthritis.36 This information will enhance injury
prevention, rehabilitation, and return-to-sport criteria37

and provide the framework for individualized medicine.
This study was designed to determine whether there are

differences in knee kinetics between the sexes when similar
external loads are applied that lead to greater ACL strain
in females during landing deceleration movements. It was
hypothesized that female limbs would demonstrate signifi-
cant differences in knee forces and moments, especially
with frontal plane knee abduction, that predispose females
to ACL injury as compared with males.

METHODS

Lower extremity cadaveric specimens (n ¼ 45) were
obtained (Anatomy Gifts Registry) according to predeter-
mined inclusion criteria: age 18 to �50 years, no evidence
of significant trauma or surgery to lower extremity, no
extensive bed rest (defined as >1 month), and no evidence
of extended chemotherapy (defined as >4 weeks). Speci-
mens were not acquired if they had systemic infection, if
they had a cartilaginous disease (other than typical of reg-
ular aging), and if cause of death would have induced sig-
nificant trauma to the lower extremity. Specimens were
dissected and prepared according to specifications outlined

in a recent methodology study.4 Of the 45 available speci-
mens (22 male, 23 female), 6 were excluded from final
analysis owing to poor data quality from equipment failure
(eg, nonbiomechanical damage to ACL from sensor),
mechanical weakness attributed to specimen preparation
(eg, tibial fixture screw cause of tibial fracture), or a pre-
evaluation nonfunctional ACL determined by a board-
certified orthopaedic surgeon (A.J.K.). Data analyses were
therefore performed on 39 specimens (mean ± SD: age, 41.5
± 8.4 years; mass, 85.7 ± 25.6 kg; 19 male, 20 female).

In Vivo Input Data for Physiologic Impact

Volunteers consented to participate in this study according
to guidelines of the institutional review board of Mayo
Clinic. Three-dimensional motion analysis (Raptor 12;
Motion Analysis Corp) of the drop vertical jump (DVJ) task
was performed with 67 healthy athletic participants. Kine-
matic and kinetic variables were calculated with inverse
dynamics and customized software (MATLAB, v 2016a
[The MathWorks Inc]; Visual3D, v 6 [C-Motion Inc]) to
determine tertiles of injury risk (low, medium, high) in 3
degrees of knee dynamics: knee abduction moment (KAM),
anterior tibial shear (ATS), and internal tibial rotation
(ITR). These calculated forces and moments were utilized
across the tertiles of risk in a randomized order as inputs
into the applied external loads for impact testing (Table 1).4

Cadaveric Impactor

A custom-designed cadaveric impactor was utilized to sim-
ulate DVJs in the lower extremities of athletes (Figure 1).4

Pneumatic cylinders applied the designated knee forces/
moments calculated from the in vivo participants and
applied muscular forces to the quadriceps and hamstring
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TABLE 1
Load Magnitudes Based on In Vivo Population Percentagea

Percentage KAM, N�m ITR, N�m ATS, N

0 1.7 1.0 47
33 13.5 9.7 64
67 26.8 18.6 80
100 57.3 53.7 196

aATS, anterior tibial shear; ITR, internal tibial rotation; KAM,
knee abduction moment.
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tendons at a 1:1 ratio. The designated forces and torques
were applied to the tibia prior to the release of a gravity-
driven drop sled of 0.5 body weight (34 kg) from a height of
31 cm. Single- and 6-axis load cells recorded the vertical
ground reaction force (vGRF) and forces and moments at
the knee, respectively. The data of the 6-axis load cell were
transformed to record forces and moments at the knee joint
center. In addition, two 3-mm differential variable reluc-
tance transducers (LORD MicroStrain Inc) were implanted
into the midsubstance of the medial collateral ligament
across the joint line and the distal third of the anteromedial
bundle of the ACL, respectively, to measure ligament strain
during simulation.5,24,31

All limbs were oriented in the impactor at 25� to the
vertical sagittal plane. A knee flexion angle of 25� was used,
as it is representative of initial contact (IC) knee orienta-
tion in young athletes landing from a drop height of 31 cm.2

The long axis of the tibia was then aligned with the axis of
the impact in the frontal and sagittal planes.

