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Background: Previous studies have examined the effect of whole body (WB) parameters on anterior cruciate ligament (ACL)
strain and loads, as well as knee joint kinetics and kinematics. However, articular cartilage damage occurs in relation to ACL fail-
ure, and the effect of WB parameters on ACL strain and articular cartilage biomechanics during dynamic tasks is unclear.

Purposes: (1) To investigate the effect of WB parameters on ACL strain, as well as articular cartilage stress and contact force,
during a single-leg cross drop (SLCD) and single-leg drop (SLD). (2) To identify WB parameters predictive of high ACL strain dur-
ing these tasks.

Study Design: Descriptive laboratory study.

Methods: Three-dimensional motion analysis data from 14 physically active men and women were recorded during an SLCD and
SLD. OpenSim was used to obtain their kinematics, kinetics, and muscle forces for the WB model. Using these data in kinetically
driven finite element simulations of the knee joint produced outputs of ACL strains and articular cartilage stresses and contact
forces. Spearman correlation coefficients were used to assess relationships between WB parameters and ACL strain and carti-
lage biomechanics. Moreover, receiver operating characteristic curve analyses and multivariate binary logistic regressions were
used to find the WB parameters that could discriminate high from low ACL strain trials.

Results: Correlations showed that more lumbar rotation away from the stance limb at peak ACL strain had the strongest overall
association (r = 0.877) with peak ACL strain. Higher knee anterior shear force (r = 0.895) and lower gluteus maximus muscle force
(r = 0.89) at peak ACL strain demonstrated the strongest associations with peak articular cartilage stress or contact force in �1 of
the analyzed tasks. The regression model that used muscle forces to predict high ACL strain trials during the dominant limb SLD
yielded the highest accuracy (93.5%), sensitivity (0.881), and specificity (0.952) among all regression models.

Conclusion: WB parameters that were most consistently associated with and predictive of high ACL strain and poor articular
cartilage biomechanics during the SLCD and SLD tasks included greater knee abduction angle at initial contact and higher ante-
rior shear force at peak ACL strain, as well as lower gracilis, gluteus maximus, and medial gastrocnemius muscle forces.

Clinical relevance: Knowledge of which landing postures create a high risk for ACL or cartilage injury may help reduce injuries in
athletes by avoiding those postures and practicing the tasks with reduced high-risk motions, as well as by strengthening the
muscles that protect the knee during single-leg landings.

Keywords: knee; ACL injury; single-leg cross drop; neuromuscular intervention; motion analysis experiments; computational
biomechanics

Anterior cruciate ligament (ACL) injuries are quite com-
mon among young athletes, with devastating professional,
financial, and social consequences.22 Proper execution of
high-speed dynamic athletic maneuvers can help reduce
injury rates. Neuromuscular interventions have shown

positive outcomes in injury reduction20,24,28; however, the
overall number of ACL injuries continues to rise, indicat-
ing a need to develop task-specific guidelines tailored to
different athletic tasks. Risk reduction programs have
focused on techniques that can alter kinematics and
kinetic parameters identified as contributors to an ACL
injury, including high knee abduction angles and
moments,25,34 low knee flexion,43 and high internal or
external rotation of the tibia.34 Yet, these loads and
motions at the knee joint do not occur without coupled
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motions of other body parts,50 and a thorough understand-
ing of the relationship between other joints’ kinematics
and knee joint biomechanics is crucial for developing a com-
prehensive training program.

Researchers have used various methods, including
motion analysis experiments, musculoskeletal simulations,
and finite element (FE) analyses, to gain information on
the associations between muscle forces45 and kinematics
(upper body,10,19 lower body,19 whole body [WB]10,13,15,61)
with knee joint biomechanics and ACL forces46 during ath-
letic tasks, such as those requiring single-leg landings.
However, previous studies are limited in several ways
that limit translation to injurious scenarios. First, the
knee was modeled with limited degrees of freedom (DOF)
in several studies, allowing only for flexion-extension, with
other rotations and translations constrained as functions
of flexion45 or including just the 3 knee rotations,13,15 which
neglect anterior tibial translation. Yet, anterior tibial shear
force secondary to increased translation is a known contrib-
utor to ACL strain and should not be ignored. Second, mus-
cle forces were not included in several studies.13,15 Although
electromyography has been used to infer muscular contribu-
tions, such studies can report only surface muscle activa-
tions,7 which lack the ability to provide information on the
role of the deep muscles in knee joint loading and, hence,
ACL and cartilage biomechanics. Additionally, simplifying
the ligament representations from the anatomic 3-dimen-
sional geometries to 2-dimensional springs or modeling car-
tilage tissues as rigid structures limits the capability of
existing FE studies in reporting tissue stress under various
loading conditions.41,61,62 Last, previous studies10,13,15,61

that investigated the effect of WB kinematics on ACL injury
mechanisms during dynamic tasks have rarely reported on
the resulting effect on articular cartilage biomechanics. Car-
tilage damage often occurs concomitantly with ACL injury,
highlighting the implications of understanding the effect of
WB parameters on ACL and cartilage biomechanics relative
to long-term joint health, given the higher risk for osteoar-
thritis in this population.58

