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ARTICLE INFO ABSTRACT

Keywords: Background: Analyzing sports injuries is essential to mitigate risk for injury, but inherently challenging using in
Knee vivo approaches. Computational modeling is a powerful engineering tool used to access biomechanical infor-
ACL injury mation on tissue failure that cannot be obtained otherwise using traditional motion capture techniques.
Neuromuscular intervention . . . . . . . .
Finite element analysis MethAods: We thaxtrapolate.d high-risk .k{nematlcs iassomated with ACI._. stralr% and c.artllage load and st.ress from a
What-if study previous motion analysis of 14 uninjured participants. Computational simulations were used to induce ACL
Single-leg cross drop failure strain and cartilage failure load, stress, and contact pressure in two age- and BMI-matched participants,
one of each biological sex, during single-leg cross drop and single-leg drop tasks. The high-risk kinematics were
exaggerated in 20% intervals, within their physiological range of motion, to determine if injury occurred in the
models. Where injury occurred, we reported the kinematic profiles that led to tissue failure.
Findings: Our findings revealed ACL strains up to 9.99%, consistent with reported failure values in existing
literature. Cartilage failure was observed in all eight analyzed conditions when increasing each high-risk kine-
matic parameter by 2.61 + 0.67 times the participants' natural landing values. The kinematics associated with
tissue failure included peak hip internal rotation of 22.48 + 19.04°, peak hip abduction of 22.51 + 9.09°, and
peak lumbar rotation away from the stance limb of 11.56 + 9.78°.
Interpretation: Our results support the ability of previously reported high-risk kinematics in the literature to
induce injury and add to the literature by reporting extreme motion limits leading to injurious cases. Therefore,
training programs able to modify these motions during single-leg landings may reduce the risk of ACL injury and
cartilage trauma.

1. Introduction cutting (Maniar et al., 2019), pivoting (Webster et al., 2010), and drop

vertical jump (Ueno et al.,, 2021). Furthermore, researchers have

Anterior cruciate ligament (ACL) injury is one of the most common
traumatic knee injuries among young athletes, and often includes
concomitant articular cartilage damage (Tanska et al., 2015). The usage
of motion analysis experiments has increased drastically in recent de-
cades as a way to understand the mechanisms of ACL injury by inves-
tigating knee biomechanics and patterns of muscle activity during
different athletic maneuvers, such as double-leg landings (Taylor et al.,
2016), single-leg drop (Nagelli et al., 2020; Taylor et al., 2016), side-step
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explored the impact of kinetics and kinematics of other body segments
or whole-body (WB) on knee biomechanics. Musculoskeletal simulations
have been applied to supplement traditional motion analysis experi-
ments by producing information on corresponding muscle forces and
their role in ACL loading (Maniar et al., 2019; Ueno et al., 2020). The use
of finite element (FE) analyses in combination with the two aforemen-
tioned approaches has facilitated access to joint internal stress and
contact pressures. Importantly, this combined analytical approach has
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allowed researchers to investigate the effects of WB kinematics on knee
loads, ligament strains, cartilage stress, contact force, and contact
pressure (Sadeqi et al., 2023; Ueno et al., 2021), each of which is
essential to better understanding ACL and concomitant injury
mechanisms.

A major drawback of these studies is their reliance on motion anal-
ysis experiments, which only include data from tasks that are safe for
participants in a controlled laboratory environment. These conditions
significantly differ from real sports scenarios where actual knee injuries
occur. Even video analyses (Krosshaug et al., 2005) of actual injury
scenarios report the kinematics that occur after ACL failure, not those
leading to injury. Imaging studies investigating bone bruise patterns also
have this same limitation (Krosshaug et al., 2005). In vitro studies have
simulated ACL injury patterns during bipedal landing by applying the
external loads of knee abduction moment, internal tibial rotation,
anterior shear force, and axial compression to the cadaveric specimen's
knee joints using mechanical impact simulators (Bates et al., 2018;
Kiapour et al., 2016). While informative, such studies are not able to
include muscle activity, account for muscle fatigue, or apply dynamic
muscle forces (Hashemi et al., 2007). Computational simulations, on the
other hand, have the potential to circumvent these limitations by
simulating exaggerated kinetics and kinematics to answer the “what-if”
questions (Reinbolt et al., 2011).

