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ABSTRACT
NASSERI, A., D. G. LLOYD, A. L. BRYANT, J. HEADRICK, T. A. SAYER, and D. J. SAXBY. Mechanism of Anterior Cruciate Ligament
Loading during Dynamic Motor Tasks. Med. Sci. Sports Exerc., Vol. 53, No. 6, pp. 1235–1244, 2021. Introduction: This study determined
anterior cruciate ligament (ACL) force and its contributors during a standardized drop-land-lateral jump task using a validated computational
model. Methods: Three-dimensional whole-body kinematics, ground reaction forces, and muscle activation patterns from eight
knee-spanning muscles were collected during dynamic tasks performed by healthy recreationally active females (n = 24). These data were used
in a combined neuromusculoskeletal and ACL force model to determine lower limb muscle and ACL forces. Results: Peak ACL force
(2.3 ± 0.5 bodyweight) was observed at ~14% of stance during the drop-land-lateral jump. The ACL force was primarily generated through
the sagittal plane, and muscle was the dominant source of ACL loading. The main ACL antagonists (i.e., loaders) were the gastrocnemii and
quadriceps, whereas the hamstrings were the main ACL agonists (i.e., supporters). Conclusion: Combining neuromusculoskeletal and ACL
force models, the roles of muscle in ACL loading and support were determined during a challenging motor task. Results highlighted the importance of the gastrocnemius in ACL loading, which could be considered more prominently in ACL injury prevention and rehabilitation programs. Key Words: ANTERIOR CRUCIATE LIGAMENT LOADING, ATHLETIC INJURIES, MUSCULOSKELETAL MODELING,
COMPUTATIONAL MODEL
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activation patterns when estimating muscle forces (4,5). Consequently, there is uncertainty regarding the role of certain
muscles, such as gastrocnemii, in loading the ACL during dynamic tasks (4,5). The uncertainty surrounding the mechanisms underlying ACL loading during dynamic activities
impedes further development of injury prevention and rehabilitation programs with personalized targets mechanistically
linked to in vivo ACL loading.
To prevent ACL injuries, it is important to study the contributions to ACL loading during tasks that likely stress the
ACL, such as sidestep cutting or landing from a jump (2).
The magnitude of ACL loading may be affected by the action
of muscles surrounding the knee. During dynamic tasks, muscle activation patterns emerge (6,7) to stabilize the knee and
support the externally applied knee loads (8) and are known
to differ based on sex, athletic skill level, and task anticipation
(8,9). Importantly, muscle activation, as assessed by EMG,
does not directly correspond with muscle force generation
(10,11), which depends on several additional factors, including
muscle physiological cross-sectional area, length, and velocity
(10). Therefore, one should not infer muscle force, or its role
in loading or unloading the ACL, from activation level alone.
Studies have been conducted to directly measure (via surgically
implanted instruments) ACL loading during dynamic tasks,
such as jumping and landing (12–14). However, direct measurements are invasive and cannot be conducted in large samples, nor do they provide insight into the contributors to ACL

upture of the anterior cruciate ligament (ACL) is a
common and debilitating knee injury. In Australia,
ACL ruptures result in an annual ACL reconstruction
rate of 77.4 per 100,000 individuals, which is the highest in the
world and has been increasing in adolescents and young adults
over the past decades (1). The majority of ACL ruptures do not
involve direct collision but occur during landing, sidestep
cutting, and pivoting tasks common to sports such as soccer,
basketball, and netball (2). Furthermore, ACL ruptures are
3.5–4 times more frequent in female compared to male athletes (3). Biomechanical studies have attempted to elucidate
the mechanisms of ACL loading and unloading during dynamic tasks. However, these studies have rarely examined
ACL loading directly or included the individual’s unique

