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The effect of restricted ankle dorsiflexion
on knee injury risk during landing
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Purpose: This study utilized a combination of musculoskeletal modeling and finite element analysis to investigate the effects of
varying ankle dorsiflexion ranges on knee joint loading, soft tissue stress distribution, and the coactivation patterns of muscles surround-
ing the knee during landing. Methods: Based on the Weight-Bearing Lunge Test (WBLT), a total of 32 basketball players into two
groups: normal dorsiflexion (ND) and limited dorsiflexion (LD) and conducted six countermovement jumps (CMJ) while collecting
motion and force data. Personalized musculoskeletal models were created using OpenSim to analyze kinematics and kinetics, and
Helium-free MRI and CT scans were used for finite element modeling to assess internal tissue stress in the knee. Results: During landing,
the patellofemoral joint contact force in LD was reduced compared to the ND. The coactivation of muscles around the knee joint de-
creased. The von Mises stress in the tibial cartilage, meniscus, anterior cruciate ligament and posterior cruciate ligament were elevated.
Conclusions: The results suggest that increased ankle dorsiflexion during landing may effectively reduce internal tissue stress in the knee
joint while enhancing muscle coactivation around the knee joint and increasing patellofemoral joint contact force. These findings provide
valuable theoretical support for strategies to reduce the risk of knee injuries during landing. Additionally, they offer reliable technical approaches
and theoretical insights for studying injury mechanisms in other sports activities, such as running and lateral jumping.
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1. Introduction

During the performance of high-intensity sports,
especially basketball, where activities such as jumping
and rapid movements are integral, injuries to the lower
limbs are among the most prevalent types of injury
sustained by athletes [33], the cause of this damage is
largely due to excessive impact force [16]. The ankle
joint, as the first movable joint in contact with the
ground, is one of the key anatomical structures that re-
duces the impact force on the lower limbs in jumping
sports. Ankle motion plays a crucial role in sports per-
formance and injury risk [76], especially during jump-
ing and landing. Ankle function directly affects the knee

and hip joints’ movement pattern and load distribu-
tion.

The dorsiflexion ability of the ankle joint not only
impacts on an athlete’s ability to jump but is also closely
linked to stability during landing. During jumping move-
ments, the landing phase imposes significant demands
on joint impact forces and muscle coordination. Insuf-
ficient ankle function can increase energy demands on
the proximal joints [35], [72]. During landing, the knee
joint, which serves as a critical link between the ankle
and hip, is highly vulnerable to injury [24], [74]. Ex-
isting studies suggest that increasing the angle of an-
kle plantarflexion during landing may reduce the impact
forces transmitted to the knee joint, thereby decreasing
the risk of injury to the medial femoral attachment of
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the anterior cruciate ligament (ACL) [64]. Additionally,
reduced ankle mobility in basketball players has been
shown to contribute to patellar joint pain [1], [61].
Healthy female athletes typically exhibit a larger dy-
namic range of motion (ROM) during takeoff and land-
ing. Conversely, limited ankle dorsiflexion is linked to
a higher risk of injury during jump landing activities.
Adjusting the initial ankle contact angle has been sug-
gested as a potential strategy to reduce knee joint in-
jury risk [49]. Repeated exposure to high-impact forces
on the knee can result in non-contact ACL injuries,
meniscal damage, and cartilage injuries.

Among the many jumping tests used in medical and
performance evaluation, the Countermovement Jump
(CMJ) test, widely used to assess explosive power and
lower limb biomechanics, has become a standard tool
in sports medicine and biomechanical research [52]. The
CMJ test effectively simulates jumping and landing
movements typically seen in sports scenarios [48]. Pre-
vious studies have compared the effects of squat jumps
and CMJ at different starting positions on athletic per-
formance, revealing that CMJ utilizes rebound force
more efficiently, resulting in higher jump heights [21].
Power output and explosive force can be optimized by
adjusting the starting position and movement speed,
thereby enhancing jump performance [45]. While vari-
ous factors influencing CMJ landing have been explored,
the impact of ankle dorsiflexion ROM on lower limb
biomechanics during CMJ has not received adequate
attention.