Therefore, our primary objective was to extrapolate the kinematic
parameters of the whole body (WB) that exhibited the strongest corre-
lations with increased ACL strain, cartilage stress, and contact force, as
determined from our previous work (Sadeqi et al., 2023). We aimed to
incrementally increase these parameters to replicate tissue damage
during two specific landing maneuvers: the single-leg cross drop (SLCD)
and the single-leg drop (SLD). The SLCD was chosen due to its inherent
multiplanar joint motions, which render it a viable screening tool for
injury risk (DiCesare et al., 2015), while the SLD was selected for its
widespread utilization among athletes. Failure states were defined as
reaching the previously reported thresholds for ACL failure strain (Bates
et al., 2017; Bates et al., 2018; Butler et al., 1992; Chandrashekar et al.,
2006; Levine et al., 2013; Woo et al., 1991), cartilage failure load
(Borrelli Jr et al., 1997), stress (Kerin et al., 1998), or contact pressure
(Meyer et al., 2008). We hypothesized that ACL and cartilage failure
during single-leg landings could be induced using a validated (Erbulut
et al.,, 2021) knee FE model by manipulating the selected high-risk ki-
nematic parameters in the musculoskeletal models. The outcomes of this
objective can confirm whether the high-risk WB kinematics or kinetics
reported in the literature can realistically lead to tissue failure at the
knee joint. Our secondary objective was to identify the kinematic pro-
files associated with these high-risk parameters that result in tissue
injury. The results of this objective could further our understanding of
injury mechanisms and inform how clinicians/athletes train to perform
single-leg landings to reduce the risk of ACL and cartilage failure.

2. Methods

In the current study, data from one female and one male participant
with matched age and BMI (male:26 yr, height = 172.1 cm, weight =
65.6 kg, BMI = 22.15, and female:26 yr, height = 175.3 cm, weight =
69.1 kg, BMI = 22.51) were used for kinematic manipulations. All
participants filled out IRB-approved consent forms. Built upon the re-
sults of our preliminary work (Sadeqi et al., 2023) investigating the ef-
fect of WB parameters on knee joint biomechanics during single-leg
landings, we selected the kinematic parameters which showed the
highest correlations with ACL strain, cartilage stress, and contact force
in investigations from the motion analysis, musculoskeletal modeling,
and FE analyses of fourteen uninjured, physically active participants,
during SLCD and SLD to replicate injury scenarios; these variables were
operationally defined as “high-risk” kinematic parameters. Detailed
correlation data are provided in the supplementary materials.
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2.1. Invivo and in silico methods

The in vivo and in silico methods used have been previously explained
(Sadeqi et al., 2023). Briefly, each participant completed the motion
analysis experiments by performing SLCD and SLD on both limbs from a
30-cm high platform while wearing 46 reflective markers and repeating
three trials for each task. SLCD is when the participant leaves the plat-
form with one limb, but lands on the opposite limb (DiCesare et al.,
2015). Marker setup details are presented in Appendix-A. Marker tra-
jectories and force plate data for the dynamic trials were collected and
then postprocessed in Visual3D (Version 6.03.6; CMotion). An OpenSim
(vers. 4.3, OpenSim) musculoskeletal model with five degrees of
freedom at the knee joint (Delp et al., 2007), was used for musculo-
skeletal simulations. The OpenSim model was scaled for each partici-
pant using the data from the static pose to create subject-specific
musculoskeletal models. Inverse kinematics, inverse dynamics, and
static optimization were used to get the knee kinetics, kinematics, and
muscle forces during SLD and SLCD. Inverse kinematics utilizes the body
posture derived from marker positions to determine joints' rotations and
translations. Inverse dynamics builds upon this data, incorporating
ground reaction forces as external loads to solve the equations of mo-
tion. This process calculates the joint moments and forces necessary to
generate the observed motions. These data were used in a validated
finite element model of the knee joint (Erbulut et al., 2021) in Abaqus/
Explicit (Abaqus/CAE 2019, Dassault Systemes Simulia Corp., Johnston,
RI, USA). Briefly, MR images of a 23-year-old female left knee were
utilized in Materialise Mimics (Materialise, Leuven, Belgium) to
generate three-dimensional geometries for the knee joint bones and soft
tissues. Subsequently, these geometries were smoothed using Geomagic
Studio (3D Systems, Rock Hill, SC). Finite element meshes were then
incorporated using Hypermesh (Altair, MI), and the model assembly was
performed in Abaqus/Explicit. The bone structures were represented as
linearly elastic, with distinct coefficients for cancellous and cortical
bones. The cruciate and collateral ligaments were modeled using an
anisotropic hyper-elastic Holzapfel-Gasser-Ogden model, including
viscoelastic behavior (Sadeqi et al., 2021). Articular cartilage properties
were integrated using a hyper-elastic Neo-Hookean material model,
while the menisci were modeled as transversely isotropic (Erbulut et al.,
2021). FE model validation was done in a previous study against in vitro
data (Bates et al., 2017), replicating bipedal landing from a 30-cm
platform (Erbulut et al., 2021). In this work, the FE models were
kinetically driven, except for the flexion angle. FE simulations (Ohio
Supercomputer Center, n.d.) consisted of two steps. In the first step, the
knee was flexed to the amount of flexion at initial foot contact with the
ground (IC). IC was defined as when the vertical component of ground
reaction force was >10 N (Cowley et al., 2006). The following step
simulated the 100 ms after IC, referred to as the landing phase. In this
step, external loads of knee abduction moment, internal tibial rotation
moment, anterior shear force, and impact force from the landings were
applied (Appendix-B).