APPLIED SCIENCES

loading. Alternatively, computational models enable the noninvasive assessment of ACL loading, and its contributors, during
dynamic tasks.
A range of computational models have been developed and
used to further our mechanistic understanding of ACL loading
during various tasks (4,5,15–20). Shelburne and colleagues
developed a sagittal plane knee model with an elastic ACL element and demonstrated ACL loading resulted from complex
interactions between muscles, ligaments, and articulating surfaces. They deployed their model to analyze isometric contractions (16), walking (17–19), and drop landing (15) and noted
muscle-generated tibiofemoral compression made substantial
contribution to ACL loading. However, the loading patterns
were predicted using bespoke computational models developed for specific individuals and conditions, and restricted to
planar (i.e., sagittal) knee model (15–19), making generalization to females and larger cohorts difficult.
Other studies (4,5,20) have used computational models deployed within the free and open-source OpenSim framework
(21) to assess ACL loading during dynamic tasks. Weinhandl
and colleagues (20) studied ACL loading in sidestep cutting
using their documented phenomenological ACL force model,
which was developed based on data from experiments performed on cadavers (22,23). However, their mathematical formulations are not consistent with direct measurements of ACL
loading (22,23), and their musculoskeletal models used mechanical optimization to synthesize muscle activation patterns,
which may not account for many empirically observed features of muscle coordination. Indeed, in two studies examining
drop landing (4,5), one reported small (4) and the other large
(5) gastrocnemii contributions to ACL loading, which might
be due to their respective use of static optimization (4) or
EMG-informed approaches (5) to derive muscle activation
patterns. An EMG-informed model accounts for subject- and
task-specific muscle activation patterns, which is important
as Navacchia et al. (5) demonstrated tibia anterior shear is
sensitive to levels of knee muscle cocontraction. Thus, incorporating EMG into computational models may clarify the role
of muscle in ACL loading during tasks known to elicit high
levels of cocontraction.
This study aimed to calculate ACL force during a standardized drop-land-lateral jump task in females, using a validated
computational model (24). The second aim was to determine
contributions of knee muscles to ACL force. The underlying computational model incorporated subject- and task-specific muscle
activation patterns using an EMG-informed neuromusculoskeletal
modeling approach (24). Females were studied because of the
marked disparity between the sexes in the rates of ACL injury.
It was hypothesized the ACL would receive the majority of its
loading via the sagittal plane mechanism, involving joint contact, muscle, and intersegmental forces, based on experiments
performed on cadavers (25) and previous computational simulations of landing mechanics (24,26). It was also hypothesized,
based on cadaveric experiments (25), the quadriceps would be
the primary ACL loader (i.e., antagonists) and the hamstrings
the main supporters (i.e., agonists).

1236

Official Journal of the American College of Sports Medicine

METHODS
This study was approved by the University of Melbourne
Human Research Ethics Committee (no. 1442604), and data
acquisition was conducted at the Centre for Health, Exercise
and Sports Medicine, University of Melbourne, Australia.
Twenty-four healthy females (age, 19.9 ± 4.1 yr; mass,
59.8 ± 9.3 kg; height, 1.65 ± 0.06 m; body mass index,
21.9 ± 3.4 kg.m−2) volunteered to participate in this study
and were recreationally active with no history of lower limb
injury, knee pain, or previous ACL or meniscal injuries. All
participants were classified as late/postpubertal based on Tanner’s pubertal classification system (i.e., Tanner stages IV and
V). Participants, or their parents/guardians for those <18 yr of
age, provided their informed consent before data collection.
Each participant attended a laboratory-based testing session, wherein three trials of a standardized drop-land-lateral
jump from atop a box and three trials of running at their natural
running speed (2.8 to 3.2 m·s−1) were performed. One dropland-lateral jump and one running trial were subsequently
used for model calibration, described in greater detail later in
this section. To standardize the drop-land-lateral jump, box
height was normalized to 30% of each participant’s leg length
to impose a similar task demand across individuals of different
stature. For the drop-land-lateral jump, participants began by
standing on their dominant leg at the center of the box, which
was positioned 10 cm from the force plate, with their hands
folded across their chest. Participants were instructed to drop
down and land on their dominant leg on the marked target at
the center of the force plate and immediately perform a 90° lateral
jump landing on their contralateral leg on the marked target set at
a distance of 150% their lower limb length from the center of the
force plate. Participants were asked to perform the drop-landlateral jump task as quickly as possible. This task was selected
for analysis based on its similarity to single-leg landing maneuvers performed in sports, given the majority of ACL ruptures occur during single-leg stance (27).
During the running and drop-land-lateral jump, three-dimensional
body motion (i.e., trunk, pelvis, lower limbs, and feet), ground
reaction forces (GRF), and EMG were synchronously and
concurrently acquired. Three-dimensional motion was acquired using a 12-camera motion capture system (Vicon Motion Systems, Oxford, UK) sampled at 120 Hz, whereas
GRF were acquired using ground embedded force platforms
(AMTI, Watertown, MA) sampled at 2400 Hz. Muscle activations were acquired using a wireless surface EMG system
(Noraxon, Scottsdale, AZ) sampled at 2400 Hz. Each participant was outfitted with retroreflective markers mounted on
specific anatomical landmarks as previously described (28).
Surface EMG electrodes were applied overlying the eight major lower limb muscles spanning the knee (i.e., rectus femoris,
vastus lateralis, vastus medialis, tibialis anterior, lateral gastrocnemius, medial gastrocnemius, lateral hamstrings, and medial hamstrings) of the dominant leg, consistent with the guidelines from
Surface Electromyography for the Non-Invasive Assessment of
Muscles (http://www.seniam.org/). These muscles were selected
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because of their large cross-sectional area (i.e., they have substantial force generating capability), because they span the
knee (i.e., can directly influence knee loads), and because they
are accessible (i.e., superficial to the leg, hence suitable for
surface EMG). Data were filtered using second-order, zerolag, Butterworth filters, where body markers and GRF were
low-pass filtered with 6-Hz cutoff frequency. Raw EMG was
first band-pass filtered (30–300 Hz), full-wave rectified, and
then low-pass filtered with a cutoff frequency of 6 Hz to produce linear envelopes. Each EMG linear envelope was subsequently normalized to its maximum envelope value identified
from all available trials.
External biomechanics as well as muscle and ACL forces
were determined from comprehensive motion analysis data
collected in the laboratory using the processing pathway presented in Figure 1. The external biomechanics during the
drop-land-lateral jump task were determined using OpenSim
(21) version 3.3. A full-body generic musculoskeletal model
was used, consisting of 37 degrees of freedom and 80 muscle–
tendon unit (MTU) actuators (29). This generic model was
modified by adding dummy tibias of negligible mass and associated universal joints without changing the original knee
mobility of flexion/extension and other coupled motions
(i.e., abduction/adduction rotation, internal/external rotation,
superior–inferior translation, and anterior/posterior translation) prescribed as functions of knee flexion. This modification enabled the computation of three-dimensional knee
loads and tibiofemoral contact forces needed for subsequent
ACL force modeling (30). This modified generic musculoskeletal model was then linearly scaled to match gross dimensions of each participant using prominent bony landmarks and
hip joint centers (24). After linear scaling, muscle and tendon
operating ranges are not necessarily preserved (31); therefore,