Impactor data were collected from load cells and differ-
ential variable reluctance transducers at 10 kHz with
custom-designed software (LabVIEW 2015; National

Instruments). During data collection, the software triggered
the pneumatic cylinders for external loading/unloading and
the electromagnet release of the drop sled to deliver the
impact. All data were filtered with a 12-Hz low-pass
fourth-order Butterworth filter and then postprocessed with
LabVIEW and MATLAB.

Statistical Analysis

Four conditions were sampled for this study: (1) 0% KAM,
0% ATS, 0% ITR (00_00_00); (2) 67% KAM, 67% ATS, 67%
ITR (67_67_67); (3) the condition in which each specimen
experienced maximum ACL strain (ACL maximum); and
(4) the condition prior to ACL failure (prefailure). Thus,
with the latter 2 conditions, the amount of KAM, ATS, and
ITR can vary across each specimen. The 00_00_00 trial was
selected for baseline considerations without external loads,
and the 67_67_67 trial was selected for its potential to load
the knee with considerable levels of forces and moments in
all 3 planes. These conditions were all selected to analyze 6-
axis load cell force and moment data in which the ACL is
subjected to significant strain. The reason to exclude the
actual rupture trial was because of the potential confound
that the data of the 6-axis load cell may not have recorded
the responses of a joint under ACL strain but, rather, the
responses of the tissues after ACL rupture. All kinetic vari-
ables were analyzed with raw values and normalized to
(1) body weight (newtons) for forces and (2) body weight
(newtons) and height (meters) for moments. Five kinetic
variables were analyzed in this experiment: (1) anterior/
posterior knee translation, (2) medial/lateral knee transla-
tion, (3) knee compression/distraction, (4) internal/external
knee moment, and (5) abduction/adduction knee moment.
As knee flexion/extension was restrained at 25� in the sag-
ittal plane, flexion/extension moments of the knee were not
able to be properly analyzed.

Statistical analyses were performed with JMP (v 12; SAS
Institute) with utilization of 2-way repeated-measures
analysis of variance (ANOVA) and Fisher exact test. For
all 2-way repeated-measures ANOVA, we compared sex
(male, female) by load (00_00_00, 67_67_67, ACL maxi-
mum, prefailure) and the interaction of sex � load. Statis-
tical significance was set at P < .05.

Figure 1. Custom-designed cadaveric impact simulator. The
simulator applies external loads via programmatically con-
trolled pneumatic cylinders and supplies a gravity-driven sled
with customizable height and weight.

TABLE 2
Specimen Demographics by Sexa

Male
(n ¼ 19)

Female
(n ¼ 20) P Value

Age, y 43.1 ± 7.7 40.0 ± 9.0 .249
Mass, kg 95.4 ± 19.3 76.5 ± 27.8 .019
Height, cm 181.7 ± 5.4 165.4 ± 7.5 <.001
Body mass index 29.1 ± 6.5 27.7 ± 9.6 .612
Limb side, left:right, n 8:11 11:9 .527
Dominant limb, left:right, n 5:14 3:17 .451

aValues are reported as mean ± SD unless otherwise noted. Age
of specimens ranged from 24 to 52 years. Bolding indicates statis-
tically significant between-group difference (P < .05).
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RESULTS

Specimen demographics were similar across sexes for age,
body mass index, limb side, and dominant limb. There were
expected anthropometric significant differences of increased
body mass and height in male specimens (Table 2). Although
the male specimens had significantly increased mass and
height than female specimens, the sexes were equivalent
in terms of body mass index (Table 2).

Vertical Ground Reaction Force

For vGRF at maximum, minimum, IC, and 33, 66, and
100 milliseconds, sex (F1,136 ¼ 3.506, P ¼ .064), load
(F3,136 ¼ 0.009, P ¼ .999), and the interaction of sex � load
(F3,136 ¼ 0.260, P ¼ .854) were not significant.

Ligament Strain

MaleshadamaximumACLstrainof13.2% ± 8.1%,andfemales
had a maximum ACL strain of 16.7% ± 8.3%. There was no
significant difference between ligament strains (P¼ .184).