In recent years, musculoskeletal modeling and fi-
nite element analysis (FEA), have evolved as important
tools in lower limb motion biomechanics research, and
have been widely used in sports injury prediction, sports
performance optimization and rehabilitation [11], [13].
FEA and OpenSim are both vital tools used in the study
of lower limb biomechanics. FEA divides the lower
limb’s bone, muscle, and joint structures into multiple
small elements through numerical simulations, enabling
accurate analysis of stress distribution during movement.
This helps in evaluating sports injuries, optimizing
athletic posture, and designing artificial joints. FEA is
widely used in sports injury prediction, rehabilitation
and prosthesis design [24], [71], [73]. Previous studies
employing FEA have examined factors such as joint
stress distribution at different contact angles during
running, as well as stress response patterns in individu-
als with lateral ankle ligament injuries [71], [77], [80].
Previous studies have employed recumbent Magnetic
Resonance Imaging (MRI) for joint imaging and struc-
tural analysis of subjects [5], [8]. While recumbent MRI
is typically used for static structural analysis, its in-
ability to fully simulate dynamic motion has limited the

comprehensive study of dynamic processes. In contrast,
multi-position Helium-free Magnetic Resonance Imag-
ing (MRI) technology allows for joint scanning in an
upright position, enabling the capture of the position
and shape of soft tissues such as joints and ligaments
under the subject’s own weight [2]. Moreover, Helium-
free MRI utilizes a superconducting magnet system that
does not rely on liquid helium cooling, significantly
reducing both equipment costs and maintenance com-
plexity, while offering enhanced image resolution and
shorter scan times. OpenSim is a simulation tool that
models the interactions between muscles, bones and
joints, facilitating the analysis of mechanical changes
across different movement patterns. It plays a pivotal
role, particularly in gait analysis, musculoskeletal
dynamics and rehabilitation training [56], [75]. Some
studies have used the OpenSim model to simulate the
effect of limited ankle dorsiflexion motion on starting
and stopping movements, and the results demonstrate
that knee stability is enhanced when the ankle dorsi-
flexion angle is restricted [75]. However, there is a lack
of systematic research on the impact of ankle dorsi-
flexion motion during the CMJ process, particularly
regarding its influence on knee injury risk.

This study aimed to combine musculoskeletal mod-
eling and finite element analysis of the lower extremi-
ties to simulate the effects of varying ankle dorsiflex-
ion movements on the biomechanical characteristics
during the CMJ landing. The goal was to clarify the
specific manifestations and patterns of knee injury risk
under different ankle dorsiflexion conditions. The study
hypothesizes that during the landing phase, a reduced
ankle dorsiflexion ROM leads to increased knee joint
stress and a higher risk of injury, with the knee joint
exhibiting adaptive changes to compensate for the re-
stricted dorsiflexion range.

2. Materials and methods

2.1. Study participant details

The sample size for this study was calculated using
G*Power software (version 3.1.9.7; Heinrich Heine
University Düsseldorf, Düsseldorf, Germany), based
on effect sizes reported in previous studies examining
biomechanical differences in lower limb movements
between individuals with and without ankle dorsiflexion
limitations. The analysis aimed to ensure sufficient sta-
tistical power (≥0.8) to detect significant differences
in joint angle, torque, and muscle activation patterns
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during the CMJ landing, with the alpha level set at
0.05. Power analysis indicated that a minimum sample
size of 25 participants would be adequate [55]. To ac-
count for potential dropouts and to enhance the robust-
ness of the analyses, 32 male basketball players were
recruited for this trial. Inclusion criteria were as follows:
(1) participants aged 18–30 years, (2) regular engage-
ment in basketball training, characterized by a mini-
mum of three sessions per week, each lasting at least
two hours, (3) no history of lower limb surgery or sig-
nificant musculoskeletal injury in the past 6 months,
(4) no underlying neurological or systemic conditions
that might affect motor function.

To assess whether participants had limited ankle
dorsiflexion, the Weight-Bearing Lunge Test (WBLT)
was employed [25], [54]. The WBLT is a reliable and
commonly used clinical assessment evaluating ankle
dorsiflexion ROM in a functional, weight-bearing po-
sition. During the test, participants were instructed to
keep their heel grounded and their feet flat on the floor,
performing a lunge by advancing the knee towards
a wall while maintaining heel contact with the ground.
The participant was then asked to slowly bend the
front knee and lunge forward as far as possible, aim-
ing to bring the knee as close to or in contact with the
wall without lifting the heel. Ankle flexibility was
assessed by measuring the dorsiflexion angle using
a protractor. The test was terminated if the heel was
raised off the ground. The maximum dorsiflexion angle
achieved while maintaining heel contact with the ground
was recorded to accurately reflect the ankle joint’s
ROM. Three trials were conducted, and the average
value was used for analysis.

Following the WBLT screening, participants were
divided into two groups: the normal dorsiflexion
(ND) group (n = 17, height: 184.6 ± 3.5 cm, age:
21.3 ± 1.5 years, weight: 75.4 ± 2.6 kg) and the limited
dorsiflexion (LD) group (n = 15, height: 183.2 ± 2.8 cm;
age: 22.1 ± 1.8 years, weight: 76.4 ± 3.1 kg). The use of
the WBLT provided a functional assessment of ankle
mobility, ensuring that the classification accurately
reflected participants’ ability to dorsiflex during weight-
-bearing activities. The comparison of average dorsi-
flexion amplitude of ankle joint between the normal
dorsiflexion group and the limited dorsiflexion group
is shown in Table 1. Prior to data collection, all partici-
pants were thoroughly briefed on the study’s objec-
tives, procedures, conditions and requirements. This
ensured a more precise investigation of how limita-
tions in dorsiflexion could influence lower limb bio-
mechanics during dynamic movements, such as CMJ
landing. Comprehensive details regarding the study
were outlined in the consent form, and the study pro-

tocol was approved by the Ethics Committee of Ningbo
University (Protocol code: TY2024031).