tendon slack and optimal fiber lengths for each MTU actuator
were optimized to preserve the dimensionless force–length
operating curves (32). The final preparation of the musculoskeletal model for each participant involved updating maximum isometric strength of each MTU actuator using the
relationships of lower limb muscle volumes with overall mass
and height, as per Handsfield et al. (33). Then OpenSim inverse kinematics, inverse dynamics, and muscle analysis tools
were used to determine joints motions (i.e., general coordinates), net external joint forces and moments, and MTU kinematics, respectively (21).
The conditioned EMG, external biomechanics, and MTU
kinematics were combined to estimate lower limb muscle forces
using the Calibrated EMG-Informed Neuromusculoskeletal
Modelling (CEINMS) toolbox (34). For each participant,
CEINMS was first run in calibration mode using one dropland-lateral jump and one running trial. Calibration is an
optimization process, whereby each participant’s excitationto-activation and MTU actuator parameters are adjusted,
within physiological bounds, to minimize error between joint
moments calculated from inverse dynamics and those from
CEINMS. We calibrated for sagittal plane moments about the
hip, knee, and ankle of the dominant (i.e., EMG instrumented)
limb. Once calibrated, we used CEINMS in EMG-assisted
mode (34) to estimate forces for lower limb muscles, as well
as tibiofemoral contact forces, for all drop-land-lateral jump
trials. In EMG-assisted mode, we used the experimentally
collected EMG (i.e., from the above-mentioned eight lower
limb muscles) as inputs, along with the external biomechanics, to synthesize excitations for the remaining 32 MTU of
the lower limb using a neural control solution that minimally
adjusted the experimentally collected EMG to match joint
moments from inverse dynamics. Adjusted and synthesized
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FIGURE 1—Schematic of ACL force calculation workflow composed of three main parts: experimental acquisition of movement data (yellow), data processing
(orange), EMG-driven musculoskeletal modeling, and ACL force calculation (blue). The box blocks represent the processing tools, and the arrows represent
the input/output to/from each tool. Fmuscle, muscle forces due to their direct line of action; Fcontact, tibiofemoral contact force; FACL, force in the ACL.
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excitations were achieved by minimizing the following objective function:
E ¼ αEMOM þ βEEXC þ γEEMG

½1

where EMOM is the sum of squared differences between predicted (CEINMS generated) and experimental (inverse dynamics) joint moments, EEXC represents the sum of squared
excitations for all MTU, and EEMG is the sum of differences between adjusted EMG excitations and recorded EMG excitations. Factors α, β, and γ are positive weighting coefficients
(34). We set the values of α and β to 1 and optimized weighting
of γ to minimize errors in adjusted muscle excitations and predicted joint moments.
The combined OpenSim and CEINMS modeling were
used to estimate lower limb muscle forces, joint loads, and
tibiofemoral contact forces, which were then incorporated into
a previously validated model (24) to quantify ACL force and
the biomechanical contributions to this force. The model was
developed from experimental data, where a wide range of
multiplanar load magnitudes and combinations were externally applied to instrumented cadaveric knees (22,23,25).
These loads were in the sagittal (anterior–posterior drawer
and compression forces), frontal (varus/valgus moments),
and transverse (internal/external rotation moments) planes.
The empirical relationships between experimental multiplanar
loads and ACL forces were modeled as the linear summation
(equation 2) of a set of exponential functions, where the function constants were fitted to the data using a nonlinear least
squares method (24). Once developed, the ACL force model
was validated against a subset of experimental multiplanar
knee loading data (25) not used for model fitting. The ACL
force model showed excellent accuracy in predicting experimentally measured ACL forces (i.e., coefficient of determination R2 = 0.96; root-mean-square error = 55 N; P < 0.001),
narrow limits of agreement, and negligible bias across a wide
range of loading magnitudes and combinations (24).
In brief detail, the model estimated ACL force by accounting for the multiple uniplanar loading contributions and their
interactions, i.e.,
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sag
front
trans
FACL ¼ FACL
þ FACL
þ FACL
þ ∑j CTj