Knee Abduction/Adduction Moments

For knee abduction/adduction torque at maximum,
minimum, IC, and 33, 66, and 100 milliseconds, sex was a
significant factor (F1,136 ¼ 4.398, P ¼ .038), as was load

(F3,136 ¼ 39.093, P < .001), but the interaction of sex � load
was not significant (F3,136 ¼ 2.515, P ¼ .061). Compared
with males, females exhibited 10.3-N�m increased abduc-
tion torque at the knee at 66 milliseconds postimpact and
22.3-N�m increased abduction torque at 100 milliseconds
postimpact (Table 3). As for loading condition, the “ACL
maximum” condition demonstrated a maximum difference
of 54.3-N�m increased abduction torque and 74.5-N�m
increased abduction torque at 66 milliseconds postimpact.
With normalized values, sex was again significant (F1,136 ¼
7.155, P ¼ .008), as was load (F3,136 ¼ 31.651, P < .001), but
the interaction of sex� load was again not significant (F3,136

¼ 1.700, P ¼ .170). For females, with inclusion of only knee
abduction values, normalized values of KAM at maximum
were 52% greater than males (Figure 2).

Internal/External Knee Rotation Moments

For knee internal/external rotation, load was a significant
factor at maximum, minimum, IC, and 33, 66, and 100
milliseconds (F3,136 ¼ 34.906, P < .001), but sex (F1,136 ¼
1.968, P ¼ .163) and the interaction of sex � load (F3,136 ¼

TABLE 3
Raw Values of Knee Abduction Moment Between Sexes Across Timea

Abduction/Adduction Moment, N�m, Mean ± SD

Sex IC 33 ms 66 ms 100 ms Minimum Maximum

Male –3.8 ± 16.5 7.3 ± 46.5 24.6 ± 67.5 –10.4 ± 51.4 –69.0 ± 22.3 79.7 ± 47.9
Female 3.3 ± 21.1 7.8 ± 50.2 34.9 ± 61.4 11.9 ± 44.5 –56.8 ± 20.9 84.5 ± 47.3

aPositive values denote knee abduction; negative values denote knee adduction. IC, initial contact.

Figure 2. Normalized knee abduction/adduction moments at
various time points. Females demonstrated an increased
level of knee abduction moment as compared with males.
F, female; IC, initial contact; M, male.

Figure 3. Normalized lateral/medial knee translational force at
various time points. Positive values denote knee lateral trans-
lation; negative values denote medial translation. Prefailure
and ACL maximum external load conditions demonstrated
similar characteristics and significant medial knee transla-
tional force as compared with 00_00_00 (0% knee abduction
moment, 0% anterior tibial shear, 0% internal tibial rotation)
and 67_67_67 (67% knee abduction moment, 67% anterior
tibial shear, 67% internal tibial rotation). ACL, anterior cruci-
ate ligament.
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0.794, P ¼ .499) lacked significance. With normalized
values, significance remained the same for load (F3,136 ¼
31.328, P < .001), sex (F1,136 ¼ 2.538, P ¼ .114), and the
interaction of sex � load (F3,136 ¼ 0.349, P ¼ .790). The
“ACL maximum” condition demonstrated increased exter-
nal rotation at 66 milliseconds and maximum value when
compared with the other load conditions.

Anterior/Posterior Knee Translational Forces

Sex was a significant factor for anterior/posterior knee
translational force at maximum, minimum, IC, and 33,
66, and 100 milliseconds (F1,136 ¼ 64.411, P < .001); load
was also a significant factor (F3,136 ¼ 3.194, P ¼ .026), but
there was no significant interaction of sex � load (F3,136 ¼
0.956, P ¼ .416). However, with normalized values, 2-way
repeated-measures ANOVA demonstrated no significance
for sex (F1,136 ¼ 3.333, P ¼ .070), load (F3,136 ¼ 1.922, P ¼
.129), and the interaction of sex � load (F3,136 ¼ 0.241, P ¼
.867).

Lateral/Medial Knee Translational Forces

Sex was a significant factor for lateral/medial knee trans-
lational forces at maximum, minimum, IC, and 33, 66, and
100 milliseconds (F1,136 ¼ 26.960, P < .001); load was also a
significant factor (F3,136 ¼ 19.242, P < .001), as was the
interaction of sex � load (F3,136 ¼ 4.825, P ¼ .003). How-
ever, once normalization was applied, the significance was
eliminated for sex (F1,136 ¼ 1.966, P ¼ .163) and the inter-
action of sex � load (F3,136 ¼ 1.973, P ¼ .121). Significance
of load was maintained (F3,136 ¼ 15.629, P < .001) with
demonstration of increased medial translational force in
the “ACL maximum” and “prefailure” conditions (Figure 3).