Table 1. Comparison of mean ankle dorsiflexion range
between normal dorsiflexion group and limited dorsiflexion group

ND (n = 17)
Mean ± SD

LD (n = 15)
Mean ± SD P

Ankle dorsiflexion range
in dominant leg [°] 40.2 ± 3.1 34.1 ± 2.9 0.032*

Ankle dorsiflexion range
in the nondominant leg [°] 39.5 ± 2.4 34.3 ± 2.7 0.044*

* indicates a significant difference in ankle dorsiflexion ROM
between the two groups ( p < 0.05).

2.2. Biomechanics parameters
collection and processing

In this study, participants were instructed to wear
exercise tights and were fitted with reflective markers
according to the Gait2392 musculoskeletal model, which
features 23 joint degrees of freedom and 92 muscle-
-tendon actuators within the OpenSim framework
(Fig. 1A). Electromyographic (EMG) signals were re-
corded from the target muscles using an EMG testing
system (Fig. 1B). Motion trajectories were captured
using the Vicon 3D motion capture system (Vicon Met-
rics, Ltd., Oxford, UK), while ground reaction forces
were measured with an AMTI force platform (AMTI,
Watertown, MA, USA). Kinematic and kinetic data
were acquired at sampling frequencies of 200 Hz and
1000 Hz, respectively [65], [66]. EMG signals were
recorded at 1000 Hz using the Delsys EMG system
(Delsys, Boston, Massachusetts, USA) [66]. Before
the start of the formal experiment, the calibration of the
experimental equipment should be carried out first, and
the stray points outside the experimental environment
should be deleted in the Vicon system to avoid af-
fecting the experimental environment. Then, the cali-
bration rod with reflective marks should be held around
the force table to ensure the normal operation of the
camera and the normal acquisition of all reflection
points. After that, the calibration rod is placed on the
corner of the force measuring table to establish a spatial
coordinate system. After the coordinate system is es-
tablished, it is determined whether there is a hybrid
force on the force measuring table. If there is a hybrid
force, it needs to be eliminated manually. After the envi-
ronmental calibration of the experimental equipment,
static and dynamic test collection is carried out.

To ensure optimal performance and minimize the
risk of injury, participants completed a 10-minute warm-
-up (including jogging, jumping, and stretching) at an



Z. ZHANG et al.96

adaptive intensity before the test. During the CMJ test
(Fig. 1C), participants started hip-width apart and slightly
rotated to provide stable support. They then crouched to
stretch the lower limb muscle groups and connective
tissues, with the arms positioned behind the body in
preparation for the swing. Subsequently, participants
swung their arms forward vigorously, extended their
hips and jumped upwards as quickly as possible, main-
taining a straight posture to achieve maximum height
[43]. Upon landing, the front foot contacted the ground
first, followed by the heel, and participants returned to
a standing position. The study conducted a repeat test
for each participant, in which each participant per-
formed six jumps with a one-minute rest period be-
tween each jump, to prevent fatigue-related injuries
and ensure the accuracy of the experimental data.
Participants were instructed to exert 100 percent effort
during each takeoff and to stabilize their bodies as
much as possible during the landing. A sliding or un-
stable landing is recorded as a failure [78].

The landing phase was defined as the period from
initial contact, when the ground reaction force exceeded
10 N, to maximum knee flexion [47]. Data on motion
trajectories and ground reaction forces, simultaneously

recorded by the Vicon motion capture system and AMTI
force platform, were imported into MATLAB (Matlab
R2022a, MASS, Natick, MA, USA) for analysis. The
kinematic and kinetic data, originally in (.c3d) format,
were transformed into (.trc) and (.mot) formats for fur-
ther analysis in OpenSim. To enhance the accuracy of
the model, the marker weights were adjusted based on
the subjects’ anthropometric parameters, ensuring that
the subject-specific model aligned with the 2392 model
when both were loaded. Joint angles were computed
using inverse kinematics, while joint moments were
determined through inverse kinetics [31]. Static opti-
mization algorithm was employed to estimate muscle
activation and muscle forces. The raw EMG signals
were first filtered using a fourth-order Butterworth
bandpass filter (10–500 Hz) in the Delsys EMG analy-
sis software, after which the root mean square (RMS)
values were calculated. To normalize the EMG ampli-
tudes, they were expressed as a percentage of the maxi-
mal voluntary isometric contraction (MVIC) for each
muscle. Muscle activation levels were quantified on
a scale from 0 (no activation) to 1 (full activation) by
dividing the RMS amplitude during the test by the RMS
amplitude from the MVIC. The muscle activation data