½3

AP
where Fmuscle
is the component of the knee-spanning muscle
AP
forces acting in the anterior–posterior direction, Fintersegmental
is the intersegmental force in anterior–posterior direction calAP
culated by inverse dynamics, and Fcontact
is the component of
the reaction force caused by tibiofemoral compression acting
in anterior–posterior direction due to the posteriorly sloped
tibia (assigned average values of 7.5° and 5.2° for medial
and lateral tibial plateau slopes for females, respectively)
(24) (Fig. 2).
front
Similarly, FACL
is the ACL force due to the knee’s net fronvar=val
tal plane (varus/valgus) moments (Mnet ), i.e.,
Var=Val

Mnet

Var=Val

Var=Val

¼ Mmuscle þ Mintersegmental

½4

var=val

where Mnet
is derived from the varus/valgus muscle
Var=Val
moments (Mmuscle ) (i.e., muscle forces multiplied by their moment arms in frontal plane) and intersegmental knee varus/
Var=Val
valgus moments calculated via inverse dynamics (Mintersegmental).
trans
Further, FACL was the ACL force due to the knee’s net transIR=ER
verse plane (internal/external rotation) moments (Mnet ), i.e.,
IR=ER

Mnet

IR=ER

IR=ER

¼ Mmuscle þ Mintersegmental

½5

IR=ER

where Mnet
is derived from the internal/external rotation
IR=ER
muscle moments (Mmuscle Þ (i.e., muscle forces multiplied by
their moment arms in transverse plane) and intersegmental
knee internal/external rotation moments calculated via inverse
IR=ER
dynamics (Mintersegmental ).

½2

sag
front
trans
where FACL
, FACL
, and FACL
are contributions to ACL force
developed in sagittal, frontal, and transverse planes, respectively, whereas CTj (for j = SF, ST, FT) represents interactions
between sagittal–frontal (SF), sagittal–transverse (ST), and
frontal–transvers (FT) planes loading (24). The ACL forces
sag
front
trans
in each plane (FACL
, FACL
, and FACL
) and interactions (CTj)
were determined using each plane’s estimated net loads. These
net loads were equivalent to externally applied loads in the cadaveric studies from which ACL forces were measured, with
anterior directed forces, varus moments, and internal rotation
moments considered positive.
sag
Specifically, FACL
was the ACL force due to the knee’s net
AP
anterior–posterior directed forces (Fnet
), i.e.,
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FIGURE 2—Sagittal plane knee loading (left axis) and ACL force (right
axis) during stance. Left axis: muscle forces due to their direct line of action
AP
AP
), tibiofemoral compressive contact force (Fcontact
), and interseg(Fmusle
AP
AP
). Fnet
is the net knee joint forces acting in
mental forces (Fintersegmental
AP
AP
AP
= Fmuscle
+ Fcontact
+
the anterior–posterior direction calculated as Fnet
AP
. Right axis: the tension in the ACL due to forces acting in
Fintersegmental
sag
). Shaded regions show stanthe anterior–posterior direction (FACL
dard error of the mean. Direction of sagittal plane knee load: anteriorly
(+) and posteriorly (−) directed. Silhouettes represent one participant during the stance phase of the task. First and last silhouettes are before and
after stance, respectively, shown to clarify the stages of the task.
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TABLE 1. Loading parameters at the two local peaks in the ACL force during the drop-landlateral jump performed by 24 participants reported as mean ± SD.

Peak

ACL Force
(N; BW)

Timing of ACL Force
(% Stance)

1st
2nd

1369 ± 308; 2.3 ± 0.5
1114 ± 255; 1.9 ± 0.4

13.9 ± 4.6
74.7 ± 6.1

Uniplanar Contributions
to ACL Force (%)
Sagittal

Frontal Transverse

94.8 ± 1.3 5.9 ± 3.4
94.7 ± 1.8 7.9 ± 4.8

7.3 ± 1.9
6.8 ± 2.4

RESULTS
During the stance phase of the drop-land-lateral jump, the
ACL sustained force that was substantial (i.e., magnitudes
greater than BW), continuous (i.e., no instances of zero force),
and smooth (i.e., no spikes). The ACL force magnitude oscillated, displaying two local peaks separated by a distinct local
minimum (Fig. 3B). Two peaks in the ACL force were identified at ~14% and ~75% of stance, with the first at
63.1 ± 17.4 ms after the initial foot–ground contact, whereas