Among the many athletic tasks that may increase the
risk for ACL injury, the single-leg cross drop (SLCD) has
been identified as a suitable screening task because of
the involvement of the trunk control challenge and its
inherent multiplanar joint motions.14 This task requires
the individual to jump from 1 limb off a raised platform
and to land on the opposite limb across the body. The kinet-
ics and kinematics of the SLCD have been studied14; how-
ever, the effect of WB parameters on ACL strain and

cartilage biomechanics remains unclear for this task. The
single-leg drop (SLD) has been evaluated in previous stud-
ies33,37,40 and has served as a clinical screening tool,30

given its ability to provide kinematics and kinetics infor-
mation in the frontal plane,33 such as hip and knee abduc-
tion angles and moments, and its ease of performance and
assessment.40

Thus, the primary objective of this study was to investi-
gate the effects of WB kinematics, kinetics, and muscle
forces on ACL strain and articular cartilage biomechanics
during 2 dynamic tasks of SLCD and SLD using methods
both in vivo (motion analysis) and in silico (musculoskeletal
and FE). To extend on previous investigations, we sought to
model the knee with 5 DOF and account for the effect of
lower body and lumbopelvic musculature when reporting
values of ACL strain and articular cartilage stress and con-
tact force. The secondary objective of the study was to iden-
tify the cutoff values of the WB parameters that are able to
predict high ACL strain under each condition. On the basis
of previous literature,10,13,45,61 we hypothesized that partic-
ipants at high risk for the ACL injury mechanism and ACL
strain could be identified via several WB parameters, such
as increased trunk lateral bending away from the stance
limb, increased hip abduction, decreased ankle plantarflex-
ion, lower force production of the lumbopelvic musculature,
and higher quadriceps forces.

METHODS

Motion Capture Experiments

Fourteen young, physically active volunteers with no his-
tory of knee injury participated in this experiment (7
women and 7 men; mean 6 SD age, 23.64 6 2.65 years;
height, 1.74 6 0.08 m; weight, 68.52 6 8.75 kg). The level
of physical activity was described in 2 ways: the Tegner
Activity Scale and the International Physical Activity Ques-
tionnaire (Appendix A, Table A1, available in the online ver-
sion of this article). Leg dominance was determined as the
limb that would be used to kick a ball. All participants filled
out consent forms approved by the institutional review
board. The weights, heights, and anthropometric data of
the participants were measured. Warm-up exercises
included walking on a treadmill at a self-selected pace for
5 minutes. The participants were then free to do any
warm-up of their choice (eg, stretching and mobility).
Marker setup (detailed in Appendix A, available online) con-
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sisted of 46 reflective markers: 29 on the bony landmarks
and 17 tracking markers (Figure 1). Participants wore span-
dex shorts and tops to reduce the relative marker skin
motions. Marker trajectory data were collected for the static
pose and the dynamic trials using 12 Raptor-E cameras
(Motion Analysis Corp) with a sampling rate of 120 Hz.
Cameras were calibrated before each participant’s trial
measurements. Participants were asked to perform an
SLD and SLCD from a 30 cm–high platform and land on
a force plate (Optima 464508-2000; Advanced Mechanics
Technology) using their preferred postures on the dominant
and nondominant limbs. Participants repeated the tasks as
many times as required until 3 successful trials were
recorded for each task. Successful trials were defined as
landing with the whole stance foot on 1 force plate and hold-
ing the posture for a couple of seconds after landing. Raw
marker data were then smoothed in Cortex (Motion Analy-
sis) and postprocessed using Visual3D (Version 6.03.6; C-
Motion). Visual3D was also used to obtain hip, knee, and
ankle joint centers from the functional knee and anterior
superior iliac spine trials.

Low-pass second-order Butterworth filters with cutoff
frequencies of 6 and 12 Hz were used to filter kinematics
and kinetics, respectively. The vertical component of the
ground-reaction force was filtered with the cutoff fre-
quency of 100 Hz to reserve the peak.53

Musculoskeletal Modeling

Musculoskeletal simulations were performed in OpenSim
software12 (Version 4.0; OpenSim) using a full body model
(Figure 2A) with 5 DOF at the knee joint57 and a total of 31
DOF and 92 muscles in the model. A set of 46 markers was
placed on the model according to the same protocol used to
place them on the participants. The generic model was

scaled for each participant by using the recorded marker
data of one’s static pose. The scaling process was done in
several iterations to achieve acceptable marker errors
(root mean square \1 cm). Kinematics and kinetics were
then calculated using the OpenSim inverse kinematics
and inverse dynamics tools. OpenSim offers 2 optimization
schemes for calculating muscle forces and activations: com-
puted muscle control and static optimization. Computed
muscle control accounts for passive muscle forces leading
to higher muscle force values.51 Static optimization was
chosen in this study given that it was identified as the pre-
ferred method by other works39 for its robustness and com-
putational performance51 and its usage popularity in
reducing the redundancies while estimating muscle forces
in human motion problems.11 To ensure the acceptability
of the musculoskeletal simulations, the magnitudes of
residual forces and moments were checked to make sure
that they were within the acceptable limits mentioned by
the OpenSim documentation, typically \10 to 20 N and
75 N�m, respectively. Because residual forces and moments
were small, a reduced residual analysis was not performed.
Reserve torques used in the static optimizations were also
kept \5% of the maximum net joint moments, as recom-
mended by Hicks et al.27

The mean of 3 trials for each task was used as an input
to the FE simulations.6 Large variations among trials for 1
participant were seen in tibial rotation angles; therefore,
the outlier trial was excluded in averaging for that specific
participant.