2.2. Case study

Each landing task was performed on the dominant (SLCD-DL, SLD-
DL) and non-dominant (SLCD-NL, SLD-NL) limbs by the two partici-
pants chosen for this case study: a total of eight conditions (SLCD-DL-m,
SLCD-DL-f, SLD-DL-m, SLD-DL-f, SLCD-NL-m, SLCD-NL-f, SLD-NL-m,
and SLD-NL-f).

The kinematic variables analyzed were selected based on the results
from our preliminary work that employed correlation, receiver operator
characteristic curve, and regression analyses of WB parameters predic-
tive of ACL strain, cartilage stress, and contact forces (Sadeqi et al.,
2023). Given the disproportionate emphasis on sagittal plane kinematics
in the existing literature, our study intentionally narrows its focus to
examine the impact of frontal and transverse plane kinematics. Thus, we
did not include sagittal plane kinematics with high correlations. As
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greater hip abduction and internal rotation angles on the stance limb,
and more lumbar rotation away from the stance limb previously
demonstrated the greatest association with tissue damage (p > 0.7),
these were the kinematic parameters we chose to manipulate in the
current analysis. Each kinematic variable was systematically exagger-
ated in 20% increments using OpenSim ver. 4.3 inverse kinematics (IK).
Then the new IK was used in the following inverse dynamics and static
optimization steps to obtain the modified kinetics and muscle forces,
and run the updated FE simulations using a validated knee finite element
model (Erbulut et al., 2021). Outputs of the FE analyses were peak
values of ACL strain, articular cartilage stress, contact pressure, and
contact force during the first 100 ms of landing when ACL strain is re-
ported to be greatest (Kiapour et al., 2014). This process was repeated
until ACL failure strain, cartilage failure load, stress, or contact pressure
were achieved by the model, then the discrete kinematics values of each
variable were recorded at those points.

ACL strain was calculated as the percent change in the ligament
length relative to the unloaded state (slack length) (Erbulut et al., 2021;
Ueno et al., 2021), and the maximum value was recorded for each
condition, i.e., the initial natural landing posture of the participant and
the following models with modified kinematics. For peak cartilage
stress, contact pressure, and contact force values in each case, the
maximum outputs of von Mises stress, CPRESS, and CFORCE contours in
Abaqus for the lateral (LTC) and medial (MTC) tibial cartilages were
extracted. Changes in the knee moments and quadriceps-to-hamstring
ratios of simulated muscle forces from OpenSim resulting from the
input of hip and lumbar kinematics manipulations were also recorded
for descriptive purposes.