ANTERIOR CRUCIATE LIGAMENT LOADING MECHANISM

FIGURE 3—Knee flexion angle (A) and ACL force (B) across the stance
phase of drop-land-lateral jump. The tension in the ACL due to forces actsag
), the force in the ACL due to
ing in the anterior–posterior direction (FACL
front
), and the force in the ACL due to momoments in frontal plane (FACL
trans
) contribute to ACL force (FACL). Shaded
ments in transverse plane (FACL
regions show standard error of the mean. Silhouettes represent one participant during the stance phase of the task. First and last silhouettes represent
posture before and after stance, respectively, and are added to clarify the
stages of the task.
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Finally, the interaction terms (CTj) account for the modulation of ACL forces, determined from net uniplanar loading
(equations 3–5), due to combined multiplanar loading. Further
details may be found in Figure S1A and B in the Supplemental
Digital Content (see Figure, Supplemental Digital Content 1,
Uniplanar ACL forces across the stance phase of the dropland-lateral jump task, http://links.lww.com/MSS/C237), which
demonstrates frontal and transverse plane knee moments and
ACL force.
Biomechanical analyses were performed across the stance
phase of the drop-land-lateral jump task and normalized to
101 data points. Stance phase was defined from initial to final
foot–ground contact on the landing leg. For each participant,
three trials of drop-land-lateral jump were analyzed then averaged to produce one curve for ACL force and its uniplanar
contributors across stance phase. From these average curves
for each participant, we extracted values corresponding to
two local maximums of ACL force (raw [N] and normalized
to bodyweight [BW]) and the relative contributions (% of
ACL force, reported as mean ± SD) from each plane of motion
(Table 1). For conventional statistical analysis, we grouped
muscles based on their commonly attributed function about
the knee (e.g., extensors or flexors) and their loading effect
on the ACL (i.e., elevating or lowering force through the sagittal plane mechanism) at the time of the first peak of ACL
force. The first peak of ACL force is our focus because video
analysis of ACL rupture events from various sports identifies
rupture to occur shortly after foot–ground contact (i.e., within
50 ms) (35).
One-way ANOVA and post hoc t-tests were used to assess
differences between the relative contributions of individual
muscles and muscle groups to the anteriorly directed force
on the tibia generated by knee-spanning muscles (Fmuscle) at
the first peak of ACL force. Statistical significance was set
to P < 0.05 for the ANOVA, and then Bonferroni correction
was applied to the post hoc t-tests. All statistical analyses were
performed using the Statistical Package for the Social Sciences
(version 25; IBM, Armonk, NY).

the global maximum for ACL force was ~1370 N (~2.3 BW).
The majority of ACL force was developed through the sagittal plane, with small contributions via frontal and transverse
planes (Fig. 3). At the first peak in ACL force, >94% of
ACL force was generated through the sagittal plane, and frontal and transverse plane contributions were <8% (Table 1). Of
note, ACL force is not equal to the sum of uniplanar contributions because of the disproportionate and nonlinear additive
nature of multiplanar knee loading (24).
In the sagittal plane, muscles were primary contributors to
ACL force through their direct anterior–posterior lines of action and compressive contact forces applied to the posteriorly
sloped tibia (Fig. 2). Despite the posteriorly directed net intersegmental force applied to the knee, the ACL developed
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tension continuously throughout this task because of the large
magnitude anteriorly directed muscle and contact forces. In
the frontal plane, muscles generated knee valgus moment to
counter the varus intersegmental moments, which resulted in
net valgus moment supported by the ACL and other soft tissues (see Fig. S1A, Supplemental Digital Content 1, Uniplanar
ACL forces across the stance phase of the drop-land-lateral
jump task, http://links.lww.com/MSS/C237). In the transverse
plane, muscle generated external rotation moment about the
knee to counter the internal rotation intersegmental moments,
which resulted in net external rotation moment supported by
the ACL and other soft tissues (see Fig. S1B, Supplemental
Digital Content 1, Uniplanar ACL forces across the stance
phase of the drop-land-lateral jump task, http://links.lww.
com/MSS/C237).
At the first peak of ACL force, the gastrocnemii and the
quadriceps were the primary muscle groups causing the anteriorly directed tibial force (Fig. 4A), providing 67.3% ± 14.4%
and 68.2% ± 14.4% relative contributions, respectively.
These contributions were not significantly different to each
other (P > 0.05) but were significantly larger compared with
the other muscle groups. The hamstring muscle group was
the main contributor to posteriorly directed force, making
−30.8% ± 17% contribution. This was significantly larger
(ignoring sign) (P < 0.05) compared with the unloading
contribution from other small knee-spanning muscle groups
(−4.7% ± 4.6%).
Of the individual muscle contributions (Fig. 4B), gastrocnemius medialis and vastus lateralis made the greatest relative
contribution to anteriorly directed net muscle force at the first
peak of ACL force, accounting for 51.5% ± 12.45% and
38% ± 11.1%, respectively. Their contributions were not significantly different to each other (P > 0.05) but significantly
higher than all other ACL loading muscles (P < 0.05). Gastrocnemius lateralis, vastus intermedius, and rectus femoris
made similar contributions of 15.7% ± 6.2%, 13.5% ± 5.2%,
and 10.2% ± 5.2%, respectively, which were not significantly
different to each other (P > 0.05). Vastus medialis made
6.4% ± 2% relative contribution to the anteriorly directed net
muscle force, which was significantly lower compared with
all other ACL loading muscles, except for rectus femoris
(P < 0.05).
The semimembranosus was the main muscle generating posteriorly directed force to the tibia, making −21.9% ± 14.3% relative contribution to the anteriorly directed net muscle force
(Fig. 4B). Except for biceps femoris long head, contribution
from semimembranosus was significantly higher compared
with all the other ACL unloading muscles (P < 0.05). The rest
of the contributions from the ACL unloading muscles were
less than −5.5% (ignoring sign), and some significant differences were observed (P < 0.05).