Fig. 1. (A) Schematic representation of marker points in the OpenSim musculoskeletal model,
(B) schematic representation of EMG test locations, (C) schematic representation of CMJ test
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obtained from the EMG sensors were compared with
the musculoskeletal model simulation results to evalu-
ate the model’s accuracy and validity. No significant
differences were found between the activation levels
from the EMG data and those from the musculoskeletal
model simulations (Fig. 2).

The coactivation of muscles surrounding the knee
joint during the landing phase of the CMJ was deter-
mined using Eq. (1) [44]:
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During the CMJ landing phase, the patellofemoral
joint contact force (PTF) is determined using Eq. (2),
where (x) represents the knee flexion angle, (Mk) rep-
resents the knee extensor moment [28]. The knee flexion
angle was determined using the nonlinear equation for
the quadriceps lever arm, as described below [34]:
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The strength of the quadriceps (Fq) refers to quad-
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The constant k is the constant that correlates with
the knee angle position [60]:
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The PTF was calculated based on the quadriceps
force (Fq) and a constant k:

kFqPTF ×= . (5)

2.3. Quantification
and statistical analysis

This study examined changes in lower limb biome-
chanics during the landing phase of the CMJ. The
biomechanical data were normalized to 101 data points,
representing the full range from 0 to 100% of the land-
ing phase. All variables in this study are normally dis-
tributed after Shapiro–Wilk test. To assess differences
in joint kinematics and kinetics between the two groups,
independent sample t-tests were conducted, with sta-
tistical analysis performed using SPSS 27. The signifi-
cance level was set at p < 0.05. Lastly, the data were
imported into Origin 2022 software for graphical rep-
resentation and visualization.

2.4. Finite element analysis
of foot–knee integration model

2.4.1. Model construction

Two healthy male subjects, with no history of ankle
and knee pain or lower extremity surgery, underwent
magnetic resonance imaging (Helium-free MRI) and
computed tomography (CT) scans to assess those with
high and low ankle dorsiflexion ROM, respectively.
While standing, the knee joint was fully extended, and
the ankle joint was positioned in a neutral alignment.
The knee joint was subsequently scanned using a He-
lium-free MRI system (Fig. 3A). The repetition time
and echo time were set to 500 ms and 14 ms, respec-
tively, with a 20 cm field of view and a slice thickness

Fig. 2. Schematic representation of EMG muscle activation with blue areas representing EMG muscle activation results
and red areas representing muscle activation results from the musculoskeletal model.

The vertical scale ranges from 0 to 1, indicating the level of muscle activation from none to full activation
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of 1 mm. During the MRI image processing and model
creation, the images were imported into Mimics 21.0
(Materialise, Leuven, Belgium), where bone and soft
tissue boundaries were identified and segmented using
gray value determination and region-based segmenta-
tion techniques. These were then exported in STL file
format. The bone, ligaments, and skin were imported
into Geomagic Studio 2021 (Geomagic, Inc., Research
Triangle Park, NC, USA) for noise reduction, smooth-
ing, surface creation, and fitting, and subsequently ex-
ported in IGES format. Each component was con-
verted into a solid using SolidWorks 2022 (SolidWorks
Corporation, Waltham, MA, USA), and the joint posi-
tion was assembled based on orthogonal plane projec-
tions of the subject’s knee joint during landing, en-
suring consistency with the actual X-ray images. The
model was subsequently constructed in Workbench 2021
(ANSYS, Inc., Canonsburg, PA, USA), where contact
conditions were specified, and the tetrahedral mesh
was employed for model discretization (Fig. 3B). Af-
ter performing a mesh convergence test, the bone
mesh was set to a size of 2.0 mm, while the mesh size
for the anterior cruciate ligament (ACL) and posterior
cruciate ligament (PCL) was reduced to 0.5 mm. The
meniscus, ligaments, and cartilage were assigned to
a mesh size of 1.0 mm.

2.4.2. Material properties, boundaries
and loading conditions

All materials, except for the encapsulated soft tissue,
ACL and PCL, were modeled as linear elastic, with their
elasticity characterized by Young’s modulus (E) and
Poisson’s ratio (v). The soft tissue, ACL and PCL were
treated as hyperelastic materials, represented using the
Mooney–Rivlin model. The material properties for each
component are provided in Table 2.