FE Simulations

One of the 4 previously validated knee FE models was
selected for this study (23-year-old woman; height, 171.0 cm;
weight, 60.3 kg; body mass index, 20.6) (Figure 2B). Details

Figure 1. Marker arrangement on a female participant holding a static pose. For detailed views of marker placement, see Appen-
dix A, Figure A1 (available online).
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on model development and validation were presented in our
previous work.17

FE simulations consisted of 2 steps (Figure 3). In the first
step, the knee was flexed to the amount of flexion at initial
contact (IC). Knee extensor forces (rectus femoris and vasti)
and flexor forces (semimembranosus, semitendinosus, short
and long heads of biceps femoris, sartorius, and gracilis)
from the static optimizations were also applied in this step
for preconditioning. The second step was simulating the
landing phase for each jump. Noncontact ACL injury occurs
during 30 to 100 milliseconds from the initial foot contact
with the ground.26 Therefore, the second step in the FE sim-
ulations replicated the 100 milliseconds from IC. The model
was kinetically driven in this step, except for flexion.6 Exter-
nal loads from inverse dynamics—including knee abduction
moment, internal tibial rotation moment, anterior tibial
shear force, and knee compressive force from OpenSim
inverse dynamics—were applied to the joint while the
knee continued its flexion motion according to the angle
from inverse kinematics. Similar to previous studies, 50%
of the inverse dynamics moments were used in the FE anal-
yses because it is believed that muscles and other soft tissue
absorb half of these moments.6,23 Some of the past studies
have used 10% to 20% of these measured moments in their
models. Those studies did not include the patella and patel-
lar tendon58 or used different parameters for the soft tissue,
such as ligaments.1 In the current study, the patella and its
attachments were present, and as shown by Halonen et al,23

50% would provide a more accurate representation in simu-
lations. In both steps, the femur was fixed, and the kinetics
and kinematics were applied to the joint center that was
coupled to the tibia. Coordinate systems of the laboratory,
musculoskeletal software, and FE were different. Appropri-
ate transformations were used to apply the motions and
loads in the correct direction. In this study, the outputs of

the simulations consisted of peak relative ACL strain,
peak stress, and peak contact force on the articular carti-
lage. Relative ACL strain18,55,63 values were calculated
and reported (ie, the strain relative to the preimpact
length). The calculation of the ACL reference length was
explained in our previous work.17 Two points were selected
on the anteromedial bundle of the ACL with approximately
10-mm distance, according to the in vitro strain gauge
length in the study3 used for our validation work.17 The
length after preconditioning the ligament in the first step
of our current FE simulations was used as the reference
length for strain calculations.

Statistical Analysis

Open source Python42 (Version 3.8.8; libraries and pack-
ages NumPy, Pandas, Matplotlib, and Seaborn) and
SPSS (Version 28.0; IBM Corp) were used for data analysis
and visualization. Kinetics and muscle forces were normal-
ized for all statistical analyses. Moments were normalized
by the product of participants’ body mass (kilograms) 3

height (meters), forces by each participant’s body weight
(newton), and muscle forces by peak values (newton).

Spearman rho correlation coefficients (r) were used to
assess the relationships between WB parameters and tis-
sue biomechanics (ACL strain, articular cartilage stress,
and articular cartilage contact force). Correlations were
calculated separately for each of the 4 conditions: SLCD
with nondominant stance leg (SLCD-N), SLCD with domi-
nant stance leg (SLCD-D), SLD with nondominant stance
leg (SLD-N), and SLD with dominant stance leg (SLD-D).
The WB parameters entered in the correlation analyses
included lumbar, hip, knee, and ankle kinetics and kine-
matics at 3 instances (peak values, values at IC, and values
at peak ACL strain); muscle forces at peak ACL strain;

Figure 3. Steps of the finite element simulations. (A) Step 1
(preconditioning): the application of flexion angle, quadri-
ceps, and hamstring forces. (B) Step 2 (forces): anterior tibial
shear force and compressive force attributed to ground-
reaction force. (C) Step 2 (moments): internal/external tibial
rotation moment and knee abduction/adduction moment.