DISCUSSION
This study explored the ACL loading mechanism during an
athletic task and considered the contributions from individual
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FIGURE 4—Grouped (A) and individual (B) muscle loads applied to the
tibia in the sagittal plane at the first peak in ACL force. Direction of muscle forces: anteriorly (+) and posteriorly (−) directed. Left axes display the
absolute muscle forces (N), and right axes display relative contributions
(%) to net anterior–posterior force from all muscles (Fmuscle). The symbols
atop the bars represent significant differences. In panel A, * indicates significant difference from other muscle groups. In panel B, the muscles that
load the ACL via an anteriorly directed force are compared with each
other, wherein † indicates significant difference from gaslat and vasint,
# indicates significant difference from gasmed and vaslat, and $ indicates
significant difference from recfem. The muscles that load the ACL via a
posteriorly directed force are compared with each other, wherein ** indicates significant difference from sart, grac, bfsh, and tfl; ¥ indicates significant difference from semiten; ‡ indicates significant difference from bfsh
and tfl; and € indicates significant difference from tfl. Error bars represent standard error of the mean. gasmed, gastrocnemius medial head;
vaslat, vastus lateralis; gaslat, gastronemius lateral head; vasint, vastus
intermedius; recfem, resctus femoris; vasmed, vastus medialis; bfsh, biceps
femoris short head; tfl, tensor fasciae latae; grac, gracilis; sart, sartorius;
semiten, semitendinosus; bflh, biceps femoris long head; semimem,
semimembranosus.