Building on this foundation, the model was locally
refined according to the geometric features of the con-
tact areas. A contact group was subsequently created
to define the bonding relationships between the car-
tilage and bone, as well as between the origins of each
ligament and bone, and the meniscus and bone. To
model the sliding friction between the meniscus and
femoral cartilage, as well as between the patellar and
femoral cartilage, a friction coefficient of 0.04 was
applied [23], [26]. Frictionless contact between carti-
lage and the bone surface and between the ACL and
PCL was defined based on previous indications [4].
The anchor points of bone and cartilage are encapsu-
lated soft tissues. For the foot-knee model placement,
the knee joint was preset to a neutral position. The
knee joint angle was determined by adjusting the an-

Table 2. Material parameters for each structure

Component Elastic modulus [MPa], E Poisson’s ratio: v Destiny
[kg/m³] Ref.

Skin Hyperelastic (first-order Ogden model,
μ = 0.122 kPa, α = 18) N/A 950 [50]

Bulk soft tissue
Hyperelastic (secondorder polynomial strain,
C10 = 0.8556, C01 = 0.05841, C20 = 0.03900,
C11 = 0.02319, C02 = 0.00851, D1 = 3.65273)

N/A 950 [24]

Aterior Crucial Ligament Hyperelastic (first-order polynomial strain,
C1 = 1.95, D = 0.00683) N/A 1000 [51]

Posterior Crucial Ligament Hyperelastic (first-order polynomial strain,
C1 = 3.25, D = 0.0041) N/A 1000 [51]

Fibula, Tibia, Femur, and Patella 14220 0.3 1990 [27]
Foot Bones 7300 0.3 1500 [12]
Knee Cartilages 20 0.46 1000 [38]
Foot Cartilages 1 0.4 1050 [57]
Medial and Lateral
Collateral Ligament 467 0.46 1000 [20]

Medial and Lateral
Meniscus 59 0.49 2000 [37]

Patellar Tendon 778 0.46 1000 [3]
Foot Ligaments 260 0.4 1000 [57]
Plantar Fascia 350 0.4 1000 [9]
Patellar Tendon 816 0.3 1000 [10]
Plate 17000 0.4 1000 [79]
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gle between the femoral axis, tibial axis and the longi-
tudinal axis of the foot in the sagittal plane [23]. A fixed
ground plate and femoral interface were used for the
analysis, with a contact surface featuring a friction
coefficient of 0.6 to model the foot-ground interac-
tion, while the femoral interface remained stationary
(Fig. 3D) [68]. The peak ground reaction force during
CMJ landing, along with the corresponding kinematic,
kinetic, and muscle force data used for the finite ele-
ment (FE) analysis, are presented in Table 3.

Table 3. Finite element model of the knee joint with applied loads

Experimental variables ND LD
Posterior 254.15 251.40
Medial 231.16 226.34Ground Reaction

Force [N]
Vertical 1562.22 1801.27

Ankle Angle [°] Dorsiflexion 24.18 26.24
Flexion 94.35 89.85
Adduction 1.44 1.31Knee Angle [°]
Ext Rot 10.10 13.07
Biceps Femoris 360.77 348.23
Rectus Femoris 974.89 1116.03
Vastus Medialis 196.56 150.43
Vastus Lateralis 356.18 324.48
Medial Gastrocnemius 499.91 661.37
Lateral Gastrocnemius 180.69 146.42
Soleus 378.30 370.70

Muscle Force [N]

Tibialis Anterior 684.71 671.56

2.4.3. Model validation

In this study, the finite element model was validated
through both axial stress and anterior drawer experi-
ments [18], [58], [59]. A 134 N forward thrust was ap-
plied to the upper end of the tibia, displacing the mid-
point of the tibial intercondylar ridge, like the force
used in the anterior drawer test of the knee. Previous
studies have reported anterior displacements of 4.0, 4.3,
4.13 and 4.18 mm, which are in good agreement with
the simulation result of 4.15 mm obtained in this study,
thus confirming the validity of the finite element model
[18], [59], [68]. Furthermore, a high-speed double-
-perspective imaging system (DFIS) (Fig. 3F) was
employed to capture fluoroscopic images of the sub-
ject’s knee joint during landing. The DFIS parameters
were set as follows: source image distance of 1350 mm,
device voltage at 60 kV, device current of 500 mA,
exposure time of 3 seconds, laser wavelength of 650 nm,
and an automatic exposure control dose range of
45 μGy. The flat panel detector had a resolution of
3072 × 3072 pixels, with an X-ray area of 427 × 427 mm.
The X-ray tube operated at a nominal voltage of 150 kV,
the laser power was 3 mW, and the angle sector was 90°.