2.3. Statistical analysis

Statistical analysis and data visualization were done using open-
source Python libraries ver. 3.8.8 with packages NumPy, Pandas, Mat-
plotlib, and Seaborn. We used Wilcoxon signed-rank tests to determine if
the resulting tissue properties statistically differed between the modified
(FE-driven) and natural (musculoskeletal-driven) landing conditions. A
Benjamini-Hochberg correction was applied to all resulting P values to
control for a 5% false discovery rate. P values <0.05 were considered
statistically significant.

3. Results

A total of 81 simulations were run to produce tissue failures in the
eight landing conditions, including female and male SLCD and SLD on
the dominant and non-dominant limbs. The new landing postures (e.g,
Figs. 1 and 2) created by the input of exaggerated hip and lumbar

A) Natural

B) 60% C) 100%

D) 160%
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A) Natural

B) 60% C) 100% D) 150%

Fig. 2. Changes in the landing posture for the male participant while per-
forming SLCD on the dominant limb. (A) shows the natural landing posture,
while B, C, and D show landing postures with exaggerated kinematics by 60%,
100%, and 150% (failure), respectively.

kinematics (Appendix-C) caused increases in the knee external mo-
ments: internal tibial rotation moment increased by 52.53 + 8.32 Nm (P
= 0.004), and knee adduction moment increased by 85.27 + 30.14 Nm
(P = 0.004). Quadriceps-to-hamstrings ratio also increased by 0.22 +
0.17 (P = 0.004). The increases observed from natural to modified
conditions that led to tissue failure were statistically significant; (Ap-
pendix-D).

Incremental changes in the output parameters of ACL strain and
cartilage biomechanics after each 20% increase in the input hip and
lumbar kinematics are presented in Appendix-D. Peak ACL strain (Fig. 3)
increased by up to 237%. Peak MTC stress (Fig. 4-A), contact pressure
(Fig. 5-A), and contact force (Fig. 6-A) also increased by up to 650%,
297%, and 1643%, respectively. Peak LTC stress (Fig. 4-B) and contact
pressure (Fig. 5-B) increased by up to 184% and 154%, respectively.
However, peak LTC contact force (Fig. 6-B) decreased in most cases, up
to 71% (Table 1). These changes in ACL strain and cartilage biome-
chanics parameters between the natural landing posture and landing
postures leading to tissue failure were statistically significant in all cases
(Benjamini-Hochberg corrected Wilcoxon signed-rank tests P-values
<0.001).

In all cases, cartilage failure criteria (contact force> 4450N) (Borrelli
Jr et al., 1997) were met before extreme increases in peak ACL strain.
Maximum values for cartilage contact force, von Mises stress, contact
pressure, and ACL strain are presented in Table 2. Typical von Mises
stress and contact pressure contours for LTC and MTC are shown in

E) 200% F) 240%

Fig. 1. Changes in the landing posture for the female participant while performing SLD on the non-dominant limb. (A) is the natural landing posture, and B to F show

landing postures with exaggerated kinematics by up to 240% (failure).
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Change in the Peak ACL Strain due to Increasing the High-Risk IK Parameters

10 . Initial
mmm Final

Strain (%)

Fig. 3. Maximum changes in peak ACL strain between the participants' natural
landing poses (initial) and the modified landing postures leading to failure
conditions (final) for male and female SLD and SLCD on the dominant and non-
dominant limbs.

Appendix-B.
4. Discussion

To our knowledge, this is the first study to investigate the effect of
exaggerating non-sagittal plane high-risk kinematics during single-leg
landings on ACL strain, cartilage stress, contact force, and contact
pressure by incorporating motion analysis experiments, musculoskeletal
simulations, and dynamic FE analyses. Prior investigations of kinematic
manipulation are limited by not including an FE component (McLean
et al., 2003), which does not allow for evaluation of the soft tissue failure
stress within the knee joint. Reliance on 2D musculoskeletal models in
the sagittal plane only (Eberle et al., 2019; Heinrich et al., 2020; Hein-
rich et al., 2022) has also limited our understanding of pathological
tissue-specific responses, as they cannot account for the effects of frontal
and transverse plane knee moments, which are well demonstrated to
increase ACL strain (Kiapour et al., 2016; Sadeqi et al., 2023). In the