Knee Distraction/Compression Forces

Sex was a significant factor for knee distraction/compression
forces at maximum, minimum, IC, and 33, 66, and 100 milli-
seconds (F1,136¼ 28.417, P < .001); load was also a significant
factor (F3,136¼ 2.713, P¼ .047). The interaction of sex� load
was not significant (F3,136 ¼ 0.419, P ¼ .740). However, with
normalized values, sex was not a significant factor (F1,136 ¼

2.249, P¼ .136), nor was load (F3,136¼ 1.808, P¼ .149) or the
interaction of sex � load (F3,136 ¼ 0.119, P ¼ .949).

DISCUSSION

This study investigated the 3-dimensional kinetics of the
intact human knee with simulated in vivo calculated exter-
nal loads. To our knowledge, this is the first study to meas-
ure the 3-dimensional intact knee forces and moments with
a simulated landing for sex-specific differentiation. Specific
to load condition, there were significant differences across
all 5 kinetic variables examined. As males and females had
significant differences of height and mass (Table 2), it was
imperative to normalize the 6-axis load cell data to attain
proper comparisons of forces and moments. Once normali-
zation was applied, only medial knee translational force,
external rotation moment, and abduction moment
remained significant relative to the magnitude of external
load applied to the joint (Table 4). ATS, ITR, and KAM
contribute to ACL load and strain.3,11,29,30

After normalization, there were no significant differ-
ences between sexes for anterior/posterior knee transla-
tional force, medial/lateral knee translational force, knee
distraction/compression force, or knee internal/external
rotation moment. This demonstrates that both sexes
encounter equal loading of the knee along these specific
vectors and planes when adjusted for between-sex variability
in height and mass. However, prior to and after normaliza-
tion of the data, females demonstrated significant
increases of KAM as compared with males at similar time
points across the impact trial (100-millisecond duration)
(Table 3 and Figure 2). Adolescent females produce larger
magnitudes of out-of-plane moments than do males when
landing from a jump.19 Therefore, the current investigation
exemplifies that biomechanical behaviors representative
of the female population during landing are likely to place
a disproportionately larger strain on the ACL than that of
males. In addition, these data support current methods of
ACL risk stratification that are largely based on the mag-
nitude of KAM.17 This significant increase of KAM kinetics
demonstrates that KAM is a major contributor to ACL
failure.15,19,39

TABLE 4
P Values of Each Knee Kinetic Parameter in the Raw and Normalized Conditionsa

Rotation Translation

Abduction/Adduction Internal/External Anterior/Posterior Lateral/Medial Distraction/Compression

Raw
Sex .038 .163 <.001 <.001 <.001
Load <.001 <.001 .026 <.001 .047
Sex � load .061 .499 .416 .003 .740

Normalized
Sex .008 .114 .070 .163 .136
Load <.001 <.001 .129 <.001 .149
Sex � load .170 .790 .867 .121 .949

aBolding indicates statistically significant variable (P < .05).
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Across all 5 kinetic variables analyzed, there was no sig-
nificance of the interaction between sex and load (sex �
load). This demonstrates that external loads and sex do not
have a compounding effect on the outcomes of knee kinetic
loading; rather, these variables act independently. Conse-
quently, from the data presented, females will experience
higher KAM with similar loading conditions as compared
with males, which potentially predispose females to
increased risk of ACL injury.

The vGRF was consistent across all load condition trials.
Statistical comparison of vGRF demonstrated no signifi-
cant difference between sexes with minimum values, max-
imum values, at IC, or at 33, 66, or 100 milliseconds
postcontact. This is important to the nature of this study,
as significant differences in vGRF could increase forces/
moments at the knee and consequently induce more strain
on the ACL. Consistency of the vGRF across trials demon-
strates that biomechanical mechanisms other than vGRF
(ie, dynamic knee valgus) influence resultant forces and
moments at the knee that act to induce ACL injury.
Although previous studies have demonstrated that females
land with increased valgus,12,21,27 these studies did not spe-
cifically analyze the forces/moments at the knee joint with
controlled input prior to ACL rupture. In this study, there
was no neuromuscular control that could have contributed
to induced valgus in females. Therefore, this study demon-
strates that independent of neuromuscular control, females
experience increased KAM from a drop landing.