The knee joint displacement results obtained from
fluoroscopic imaging were compared with the FEA re-
sults to further validate the finite element model (FEM)
[15], [32], [39]. DFIS captured X-ray information and
generated reliable gray-scale medical images after
processing the data using different attenuation levels
in various tissues and organs (Fig. 3F). The Vicon mo-
tion capture system and force platform were used to
synchronize the kinematic and kinetic data, which
were subsequently inputted into the finite element model
(Fig. 3C). The knee joint image acquired by the fluoros-
copy system through two orthogonal planar projec-
tions, and the knee joint model was calibrated and
aligned using 3D modeling software to ensure consis-
tency with the actual X-ray image (Figs. 3G, H). The
knee joint displacement accurately calculated using the
coordinate system calculator plugin in Rhinoceros
software (Fig. 3I) [32], [39]. The results demonstrate
that the knee displacement calculations derived from
finite element analysis and DFIS show strong consis-
tency in 3D space, validating the feasibility and reli-
ability of the constructed finite element model (Fig. 3J).

3. Results

3.1. Kinematics and kinetics

As shown in Fig. 4, the differences in kinematics
and kinetics and the peak kinematics and kinetics be-
tween ND and LD during the landing phase of the CMJ.
In terms of ankle differences, the dorsiflexion Angle of
ND was higher than that of LD during the 4–38% stage
( p < 0.001), and the ankle moment was higher than that
of LD during the whole stage of landing ( p = 0.001). In
terms of peak results, the peak plantar flexion moment of
the ankle joint was lower in ND than in LD ( p < 0.001).

In terms of knee joint differences, the knee exten-
sion moment of ND was greater than that of LD at the
0–7% stage ( p = 0.032) and was smaller than that of
LD at the 8–20% stage ( p = 0.021). The knee abduc-
tion Angle was smaller than that of LD at the 5–50%
stage and 70–90% stage ( p = 0.003, p = 0.001, respec-
tively). The knee abduction moment was lower than
LD at 19–70% stage ( p < 0.001), and the knee external
rotation Angle was lower than LD at 0–18% stage and
24–67% stage ( p = 0.009, p < 0.001, respectively).
The knee external rotation torque was less than LD
at 10–18% stage and 43–100% stage ( p = 0.043, p =
0.001, respectively). In terms of peak results, ND had
higher knee flexion moments ( p = 0.02), lower ab-
duction and adduction angles ( p = 0.04, p = 0.005,
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respectively), higher adduction moments ( p = 0.026),
and lower external rotation and internal rotation an-
gles than LD ( p = 0.038, p = 0.005, respectively). The
external rotation torque was less than LD ( p = 0.02).

In terms of the difference in the hip joint, ND had
a higher hip flexion moment than LD in the 7–17%
stage ( p = 0.006) and lower than LD in the 21–37%
stage ( p = 0.01). In terms of peak results, ND had

Fig. 3. Illustration of the finite element model establishment and validation process:
(A) foot and knee data were obtained using CT and MRI scanning techniques,

(B) creation of a finite element model of the knee joint, including the configuration of muscles, bones, and ligaments,
(C)–(E) import biomechanical data into the finite element model for simulation and visualization of the results,

(F)–(G) data acquisition and processing of knee joint fluoroscopy images acquired by DFIS, establishment and registration
of (H)–(I) coordinate system, (J) comparison of knee displacement calculated based on DFIS and finite element analysis
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higher hip extension moment and flexion moment than
LD ( p = 0.006, p < 0.001, respectively).

3.2. Muscle activation
and muscle force

As shown in Fig. 5, the differences in muscle acti-
vation and muscle force between ND and LD during
the landing phase of the CMJ. In terms of muscle
activation, the rectus femoris activation degree of ND
was higher than that of LD at 21–46% stage (p <
0.001) and was lower than that of LD at 72–91% stage
(p = 0.001). The vastus medialis activation degree was
higher than that of LD at 63–83% stage (p = 0.001).
The activation degree of the vastus lateralis muscle
was higher than that of LD at stage 63–87% (p =

0.001), and the activation degree of soleus muscle was
higher than that of LD at 17–35% stage (p < 0.001),
and lower than that of LD at 38–49% stage (p =
0.027). The activation of the tibialis anterior muscle
was less than that of LD at 17–22% and 82–96%
stages (p = 0.041, p = 0.001, respectively).

In terms of muscle strength, the biceps femoris
muscle strength of ND was lower than that of LD at
48–68% stage (p = 0.001) and 38–49% stage (p <
0.001), and the rectus femoris muscle strength was
lower than that of LD at 9–30% stage and 63–100%
stage (p = 0.013, p < 0.001, respectively). The muscle
strength of the vastus medialis was higher than that of
LD at 62–83% stage (p = 0.001), the muscle strength
of the vastus lateralis was higher than that of LD at
65–86% stage (p = 0.001), and the muscle strength of
the medial gastrocnemius was lower than that of LD

Fig. 4. Illustration of the kinematic and kinetic differences between ND and LD during CMJ testing.
Blue lines and “*” indicate significant differences ( p < 0.05)
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at 83–100% stage ( p = 0.001). Soleus muscle strength
was higher than LD at 34–56% stage ( p = 0.023), and
the tibialis anterior muscle strength was higher than LD
at 0–8% stage and 14–31% stage ( p = 0.031, p = 0.009,
respectively).