and grouped knee-spanning muscles using and EMG-informed
neuromusculoskeletal model combined with a validated ACL
force model. Results support the first hypothesis that the primary mechanism of ACL loading was through the sagittal
plane during this task. Gastrocnemii and quadriceps groups
made the greatest relative contribution to anteriorly directed
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However, recent studies have shown that the ankle-spanning
muscles are highly recruited to generate the torque and power
essential to task performance during demanding dynamic
single-leg tasks (e.g., sidestep cutting) (39). In this study, we
observed moderate knee flexion (37° ± 11°) at the first peak
of ACL force, and at this position the gastrocnemii can apply
substantial posteriorly directed force to the femur due to their
anterior–posterior lines of action as well as their compression
forces applied to a posteriorly sloped tibia (40). Overall, we
found muscle contributions to be the anteriorly directed force
on the tibia; thus, ACL force, through their anterior–posterior
lines of action, was greater than that from compression of the
posteriorly sloped tibia. Nevertheless, both mechanisms were
found important contributors to ACL loading and should be
considered when investigating the risk of ACL injury.
The hamstrings were the primary knee-spanning muscles
generating posteriorly directed force to the tibia, supporting
our second hypothesis and consistent with previous findings
(4). Hamstrings can apply a posteriorly directed force to the
tibia to support the ACL when the knee is moderately flexed,
as we observed at the peak ACL force during this task. However, their ACL support is partially offset by the hamstrings
having lines of actions with vector components perpendicular
to the tibial plateau, which generate tibiofemoral compression
and consequently anterior force due to the posteriorly sloped
tibia. Hamstrings likely provide better restraint of the tibia at
greater knee flexion as their contribution to tibiofemoral compression diminishes (41). However, at greater knee flexion,
medial and lateral hamstrings have diminished capacity to support varus and valgus knee moments (7), potentially increasing
the ACL loading from these frontal plane moments. Suffice to
say, any muscle’s contribution to ACL loading or support
varies with changes in lower limb kinematics, which alter
the muscle’s line of action and force generating capacity.
Thus, modeling as performed in this and similar studies can
delineate the role of muscle in loading or unloading the ACL.
In this study, the largest ACL force across participants
(~1845 N) was below average ACL failure load (~2160 N) reported in young specimens (42). The presence of such elevated
ACL force might suggest that the individual was approaching
ACL failure strength, our modeling overestimated ACL force,
or ACL failure load is higher than that reported in the literature. However, average peak ACL force in this study is higher
compared with previous direct measurement from strain
gauges (if a conversion from strain to force is made) (12)
and indirect measurement from medical imaging-based
methods (13,14). This might due to the different motor tasks
examined in previous studies, where individuals performed
single-leg hopping (12) and single-leg vertical jump (13) from
the ground or double leg jump landing from a box (14). These
tasks might have been less demanding compared with the task
performed in this study, where individuals dropped from a considerable height (30% of leg length) onto one leg, followed immediately by a nested motor task in the form of a lateral bound.
In addition, these past studies were performed on male participants (12–14), whereas the current study examined females.
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tibial force, thus loading the ACL. The hamstring muscle group
was the main ACL supporter, applying posteriorly directed tibial force. These findings suggest ACL force might be lowered
during dynamic tasks by augmenting hamstring activation and/
or lowering gastrocnemius activation.
The finding that the ACL was loaded primarily through the
sagittal plane is consistent with modeling studies of landing
tasks (24,26) but different from direct measurements taken
from cadavers (25,36,37). Studies performed on cadavers indicate knee internal rotation, varus, and valgus moments make
large contributions, in addition to sagittal plane forces, to loading the ACL. The discrepancy between results from modeling
and cadaveric studies may be due to the different knee kinematics and loads occurring in live humans compared with cadaveric specimens. In recent cadaveric experiments (25,36),
the femur was mounted on an instrumented rig, in which
multiplanar external loads and artificial muscle loads were
applied to the shank with an axial compressive impact
superimposed. This resulted in considerable nonsagittal knee
motions (e.g., 27° valgus and 38° tibial rotations), which do
not occur during noninjurious dynamic tasks such as those
performed in a motion capture laboratory. Moreover, the anterior force applied to the cadaver tibia was considerably smaller
in magnitude (e.g., 268 N) compared with the net anterior–
posterior knee load estimated by our model of the dynamic
motor task (e.g., ~2000 N). Furthermore, in the current study,
there was considerable muscular support of the externally applied varus and internal rotation moments, possibly greater
than used in the cadaveric studies. Together, these differences
may account for the relatively small contributions from anterior tibia force to ACL loading compared with valgus and internal rotation moments found in experiments conducted on
cadavers. On the other hand, the contribution to ACL force
from frontal plane loading might increase if the performed
activity induced greater external valgus knee moments than
those generated by the task in the current study, which involved predominantly sagittal motions of the drop landing
leg, with relatively small frontal plane loading that did not involve large external valgus knee moments.
Contrary to the second hypothesis, the gastrocnemii and the
quadriceps made the greatest contributions to the anteriorly directed force applied to the tibia (Fig. 4). The large gastrocnemii contribution is consistent with a previous study that used
an EMG-informed method to determine muscle forces and
their contributions to knee loading during a drop landing task
(5). By contrast, Mokhatrzadeh et al. (4) reported small gastrocnemii contribution to ACL loading during a landing task.
This discrepancy in the role of the gastrocnemii is potentially
due to use of static optimization (4), compared with
EMG-informed methods, to determine muscle forces (4),
underestimating gastrocnemius activation and its role in
ACL loading. Together with results of Navacchia et al. (5),
our findings highlight the importance of the gastrocnemii in
ACL loading, which may have been previously overlooked. Indeed, many previous studies focused on the roles of the quadriceps and hamstrings in ACL injury risk (38) or loading (15,16).
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Compared with a previous modeling study (43) examining