Figure 2. (A) Full-body OpenSim model with 5 degrees of
freedom at the knee joint and the 46 markers (dots).
(B) Knee joint finite element model. For more details on the
finite element model components, see Appendix B, Figure
B1 (available online).
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peak ground-reaction forces; peak ACL strains; and peak
cartilage contact forces and stresses. A Benjamini-
Hochberg correction was applied to all correlation coeffi-
cients to control for a 5% false discovery rate, and corrected
coefficients were interpreted as weak (0 \r\ 0.4), moder-
ate (0.4\ r\ 0.7), or strong (0.70\ r\ 1.0).35

For predicting the high ACL strain trials and finding the
cutoff values able to discriminate high versus low ACL
strain, the continuous data of kinetics, kinematics, muscle
forces, and ground-reaction forces for the 100-millisecond
landing phase of each task were divided into 8-millisecond
intervals for each participant, which led to 168 data points
for each task (similar to an approach used by a previous
study).61 These trials were then divided into 2 categories
for each task, based on the ACL strain value: high and
low ACL strain trials. Trials with ACL strain values above
the upper quartile were considered high ACL strain trials61

for each condition. The total number of input parameters in
each condition for kinematics, kinetics, and muscle force
variables was 16, 20, and 49, respectively. Next, receiver
operating characteristic (ROC) curve analyses and multi-
variate logistic regression analyses with the forward likeli-
hood ratio method were performed in SPSS. To reduce
data dimensionality and the number of input parameters
for the logistic regressions, we initially performed 12 ROC
analyses to identify the discriminative variables among
kinematics, kinetics, muscle forces, and ground-reaction
forces that were associated with ACL strain during each
condition. The area under each ROC curve (AUC) and corre-
sponding P values were used to determine the parameters
that could have a diagnostic ability to discriminate between
low and high ACL strain trials. Only statistically significant
parameters from ROC analyses were kept for logistic regres-
sion, and when multicollinearity (r . 0.9) was observed
among them, just the one with the highest AUC was entered
into the logistic regression. After logistic regression analyses
were performed, only statistically significant variables were
reported as the final discriminants. The AUC was used to
categorize the discriminators of high ACL strain trials, and
its strength was classified as �0.9 = excellent, 0.8-0.89 =
good, 0.7–0.79 = acceptable, 0.5-0.69 = poor, and �0.5 = no
discrimination.54 Overall accuracy, sensitivity, specificity,
likelihood ratios, and statistical significance of each regres-
sion model were also reported. All analyses were evaluated
at an alpha level of 0.05.

RESULTS

ACL Strain and Cartilage Biomechanics From FE

Table 1 shows the outputs of FE simulations. Peak stress
values ranged from 6.47 to 18.25 MPa, and peak contact
pressures were from 5.84 to 12.45 MPa. Peak contact forces
up to 5.72 body weight and 4.56 body weight were seen on
the medial and lateral tibial cartilage, respectively. Figure
4 shows ACL strain values during the 100 milliseconds
after initial floor contact, averaged across the participants
for each landing condition. Peak ACL strain occurred at 90,
85, 75, and 75 milliseconds after initial floor contact for
SLCD-D, SLCD-N, SLD-D, and SLD-N, respectively.

Correlation Between WB Parameters and ACL Strain
and Cartilage Biomechanics

Complete results for correlation coefficients and P values
for the parameters with strong correlations (r � 0.7) are
presented in Appendix C, Tables C1 to C5 (available
online). Correlations between WB parameters and ACL
strain, articular cartilage stress, and contact force are
included.

TABLE 1
Peak ACL Strain and Cartilage Stress and Contact Pressure Outputs From the FE Simulations During SLCD and SLDa

SLCD SLD

Peak Output Dominant Nondominant Dominant Nondominant

ACL strain, % 7.20 6 5.08 4.43 6 2.33 6.53 6 2.46 5.37 6 2.57
Cartilage, MPa
Stress 12.10 6 4.63 10.49 6 4.02 13.35 6 3.46 13.01 6 5.24
Contact pressure 8.33 6 2.49 8.35 6 2.34 9.22 6 2.40 10.20 6 2.25

aData are presented as mean6 SD. ACL, anterior cruciate ligament; FE, finite element; SLCD, single-leg cross drop; SLD, single-leg drop.

Figure 4. Anterior cruciate ligament (ACL) strain plots during
the whole 100-millisecond landing phase for SLCD-D,
SLCD-N, SLD-D, and SLD-N. Error bars show SE. D, domi-
nant stance; IC, initial contact; N, nondominant stance;
SLCD, single-leg cross drop; SLD, single-leg drop.
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Cutoff Values for the WB High-Risk Kinetics
and Kinematics

The upper quartile for relative ACL strain was 2.32%, 3.85%,
2.2%, and 3.53% for SLCD-N, SLCD-D, SLD-N, and SLD-D,
respectively. After ROC analysis and multicollinearity
assessment, only a few parameters were identified as statis-
tically significant discriminants and retained for the logistic
regression analyses for each WB parameter group. Tables 2
to 5 show statistically significant parameters for predicting
high ACL strain trials returned from the multivariate binary
logistic regressions. Overall accuracy, sensitivity, specificity,
likelihood ratios, and statistical significance of the regression
models are shown in Tables 6 to 9.