3.3. Joint contact force
and muscle coactivation

As shown in Fig. 6, the differences in knee contact
force, patellar joint contact force, and degree of mus-

cle coactivation around the knee between ND and LD
during the landing phase of the CMJ. In the sagittal
plane, the knee contact force of ND was lower than
that of LD in the 15–38% stage ( p = 0.034). In the
coronal plane, the knee contact force of ND was higher
than that of LD in the 10–15% stage ( p = 0.028) and
lower than that of LD in the 21–30% stage ( p = 0.024).
The knee contact force in the horizontal plane was
lower than that in the LD at 10–20% stage ( p = 0.028).
The contact force of ND was higher than that of LD at
the stage of 8–20% ( p < 0.001). In terms of muscle
coactivation, BF/RF, BF/VF, TA/SOL, and TA/GM of

Fig. 5. Illustration of the muscle activation and muscle force differences between ND and LD during CMJ testing.
Blue lines and “*” indicate significant differences ( p < 0.05)

Fig. 6. Illustration of the knee contact force, patellar joint contact force, and muscle coactivation differences
between ND and LD in the CMJ test. Blue lines and “*” indicate significant differences ( p < 0.05)
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ND were by 2.107, 11.879, 11.345 and 12.319% higher
than those of LD, respectively.

3.4. Finite element analysis

In Figure 7, the differences between ND and LD in
the von Mises stress distributions such as ligaments and
soft tissues during the landing phase of the CMJ are out-

lined. The average von Mises stress and the peak von
Mises stress of the medial tibial cartilage in ND were
2.492 and 4.896 MPa, respectively. The average von
Mises stress and the peak von Mises stress of the me-
dial tibial cartilage in LD were 4.558 and 8.541 MPa.
The average von Mises stress and the peak von Mises
stress in the lateral tibial cartilage of ND were 2.296
and 4.519 MPa, respectively. The average von Mises
stress and the peak von Mises stress in the medial
tibial cartilage of LD were 4.214 and 8.125 MPa, re-
spectively. The average von Mises stress and the peak
von Mises stress of the posterior cruciate ligament in ND
was 10.665 and 21.159 MPa, respectively. The average
von Mises stress and the peak von Mises stress of the
posterior cruciate ligament in LD was 14.161 and
27.846 MPa. The mean von Mises stress and the peak
von Mises stress of the ACL in ND were 8.445 and
16.685 MPa, respectively. The mean von Mises stress
and the peak von Mises stress of the ACL in LD were
12.027 and 23.754 MPa. The mean von Mises stress

and the peak von Mises stress of the medial meniscus
in ND were 8.353 and 16.624 MPa, respectively. The
mean von Mises stress and the peak von Mises stress of
the medial meniscus in LD was 10.224 and 20.259 MPa.
The mean von Mises stress and the peak von Mises
stress of the lateral meniscus in ND were 7.935 and
15.793 MPa, respectively. The mean von Mises stress
and the peak von Mises stress of the lateral meniscus
in LD were 9.712 and 19.246 MPa.

Fig. 8. Visualization of von Mises peak stress changes
in the tibial cartilage, cruciate ligaments, and menisci

during the landing phase of the CMJ test for ND and LD

As shown in Fig. 8, the differences in peak von
Mises stress changes such as ligaments and soft tissues
between ND and LD during the landing phase of the

Fig. 7. Visualization of the von Mises stress distribution of the tibial cartilage, cruciate ligaments,
and menisci during the landing phase of the CMJ test for ND and LD
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CMJ were observed. Compared with ND, LD increased
3.645 MPa in the medial tibial cartilage, 3.606 MPa in
the lateral tibial cartilage, 7.069 MPa in the posterior
cruciate ligament, 6.687 MPa in the anterior cruciate
ligament, 3.635 MPa in the medial meniscus, and
3.545 MPa in the lateral meniscus.

4. Discussion

The authors of this study investigated how varying
levels of ankle dorsiflexion affect lower limb biome-
chanics during the cushion-landing phase. We hypothe-
sized that a reduced ankle dorsiflexion ROM during
landing would increase knee joint stress, thereby height-
ening the risk of injury. Additionally, we anticipated that
the knee joint would exhibit adaptive changes to com-
pensate for the limited ankle dorsiflexion. The results
of this study supported the initial hypothesis and re-
vealed several key findings: (1) with a lower ankle dor-
siflexion ROM, the knee joint demonstrated increased
adduction, and external rotation angles during the land-
ing buffer phase, accompanied by higher von Mises
stresses in the tibial cartilage, meniscus, ACL and PCL;
(2) a reduced ankle dorsiflexion ROM was associated
with smaller contact forces of the patella and knee
joint in the horizontal plane; (3) at lower dorsiflexion
ROM, muscle activation of the rectus femoris, vastus
medialis, and vastus lateralis was lower at certain stages,
while the activation of the soleus occurred later in the
movement; (4) the muscle coactivation around the knee
joint (BF/RF, BF/VL, TA/SOL, TA/GM) was reduced
when the ankle joint ROM was limited.