a stop-jump task performed by young females, our peak
ACL force (1369 N; ~2.3 BW) is of similar magnitude
(1150 N; ~2 BW) and timing (~14% and ~17% of stance, respectively) (43). However, our estimated peak ACL force is
higher compared with other previous models’ estimations
(4,44), which may have several explanations. First, previous
models focused exclusively on the sagittal plane ACL loading
mechanism, despite empirical evidence showing that estimation of ACL forces based on multiplanar loading mechanisms
can result in smaller or greater ACL forces compared with
ACL forces estimated from uniplanar loading alone (22,25).
Indeed, ACL loading depends on knee posture, external loading magnitudes and specific combinations, as well as muscles’
actions in the different loading planes. Second, previous studies examined single or double leg drop jumps confined to the
sagittal plane (4,44), whereas the task performed in the current
study involved some out-of-sagittal-plane motion to perform
the lateral jump, likely causing larger frontal and transverse
plane loading, which in turn prompted high levels of muscular
cocontraction about the knee to stabilize the joint (8). Third,
we found considerable gastrocnemii contribution to ACL loading using an EMG-informed neuromusculoskeletal modeling
approach that respected the individual’s muscle activation patterns, whereas gastrocnemii contributions were very small when
static optimization was used for muscle force estimation (4).
In the present study, two local ACL force peaks were observed, corresponding with absorption and push off, respectively. The local minimum separating the peaks roughly
aligned with peak knee flexion. The first peak occurred shortly
after foot–ground contact (~14% of stance, 63.1 ± 17.4 ms),
similar to the previous simulations (4) after correcting for
between-study differences in the definition of movement
phases. The timing of the peak ACL force in this study is similar to the time of rupture (54 ± 24 ms) measured in cadaveric
experiments (45). By contrast, in vivo measures of ACL strain
(13,14) reported peak strain ~50 ms before the initial foot–
ground contact during a jump and land task. However, video
analyses of sport-related ACL injury indicate that rupture occurs after the initial foot–ground contact, which is supported
by results of destructive experiments performed on cadavers
(25,45). Potentially, the jump and land task monitored through
in vivo measurement methods was not demanding enough to reproduce the timing of ACL loading seen during rupture events.
In general, ACL loading is driven by complex interplay between muscle forces, body and inertial loads, joint contact
forces, and the other passive soft tissues at the knee. Based
on our findings, the hamstrings primarily support the ACL;
thus, hamstring recruitment is a viable target for reducing
ACL load, as found previously (46). Indeed, low hamstringto-quadriceps strength ratio has been suggested to increase
the risk of ACL injury (47). High levels of quadriceps-tohamstring cocontraction could protect the ACL, whereas high
quadriceps–gastrocnemius cocontraction in the absence of
hamstring force could load the ACL (5). However, it is not
clear how individual or group-level muscle recruitment can
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readily be increased or decreased by training and retained during dynamic tasks. Some studies have shown that isometric
strength or balance training is ineffective in increasing
hamstring-to-quadriceps cocontraction (48,49). Others suggest that specific strength training can increase quadricepsto-hamstring cocontraction and potentially benefit ACL injury
prevention and rehabilitation (50). Thus, the selection, intensity, and biofeedback of exercises might be important when
focusing on ACL injury prevention, as suggested by earlier
studies (51,52). However, the effects of muscle activation
and forces on ACL loads are complex, and therefore, using
the real-time modeling of ACL force for biofeedback would
enable personalized strategies for ACL force reduction and
may eventually reduce the risk of ACL injury.
A limitation of this study may be the use of scaled musculoskeletal model in the simulations. A higher-fidelity anatomical
and neuromuscular representation of the individual will provide more accurate prediction of internal body mechanics,
but the effects of increasing model personalization on ACL
force estimates is unclear. Second, in our musculoskeletal
model, knee varus/valgus rotations, internal/external rotations,
and translations are prescribed as functions of knee flexion and
not independent model mobilities resolved via inverse kinematics. Analyzing secondary knee motions might provide useful information because the drop-land-lateral jump task has
nonsagittal plane motions. However, analysis of nonsagittal
knee motion via three-dimensional motion capture with skin
surface markers carries considerable error (53). Secondary
knee joint motions can be accurately recorded via dynamic radiography (54), yet infeasible for large cohorts. Third, the box
height from which the participants jumped was normalized to
create a similar neuromuscular demand between participants
of different heights. However, the kinetic energy at ground impact is also influenced by participant mass, which was not considered in the normalization of the box height and may have
contributed to variability in ACL loading between participants. However, the height and mass variations in our sample
were small; thus, it seems unlikely it would have confounded
our interpretation of the results. Fourth, the role of non–kneespanning muscles, which might influence the intersegmental
loads through the dynamic coupling in multibody systems,
was not considered in this study. Finally, because of the higher
rates of ACL injury in females, we studied only healthy young
female participants. Therefore, the conclusions from this study
may not be extended to males. In the future, studying both
sexes could reveal sex-specific ACL loading mechanisms. Despite these limitations, our study found the timing of peak ACL
force consistent with video analysis of injury and destructive cadaveric testing. Importantly, our analysis clarifies how ACL
forces are generated during a standardized movement task, which
provides further understanding of the ACL loading mechanisms.

CONCLUSION
The ACL was loaded primarily through the sagittal plane
during a standardized drop-land-lateral jump task. Muscles
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generated substantial forces directed anteriorly to the tibia,
hence causing ACL force through their anterior–posterior
lines of action, outweighing smaller contributions made
through tibiofemoral compression. The gastrocnemii and
quadriceps were the main ACL loaders, whereas the hamstrings were the major supporter of the ACL. Results highlight the important role of the gastrocnemii in ACL loading,
which may have previously been overlooked and may be

considered more prominently in ACL injury prevention and
rehabilitation programs.
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