Clinical Biomechanics 112 (2024) 106170

current work, we used 3D musculoskeletal modeling to account for the
non-sagittal plane knee moments and utilized FE simulation to obtain
cartilage stress and contact pressure. Our study builds on our previous
work (Sadeqi et al., 2023) by evaluating how manipulating the kine-
matics of proximal body segments to magnitudes unsafe to test in vivo
affects ACL strain and knee articular cartilage biomechanics during
landing tasks that place individuals at risk for injury. Our data indicate
that exaggerated hip internal rotation and abduction on the stance limb
and lumbar rotation away from the stance limb induced high-risk knee
joint biomechanics. Specifically, we observed increases in the knee
adduction moment, internal rotation moment, and quadriceps-to-
hamstring ratios of the simulated muscle forces to the point that tissue
failure occurred at the cartilage and ACL level.

The FE simulations showed great sensitivity with respect to changing
the input kinematics. For example, every 20% increase in the input hip
and lumbar kinematics led to consistent changes in the output ACL and
articular cartilage parameters. Upon increasing the stance hip internal
rotation, stance hip abduction, and lumbar rotation away from the
stance limb, ACL strain, as well as stress, and contact pressure on both
MTC and LTC, and contact force on MTC also increased. MTC contact
force exceeded the failure amount of 4450 N (Borrelli Jr et al., 1997) in
the extreme increases of the high-risk kinematics in all cases.

Conversely, LTC contact force decreased, which could be because of
the extreme changes in the hip kinematics leading to increases in the
knee external moments, which affect the tibia position in a way that puts
more force on the medial side in each case and reduces the load on the
lateral side. This is because the landing is not symmetrical due to the
knee abduction/adduction and internal/external rotation of the tibia
caused by the external moments. Initial knee alignment related to the
coronal tibial slope also affects the tibiofemoral load distribution (Van
Rossom et al., 2019). However, external loads have been shown to affect
the tibiofemoral load distribution regardless of the tibial slope in the
frontal plane (Yang et al., 2010). For example, internal rotation of the
tibia and knee adduction, which were seen here, increase the force on
the medial side and decrease the force on the lateral component.
Although LTC contact force decreased, LTC contact pressure still
increased in most cases. That's because the LTC contact area also
decreased in each step with the changes in tibia position, and lower
contact areas will lead to higher pressures.

The metabolic, biochemical, and biomechanical structure of the
articular cartilage causes the knee joint to be one of the most OA-prone

Changes in Peak Articular Cartilage Stress due to Increasing the High-Risk IK Parameters
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Fig. 4. Maximum changes in (A): peak MTC von Mises stress and (B): peak LTC von Mises stress between the participants' natural landing poses (initial) and the
modified landing postures leading to failure conditions (final) for male and female SLD and SLCD on the dominant and non-dominant limbs.
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Changes in Peak Articular Cartilage Contact Pressure due to Increasing the High-Risk IK Parameters

®

(A)

Peak MTC Contact Pressure

m  nitial
% | mmm Final

]

Contact Pressure (MPa)
8 8

Contact Pressure (MPa)

Peak LTC Contact Pressure

mm Initial
mm Final

Fig. 5. Maximum changes in (A): peak MTC contact pressure and (B): peak LTC contact pressure between the participants' natural landing poses (initial) and the
modified landing postures leading to failure conditions (final) for male and female SLD and SLCD on the dominant and non-dominant limbs.

Changes in Peak Articular Cartilage Contact Force due to Increasing the High-Risk IK Parameters
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Fig. 6. Maximum changes in (A): peak MTC contact force and (B): peak LTC contact force between the participants' natural landing poses (Initial) and the modified
landing postures leading to failure conditions (Final) for male and female SLD and SLCD on the dominant and non-dominant limbs.

human joints (Kuettner and Cole, 2005). One study reported in vitro
bovine cartilage failure under mean stress values of 35.7 MPa (range:
14-59) (Kerin et al., 1998). In vitro experiments simulating impact in
rabbit's cartilage reported matrix damage at stresses above 30 MPa and
complete cartilage cell death at stresses above 40 MPa. In their in vivo
setting, superficial matrix damage and cell death happened at 35 MPa
stress (Milentijevic et al., 2005). Stresses >25 MPa can initiate chon-
drocyte death (Buckwalter, 1992; Repo and Finlay, 1977). Pressure film
data from cadaveric knees loaded in compression and torsion until ACL
failure reported maximum tibiofemoral cartilage pressure of 34 + 12
MPa and 21 + 14 MPa, respectively (Meyer et al., 2008). Consistently, in
all the cases with failure cartilage load, failure cartilage stress and
contact pressures were also seen in our simulations (Table 2).