DISCUSSION

This study provided an understanding of the effect of WB
parameters on the ACL and articular cartilage biomechan-
ics in 14 physically active participants. Our main hypothe-
sis was that increased trunk lateral bending away from the
stance limb, increased hip abduction, decreased ankle
plantarflexion, lower force production of the lumbopelvic
musculature, and higher quadriceps forces may serve as
potential predictors of high ACL strain. Even though our
findings generally support this hypothesis, results from
the ROC analyses further suggest that the high-risk
parameters identified were task dependent. Therefore,
only a few of the hypothesized parameters appeared for

each task as identifiers of high ACL strain trials. Addition-
ally, other parameters contributing to the high ACL strain
trials were identified (Tables 2-5). For example, knee flex-
ion angle was an excellent discriminator of high ACL
strain trials in SLCD-N and a good discriminator in the
other 3 limb task conditions. Knee flexion moment was
also a good discriminator in SLCD-N, SLD-N, and SLD-
D. Higher knee flexion angles and moments were indica-
tive of higher ACL strain in these cases, which was sup-
ported by the finding of the peak ACL strains occurring
in the second half of the landing phase when the knee
was more flexed (Figure 4). The association of higher
knee flexion angles and moments with high ACL strain tri-
als somewhat contradicts the previous literature.47 How-
ever, it should be noted that the flexion angles used here
were from the whole landing phase at each 8-millisecond
interval and not the flexion angle at IC. In contrast, peak
knee flexion angle and knee flexion angle at IC were
inversely correlated with peak stresses on the articular
cartilage during SLCD-D, SLD-D, and SLD-N (Appendix
C, available online).

Other knee parameters previously shown to increase
ACL strain included knee abduction angles and
moments61 and larger quadriceps muscle forces during
drop vertical jumps.61 In this study, peak knee abduction
moments and angles, knee abduction moments and angles
at peak ACL strain and at IC, and larger vastus medialis
force (SLCD-N) were additionally shown to be highly cor-
related with peak articular cartilage stresses and contact
forces. Therefore, training programs should focus on

TABLE 2
Final High ACL Strain Discriminators for the SLCD-D Taska

Variableb AUC P Value Cutoffc Sensitivity Specificity High ACL Strain If Value Is

Kinematics
Hip flexion 0.737 \.001 41.9 0.714 0.778 Larger
Hip adduction 0.832 \.001 –2.2 0.976 0.508 Smaller
Knee flexion 0.893 \.001 34.8 0.929 0.817 Larger
Axial compression 0.673 .001 1.5 0.881 0.429 Larger

Kinetics
Hip rotation moment 0.759 \.001 0.2 0.762 0.722 Larger
Lumbar extension moment 0.878 \.001 0.3 0.976 0.786 Larger
ATS force 0.706 \.001 0.3 0.976 0.484 Larger
GRF-ML 0.858 \.001 –0.3 0.738 0.881 Smaller

Muscles
Gluteus medius 1 0.657 \.001 40% 0.905 0.476 Larger
Semitendinosus 0.717 \.001 92% 0.476 0.857 Larger
Gracilis 0.651 .046 86% 0.714 0.548 Smaller
Tibialis posterior 0.568 .048 92% 0.952 0.206 Smaller
Nonstance limb side

Erector spinae 0.861 \.001 63% 0.833 0.786 Larger
External oblique 0.880 .026 33% 0.976 0.675 Smaller

aACL, anterior cruciate ligament; ATS, anterior tibial shear; AUC, area under the curve; GRF, ground-reaction force; ML, medial-lateral;
SLCD-D, single-leg cross drop–dominant stance.

bSigns: ATS force (anterior 1 , posterior –); axial compression (compression 1 , distraction –); GRF-ML (medial –, lateral 1 ); hip adduc-
tion (abduction –, adduction 1 ); hip flexion (extension –, flexion 1 ); hip rotation moment (internal –, external 1 ); knee flexion (flexion 1 ,
extension –); lumbar extension moment (flexion –, extension 1 ).

cUnits: joint angles (deg), joint translations (mm), joint moments (N�m/kg 3 m), joint forces and GRF (body weight), muscle forces (% peak
muscle force).
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TABLE 3
Final High ACL Strain Discriminators for the SLCD-N Taska

Variableb AUC P Value Cutoffc Sensitivity Specificity High ACL Strain If Value Is

Kinematics
Lumbar extension 0.743 \.001 –10.5 0.762 0.683 Smaller
Knee flexion 0.904 \.001 37.7 0.976 0.786 Larger

Kinetics
Knee flexion moment 0.843 \.001 1.2 0.857 0.873 Larger
ITR moment 0.640 .006 0.006 0.571 0.222 Larger
ATS force 0.748 \.001 0.5 1.000 0.548 Larger
Knee compressive force 0.691 \.001 1.7 0.976 0.508 Larger
Ankle angle moment 0.659 .002 –0.7 0.810 0.500 Smaller
GRF-AP 0.687 \.001 0.3 0.810 0.571 Larger

Muscles
Sartorius 0.713 \.001 96% 0.810 0.651 Larger
Vastus medialis 0.875 \.001 98% 0.857 0.738 Larger
Nonstance limb-side erector spinae 0.888 \.001 48% 0.952 0.778 Larger

aACL, anterior cruciate ligament; ATS, anterior tibial shear; AUC, area under the curve; GRF, ground-reaction force; AP, anterior-
posterior; ITR, internal tibial rotation; SLCD-N, single-leg cross drop–nondominant stance.

bSigns: ankle angle moment (dorsiflexion –, plantarflexion 1 ); ATS force (anterior 1 , posterior –); GRF-AP (posterior –, anterior 1 ); ITR
moment (external –, internal 1 ); knee compressive force (inferior –, superior 1 ); knee flexion (flexion 1 , extension –); knee flexion moment
(extension –, flexion 1 ); lumbar extension (extension –, flexion 1 ).

cUnits: joint angles (deg), joint translations (mm), joint moments (N�m/kg 3 m), joint forces and GRF (body weight), muscle forces (% peak
muscle force).