It has been suggested that the increased incidence of
female ACL injury as compared with males is due to inher-
ent biomechanical differences between the sexes, such as
musculoskeletal alignment, muscle anatomy/physiology,
and passive joint compliance.7,18,33,38 Additionally, the
injury disparity may be due to movement organization of
descending input from cortical and subcortical regions,9

which may be mediated by hormonal concentration differ-
ences.8 As previously stated, this study did not allow for
any neuromuscular control and could not take hormonal
effects into account. However, the study does demonstrate
that musculoskeletal alignment, viscoelastic properties of
the myotendinous and ligamentous structure, and passive
joint compliance are all potential factors that cause the
higher prevalence of ACL injury in females.

Of particular interest in this study, ATS was not signif-
icantly different between sexes, although it is the primary
motion of restraint of the ACL. While the ACL is a primary
restraint for anterior knee translation, the ACL is also crit-
ical for stability for ITR and KAM. It is currently unclear
why the “ACL maximum” condition exhibited external rota-
tion at 66 milliseconds postimpact and at maximum value
as compared with the other load conditions. This disparity
will be explored in future work. The data reported here
provide explanation to previous findings that female ath-
letes often demonstrate a predominately coronal plane
strategy of dynamic knee motion.16 Owing to the statisti-
cally significant level of increased KAM for females, the
data evoke an even greater emphasis on young female ath-
letes and their clinical and coaching staff to seek preventive
neuromuscular training to avert potential ACL injury,11,13,14

especially for athletes involved in sports that involve

landing, jumping, cutting, and pivoting. By participation in
preventive neuromuscular training protocols, these young
female athletes can avert a serious knee injury that carries
burdensome sequelae of inactivity, future knee injury, and
osteoarthritis.36 Future research should evaluate the effect
of targeted preventive neuromuscular training and their
effects on reducing the sex disparity that exists, with empha-
sis on frontal knee mechanics.

The cadaveric impactor used in this study utilized a
dynamic, multiplanar knee injury simulation that is highly
relevant to loading observed in typical sport maneuvers of
landing, cutting, and pivoting.34 Consequently, the impac-
tor induced physiologically relevant forces and moments
encountered by athletes during such maneuvers. This work
contributes to the scientific literature that KAM increases
strain to the ACL under clinically representative loading.
Additionally, this work further establishes the biomechan-
ical characteristics of knee loading between sexes.

This study was limited by the inability to analyze flexion/
extension knee moments and compare these with 3-
dimensional motion capture data, as previously done for
DVJ landings. The current protocol was designed with
knowledge of this limitation because we wanted to know
the effect of landing “stiff,” with poor biomechanics, at a
common landing angle of 25� of knee flexion.2,30 Future
studies will allow for free range of motion in the sagittal
plan to determine the important kinetics that occurs during
DVJ tasks. Additionally, this study was limited to cadaveric
specimens with a mean age above that most common to
ACL injury. However, this model included an age inclusion
criterion of 18 to �50 years, with a mean age of 41.5 years,
to more accurately reflect the data observed in the ACL-
injured population. Although living tissue can heal and
respond to external loads, the cadaveric specimens utilized
were limited to 1 freeze-thaw cycle to preserve tissue qual-
ity and were simulated with external loads determined
from in vivo DVJs. Moreover, the pneumatic loading
allowed for rapid loading/unloading of the external loads
and thus preserved native properties of the viscoelastic
structures analyzed.

CONCLUSION

Under the tested conditions, increased external loads led to
increased medial knee translation force, KAM, and exter-
nal rotation knee moment. Compared with males, females
exhibit greater forces and moments at the knee, especially
regarding KAM, when loaded in similar conditions. As
these kinetics are associated with increased load and strain
on the ACL, the sex differences observed in the present
study demonstrate a portion of the underlying mechanics
that predispose females to ACL injury as compared with
males in a controlled simulated athletic task.
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