Failure strain for ACL in the literature varies widely depending on
the loading conditions, with reported values ranging from 6.6% to 35%
(Bates et al., 2017; Bates et al., 2018; Butler et al., 1992; Chandrashekar

et al., 2006; Levine et al., 2013) (28 + 7% (Chandrashekar et al., 2006),
18.7 £ 10% (Levine et al., 2013), 15.3 £ 8.7% (Bates et al., 2018), and
18.8 &+ 6.2% (Bates et al., 2017)). In this study, the peak ACL strains at
the time of cartilage failure ranged from 6.06 to 9.99%. In the OpenSim
model, muscle forces increased in response to the increased kinematics,
which could have protected ACL from very large strains. However, since
quadriceps-to-hamstrings muscle force ratios also increased in all cases,
increases in ACL strain were observed, although not to the extent of ACL
failure. It should also be noted that in athletic conditions, muscles may
not perform optimally, and these reported strains under combined
loading in combination with high compressive loads might still lead to
ACL rupture. Additionally, based on an in vitro study of the tensile
properties of 10 male and 10 female ACLs, female ACLs failed at a lower
strain (8.3% lower strain at failure) relative to their male counterparts
(Chandrashekar et al., 2006). Therefore, these extreme hip and lumbar
kinematics changes might lead to injury more often in females. Higher
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Table 1
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Percent changes in peak ACL strain, peak articular cartilage contact force, contact pressure, and von Mises stress between the participants' natural landing pose and
final postures leading to tissue failure during female and male SLCD and SLD on the dominant and non-dominant limbs.

Case A peak ACL A peak MTC contact A peak LTC contact A peak MTC contact A peak LTC contact A peak MTC A peak LTC
strain (%) Force (%) Force (%) Pressure (%) Pressure (%) Stress (%) Stress (%)

SLCD- 227.97 438.10 —66.52 126.09 71.58 269.70 145.15
DL-f

SLCD- 80.91 253.23 -71.23 108.93 40.43 249.87 92.17
DL-m

SLCD- 131.52 1643.08 —57.00 297.29 —29.18 650.31 38.67
NL-f

SLCD- 102.23 205.53 —16.65 97.23 54.07 168.79 62.72
NL-m

SLD-DL-f 21.47 132.38 2.64 97.00 153.80 141.72 128.84

SLD-DL- 37.23 208.49 15.81 70.72 120.02 183.51 89.12
m

SLD-NL-f 237.45 982.84 —23.73 119.04 83.81 82.03 183.89

SLD-NL- 4.00 135.23 —-12.98 79.83 85.56 91.76 32.24
m

Table 2

Peak values of ACL strain, articular cartilage contact force, contact pressure, and von Mises stress during the exaggerated landing postures leading to tissue failure for

female and male SLCD and SLD on the dominant and non-dominant limbs.

Case Peak ACL Peak MTC contact Peak LTC contact Peak MTC contact Peak LTC contact Peak MTC Stress Peak LTC Stress
strain (%) Force (N) Force (N) Pressure (MPa) Pressure (MPa) (MPa) (MPa)

SLCD-DL- 9.01 4631.04 246.91 31.97 23.51 32.04 23.95
f

SLCD-DL- 7.54 4474.56 306.18 30.63 22.04 30.81 24.89
m

SLCD-NL- 9.99 4519.65 780.07 54.93 12.52 54.93 12.52
f

SLCD-NL- 7.95 4449.70 1348.27 32.32 27.15 34.98 18.67
m

SLD-DL-f 6.92 4514.13 369.63 37.97 24.98 31.92 27.89

SLD-DL- 6.06 4709.55 1824.45 34.85 43.90 33.41 41.67
m

SLD-NL-f 8.75 4651.27 1292.46 35.56 36.36 28.73 35.79

SLD-NL- 8.50 4699.40 1560.36 35.50 38.26 28.72 35.64
m

increases in ACL strain in the female participant (Table 1) are also
consistent with the reported findings that injury risk reduction programs
were more effective in females (Webster and Hewett, 2018).