TABLE 4
Final High ACL Strain Discriminators for the SLD-D Taska

Variableb AUC P Value Cutoffc Sensitivity Specificity High ACL Strain If Value Is

Kinematics
Knee flexion 0.822 \.001 35.4 0.929 0.659 Larger
Axial compression 0.696 \.001 2.4 0.905 0.397 Larger
Hip adduction 0.684 \.001 7.3 0.929 0.357 Smaller
Anterior tibial translation 0.655 .004 5.1 0.667 0.746 Larger
Hip flexion 0.608 .035 42.2 0.833 0.373 Larger

Kinetics
GRF-ML 0.869 \.001 –0.3 0.833 0.833 Smaller
Knee flexion moment 0.852 \.001 1.0 0.976 0.738 Larger
Lumbar extension moment 0.837 \.001 0.1 0.976 0.667 Larger
Knee adduction moment 0.734 \.001 –0.7 0.881 0.603 Smaller
GRF-AP 0.620 .020 0.0 0.690 0.571 Smaller
Lumbar rotation moment 0.618 .022 –0.1 0.929 0.302 Smaller

Muscles
Nonstance limb-side external oblique 0.784 \.001 19% 0.738 0.770 Smaller
Tensor fasciae latae 0.782 \.001 77% 0.881 0.611 Larger
Gluteus maximus 3 0.722 \.001 5% 0.881 0.548 Smaller
Stance limb-side external oblique 0.709 \.001 56% 0.905 0.429 Smaller
Medial gastrocnemius 0.677 \.001 92% 0.810 0.500 Larger
Extensor hallucis longus 0.651 .001 77% 0.738 0.548 Larger
Nonstance limb-side internal oblique 0.650 .002 73% 0.810 0.460 Smaller
Gracilis 0.638 .002 87% 0.905 0.397 Smaller
Semitendinosus 0.603 .025 74% 0.929 0.294 Larger
Tibialis posterior 0.597 .046 72% 0.881 0.317 Smaller

aACL, anterior cruciate ligament; AUC, area under the curve; GRF, ground-reaction force; AP, anterior-posterior; ML, medial-lateral;
SLD-D, single-leg drop–dominant stance.

bSigns: axial compression (compression 1 , distraction –); GRF-AP (posterior –, anterior 1 ); GRF-ML (medial –, lateral 1 ); hip adduction
(abduction –, adduction 1 ); hip flexion (extension –, flexion 1 ); knee adduction moment (adduction –, abduction 1 ); knee flexion (flexion
1 , extension –); knee flexion moment (extension –, flexion 1 ); lumbar extension moment (flexion –, extension 1 ); lumbar rotation moment
(away from the stance limb –, toward the stance limb 1 ); tibial translation (anterior 1 , posterior –).

cUnits: joint angles (deg), joint translations (mm), joint moments (N�m/kg 3 m), joint forces and GRF (body weight), muscle forces (% peak
muscle force).
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exercises that lead to decreasing abduction angles and
moments. Furthermore, the anterior tibial shear force
that was previously shown to load the ACL and increase
the ACL strain34 was positively correlated with ACL
strain and articular cartilage stress and contact force in
this work.

Larger lumbar extension moment (SLCD-D, SLD-D),
larger nonstance limb-side erector spinae force (SLCD-N,
SLCD-D), and smaller nonstance limb-side external obli-
que force (SLCD-D) were among the good discriminators
of high ACL strains. These outcomes are supported by
the literature: lumbar extension and spine extensor
muscles that prevent lumbar flexion were previously
shown to be detrimental to ACL injury.31 Stronger

lumbopelvic-hip muscles were shown to be protective of
the knee joint by increasing trunk flexion and decreasing
knee valgus and hip adduction angles during side-step
cutting.32

Hip abduction and adduction moments were both iden-
tified in the literature as ACL injury risk factors,8 which
supports our finding that greater hip abduction (SLCD-
D, SLD-D) was associated with high ACL strains.

Lower ankle plantarflexion moments and angles and
plantarflexion at IC were positively correlated with ACL
strain and cartilage contact force and stress. This is sup-
ported by literature stating that ACL injury happens
with flat-foot landing,5 which is when ankle plantarflexion
is zero. Our results also showed that gracilis and

TABLE 5
Final High ACL Strain Discriminators for the SLD-N Taska

Variableb AUC P Value Cutoffc Sensitivity Specificity High ACL Strain If Value Is

Kinematics
Hip adduction 0.661 .001 –10.0 0.881 0.397 Larger
Knee flexion 0.810 \.001 40.7 0.905 0.746 Larger
Axial compression 0.735 \.001 2.5 0.857 0.611 Larger

Kinetics
Hip adduction moment 0.633 .010 –0.1 0.667 0.619 Larger
Knee flexion moment 0.834 \.001 1.1 0.929 0.738 Larger
GRF-ML 0.849 \.001 –0.3 0.810 0.762 Smaller

Muscles
Gluteus medius 1 0.703 \.001 10% 0.643 0.746 Smaller
Gluteus maximus 1 0.708 .014 1% 0.500 0.841 Smaller
Rectus femoris 0.667 \.001 98% 0.738 0.587 Larger
Tibialis anterior 0.602 .034 54% 0.762 0.508 Larger
Nonstance limb-side erector spinae 0.772 \.001 44% 0.952 0.611 Larger

aACL, anterior cruciate ligament; AUC, area under the curve; GRF, ground-reaction force; ML, medial-lateral; SLD-N, single-leg drop–
nondominant stance.

bSigns: axial compression (compression 1 , distraction –); GRF-ML (lateral –, medial 1 ); hip adduction (abduction –, adduction 1 ); hip
adduction moment (adduction –, abduction 1 ); knee flexion (flexion 1 , extension –); knee flexion moment (extension –, flexion 1 ).

cUnits: joint angles (deg), joint translations (mm), joint moments (N�m/kg 3 m), joint forces and GRF (body weight), muscle forces (% peak
muscle force).

TABLE 6
Regression Models: SLCD-D Kinematics, Kinetics, and Musclesa

Model: SLCD-D x2 df P Value Nagelkerke R2

Kinematic 98.846 4 \.001 0.659
Kinetic 90.391 4 \.001 0.616
Muscles 117.241 6 \.001 0.744

True Negative False Negative False Positive True Positive Overall Percentage Correct

Kinematic 117 10 9 32 88.7
Kinetic 114 16 12 26 83.3
Muscles 120 12 6 30 89.3

Sensitivity Specificity LR1 LR–

Kinematic 0.762 0.929 10.667 0.256
Kinetic 0.619 0.905 6.500 0.421
Muscles 0.714 0.952 15.000 0.300

aLR, likelihood ratio; SLCD-D, single-leg cross drop–dominant stance.
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gastrocnemii muscle forces were inversely correlated with
ACL strain and articular cartilage stress and contact force.

The outcomes of the FE simulation were in agreement
with the previous literature. Cadaveric simulations of
bipedal landings showed postimpact increases of 2.9% to
5.7% in ACL strain.2 Peak values of 7% 6 4% were previ-
ously reported for in vivo ACL strain during single-leg
jumps.16 Peak ACL strains in this study were close to those
in the literature, except for SLCD-D, which was higher than
in modeling or in vitro studies. Higher strain values could
be a result of the more challenging tasks in this study and
higher ground-reaction forces in single-leg landings versus
double-leg jumps. Cartilage contact forces were in agree-
ment with previous studies,9 with peaks up to 5.72 body
weight and 4.56 body weight for medial and lateral tibial
cartilage, respectively. Higher contact force and pressure
on the medial component were noted by other researchers.44

Stresses in the range of 21.5 6 3.2, 20.2 6 3.4, and 23.1 6

3.4 MPa on the patellofemoral cartilage were previously
cited during normal running, running with a flexed torso,
and running with an extended torso, respectively.59 Tibiofe-
moral cartilage stresses in the range of 1.5 to 12 MPa during
gait have been reported by other studies.36,64 Literature is
sparse and limited in reporting tibiofemoral cartilage stress
values during single-leg landings; the range of tibiofemoral
stress in this study was 6.47 to 18.25 MPa across all tasks.
Peak contact pressures of 8.21 MPa56 and 12 to 15 MPa60

were noted during normal gait. Cadaveric experiments
showed mean pressure of 14 6 4 MPa under compressive
loads and 10.64 6 6 MPa under internal rotation torque,38

which support the values of pressure obtained in this work.
The 5-DOF knee joint used in this study—as opposed to

the previous DOF representation of the hinge joint45 or the
modeling of the secondary DOF as prescribed functions of

TABLE 7
Regression Models: SLCD-N Kinematics, Kinetics, and Musclesa

Model: SLCD-N x2 df P Value Nagelkerke R2

Kinematic 83.852 2 \.001 0.582
Kinetic 127.953 6 \.001 0.789
Muscles 98.993 3 \.001 0.659

True Negative False Negative False Positive True Positive Overall Percentage Correct

Kinematic 116 15 10 27 85.1
Kinetic 118 9 8 33 89.9
Muscles 117 9 9 33 89.3

Sensitivity Specificity LR1 LR–

Kinematic 0.643 0.921 8.100 0.388
Kinetic 0.786 0.937 12.375 0.229
Muscles 0.786 0.929 11.000 0.231

aLR, likelihood ratio; SLCD-N, single-leg cross drop–nondominant stance.