Literature has been uncertain regarding the effect of trunk axial
rotation, hip internal/external rotation, and hip ab/adduction on the
knee biomechanics during dynamic activities. Both hip internal (Finnoff
et al., 2011) and external (Ishida et al., 2021) rotations affect knee
loading, and large amounts of these rotations have been associated with
increased knee kinematics, such as knee abduction or internal tibial
rotation angles, that increase the risk of ACL injury. Both hip internal/
external (Malloy et al., 2016) rotator strength and hip adductors/ab-
ductors strength (Almeida et al., 2022; Ferreira et al., 2015) were shown
to protect the knee against high-risk kinematics and kinetics.
Lumbopelvic-hip stability protects the knee by reducing knee valgus
angles and increasing the hamstring-to-quadriceps coactivation (Jeong
et al., 2021). Torso axial rotation in the opposite direction of the cut
during sidestep cutting was shown to put the athletes at a higher risk of
injuries (Dempsey et al., 2007). Video analyses also reported that trunk
axial rotation away from the injured leg was seen more frequently than
trunk axial rotation towards the injured leg during ACL injuries (Song
et al., 2021). We applied the same three factors to all tasks (SLCD and
SLD on the dominant and non-dominant limbs) to see if overall recom-
mendations could be made for different variations of single-leg landings.
These motion manipulations led to increases in the cartilage force,
pressure, stress, and ACL strain in all cases.

4.1. Limitations

Our findings must be interpreted in the context of existing limita-
tions. Firstly, data only from two participants (one male and one female)
were used for kinematics manipulation. Also, the participants were
physically active but not athletes. Thus, their unfamiliarity with the
tasks could have affected their postures. Therefore, further investigation
by utilizing more participants from the athletic population is required to
determine the limits of motion with regard to ACL failure or cartilage
damage, which can be recommended to the majority of athletes. Addi-
tionally, we used the same magnitudes of GRF for each landing in the
modified postures as the initial pose since only experimental GRF data
from each natural posture was available (8 cases). However, the landing
posture affects the ground reaction forces, and simulating foot-ground
contact models in OpenSim could help in determining the modified
GRFs (Saraiva et al., 2022). Applying the same GRF for each exaggera-
tion step of the same tasks would reflect the sole effect of changing the
hip and lumbar kinematics on the knee biomechanics. Moreover, the
same finite element model was used for both participants. Future work
may use the medical images of the same participants performing the
tasks to create the FE models to capture the effects of their unique joint
geometries. Lastly, muscle fatigue was not accounted for. Most sports
injuries happen when the muscles are fatigued (Lin et al., 2022) and
cannot provide their protective role (Maniar et al., 2022). So, kinematic
increases lower than the ones reported here might still lead to injury in
actual sports events. Future work may benefit from using EMG-driven
analyses (Hume et al., 2019) and applying muscle fatigue and recov-
ery models (Giat et al., 1996) to their investigations. Another aspect is
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that the combined effect of three factors was tested here, making it
difficult to attribute the increases in cartilage biomechanics parameters
and ACL strain to a single factor. Future work may look at the effect of
individual factors; however, body segment kinematics are related to
each other in real cases, and injuries mostly happen under combined and
multiplanar loadings (Kiapour et al., 2016).

Based on the outcomes of our analyses, we recommend that
increased hip internal rotation, hip abduction, and lumbar rotation
away from the stance limb should be avoided during single-leg landings
to prevent the medial knee component from undergoing excessive loads
and reduce ACL strain.

5. Conclusions

This study successfully produced ACL failure and knee cartilage
damage in computational models by increasing hip internal rotation
angles, hip abduction angles, and lumbar rotation away from the stance
limb during single-leg landings to simulate the high-risk kinematics that
are not safe to be tested in vivo. Our work confirmed that the high-risk
kinematics reported in the literature could lead to injury when
increased to the limits reported here. These results can be used in
developing injury risk reduction programs for athletes. These types of
studies should be expanded by including the effect of other high-risk
kinematics during various athletic maneuvers to access more details
on injury mechanisms and prevention without imposing any risks on the
participants.
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