TABLE 8
Regression Models: SLD-D Kinematics, Kinetics, and Musclesa

Model: SLD-D x2 df P Value Nagelkerke R2

Kinematic 81.906 5 \.001 0.571
Kinetic 121.827 6 \.001 0.764
Muscles 136.308 10 \.001 0.823

True Negative False Negative False Positive True Positive Overall Percentage Correct

Kinematic 113 18 13 24 81.5
Kinetic 118 10 8 32 89.3
Muscles 120 5 6 37 93.5

Sensitivity Specificity LR1 LR–

Kinematic 0.571 0.897 5.538 0.478
Kinetic 0.762 0.937 12.000 0.254
Muscles 0.881 0.952 18.500 0.125

aLR, likelihood ratio; SLD-D, single-leg drop–dominant stance.
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flexion angle12—helps in providing details on the high-risk
knee motions and loads, such as abduction moments and
angles, internal tibial rotation moments and angles, and
anterior tibial shear force and translation.29 We acknowl-
edge the previous use of a 6-DOF knee joint model during
gait6 and dynamic tasks61; however, there were some sim-
plifications in their FE simulations, which are discussed in
turn. As demonstrated in our previous study,52 ligament
material properties play a significant role in knee joint bio-
mechanics in FE simulations. So, simplifying these proper-
ties to linear spring stiffness36 will not produce accurate
results of the joint behavior. Other simplifications of previ-
ous FE models were the use of bundles of nonlinear 2-
dimensional springs for the ligaments29 instead of ana-
tomic 3-dimensional structures created by segmenting
the medical images.

The FE model in this study was actuated kinetically
with moments and forces for the 4 DOF of abduction/
adduction moment, tibial rotation moment, anterior tibial
shear force, and knee compressive force and kinematically
driven with rotations for the flexion angle. Previous litera-
ture reported moment-actuated knee models to be more
accurate and complex than rotation-actuated models.6,36

Comparing the kinetic- versus kinematic-driven knee mod-
els with data from motion analysis experiments revealed
more even stress and strain distributions for the cartilage
throughout the gait cycle for the kinetically actuated mod-
els.36 Another study reported comparable outputs for carti-
lage stress and strains in the kinetic- and kinematic-driven
knee joint models with the kinetically actuated simula-
tions.6 In a similar study, Ueno et al61 used motion analy-
sis, musculoskeletal simulations, FE, and logistic
regressions to predict high ACL strain trials. However,
they analyzed a different task, the drop vertical jump,
with the focus being mainly on ACL strains and loads,
whereas in the current study, we simulated single-leg
landings, and in addition to ACL strain, we investigated
the association of WB parameters with cartilage contact
forces and stress.

Limitations

Only 1 joint geometry was used in the FE simulations; using
the magnetic resonance imaging of the same participants
who were doing the motion analysis experiments for the
FE models36 would lead to more accurate results. The
mediolateral translation was fixed in the models, and just
5 of the 6 knee joint DOF were modeled in the FE simula-
tions. This is a limitation of this study because mediolateral
motion occurs at the normal knee joint4 and can affect the
outcomes of ROC and logistic regressions. Yet, many of
the previous studies modeled the knee as a hinge joint or
allowed for only the 3 rotations or 4 DOF. A previous study
from our laboratory reported the highest ACL strains to
happen during multiplanar loadings of knee abduction
moment, internal tibial rotation moment, and anterior tibial
shear force combined with axial impact with the knee in 25�
of flexion34; therefore, we included these 5 DOF in the model
and locked the mediolateral translation for simplification.
Future works may include this DOF during SLD and
SLCD simulations and compare the outcomes with the
results of this work. Additionally, the full body model used
in this study did not include the arms (left and right
humerus, ulna, radius, and hand), and this would affect
the overall optimization results in the static optimizations,
leading to differences between the calculated muscle forces
and the actual anatomic muscle forces. Another limitation
of this work was the small sample size (14 participants),
which makes it difficult to generalize the results. Addition-
ally, the participants were not athletes, and their unfamil-
iarity with the tasks could affect their performance in
terms of technique, muscle activations, and muscle
fatigue.21 Another factor that could count as a limitation
is pooling both sexes. It is likely that the regression models
would have higher accuracies for just a single sex owing to
the sex differences in landing biomechanics and sex-specific
injury mechanisms.48,49 However, combining the landing
biomechanics for the sexes can lead to more generalized
recommendations.

TABLE 9
Regression Models: SLD-N Kinematics, Kinetics, and Musclesa

Model: SLD-N x2 df P Value Nagelkerke R2

Kinematic 50.621 3 \.001 0.385
Kinetic 95.902 3 \.001 0.644
Muscles 115.434 5 \.001 0.736

True Negative False Negative False Positive True Positive Overall Percentage Correct

Kinematic 114 26 12 16 77.4
Kinetic 116 13 10 29 86.3
Muscles 119 10 7 32 89.9

Sensitivity Specificity LR1 LR–

Kinematic 0.381 0.905 4.000 0.684
Kinetic 0.690 0.921 8.700 0.336
Muscles 0.762 0.944 13.714 0.252

aLR, likelihood ratio; SLD-N, single-leg drop–nondominant stance.
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CONCLUSION

Investigation of the effect of WB parameters on ACL and
articular cartilage biomechanics during SLCD and SLD
demonstrated trunk, lumbopelvic, hip, knee, and ankle
parameters affecting ACL strain and articular cartilage
stress and contact forces. Factors that were collectively
detrimental to ACL and articular cartilage during the 4
analyzed tasks and should be minimized during single-
leg landings include higher peak knee abduction moments
and angles, greater knee abduction moments and angles at
IC, lower ankle plantarflexion moments and angles, lower
plantarflexion at IC, larger peak anterior tibial shear force,
lower gracilis muscle force, lower gluteus maximus muscle
force, and lower gastrocnemii muscle force. These out-
comes can be used in developing ACL injury prevention
training programs.
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