During the CMJ landing, subjects typically transi-
tioned from plantar flexion to dorsiflexion of the ankle
joint. The findings of this study showed that the ND
group displayed a greater ankle dorsiflexion angle than
the LD group, whereas the LD group exhibited a higher
peak plantar flexion moment. These results align with
previous research, which has proposed that greater
ankle plantarflexion may increase the ankle’s ROM,
thus enhancing its capacity to absorb impact forces
and potentially lowering the risk of knee injuries [17],
[36], [68]. Additionally, the LD group displayed greater
knee adduction and external rotation angles, as well as
higher joint forces during landing. The knee joint is es-
sential for maintaining balance during dynamic move-
ments [62], with the contact force between the patella
and femur being a key factor in knee stability. In this
study, the patellar joint contact force (PTF) was cal-
culated using a specific formula [28], [34], [60], and
the results indicated that, compared to the LD group,

the ND group exhibited higher patellar joint contact
forces at certain stages of the landing phase. This phe-
nomenon is likely attributable to the larger dorsiflexion
ROM in the ND group. A greater dorsiflexion angle
facilitates a larger range of ankle motion, which may
enable the lower limbs to absorb more of the impact
forces during landing [17], [29]. Previous research
has also shown that a limited dynamic functional
ROM in the ankle joint is associated with a higher
risk of injury during jumping and landing activities
[69]. For example, healthy female athletes typically
demonstrate a larger dynamic functional range dur-
ing landing, and modifying the initial contact angle
of the ankle joint can effectively lower the risk of
knee injuries [42], [62].

In terms of muscle activation, the results of this
study indicate that the LD group exhibited lower mus-
cle activation of the rectus femoris, vastus medialis,
and vastus lateralis at certain stages compared to the
ND group, with delayed activation of the soleus. Ad-
ditionally, muscle coactivation around the knee joint
(BF/RF, BF/VL, TA/SOL, TA/GM) was lower in the
LD group when ankle joint motion was limited. Previ-
ous research on the effects of physical therapy for pa-
tellar tendinopathy has shown that increasing ankle
dorsiflexion through rehabilitation can improve knee
function, reduce pain and enhance lower limb strength
and stability in patients with patellar tendinopathy [14].
The findings of the present study suggest that greater
ankle motion may contribute to enhanced knee stabil-
ity and muscle control. Although no significant changes
were observed in knee flexion angles, adaptive coacti-
vation of the muscles was noted, suggesting that ankle
motion may contribute to knee stability. The muscle
adaptations could enhance the peripatellar muscles’
ability to withstand higher loads, potentially through
hypertrophy or improved efficiency in absorbing
impact forces. Previous studies have highlighted the
importance of coactivation patterns among the mus-
cles surrounding the knee in maintaining dynamic
knee stability and preventing injuries [19], [30]. Mus-
cle coactivation is crucial for converting valgus forces
into joint contact forces, thus protecting the knee from
injury [53], [63].

In this study, participants’ lower limbs were scanned
using Helium-free MRI and CT. Compared to tradi-
tional MRI, Helium-free MRI employs a cooling system
with zero or very low volatilization, reducing reliance
on expensive and unstable liquid helium, and offering
a more environmentally friendly alternative [2]. Its inno-
vative magnet design supports multi-position imaging,
including standing, sitting, prone, and lateral lying
positions, better aligning with the natural posture and
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biomechanical characteristics of the human body. This
makes it particularly suitable for examining the spine,
joints and musculoskeletal system, allowing for the de-
tection of issues that may not be observable in the su-
pine position. Multi-position MRI enhances the accu-
racy of joint, ligament and tendon imaging, providing
a more realistic simulation of tissue loading during
physical activity. A finite element model of the foot and
knee-integrated lower extremity was developed to more
accurately simulate real-life conditions and calculate
stress distribution in the knee joint and its surrounding
structures [40]. The results indicated that, in the lim-
ited dorsiflexion (LD) condition, along with an in-
crease in knee adduction and external rotation angles,
there was a corresponding increase in knee adduction
and external rotation torques, as well as a decrease in
patellar joint contact forces at certain stages. Addition-
ally, the muscle coactivation around the knee joint was
lower in the LD condition. The finite element analysis
further revealed that LD was associated with higher
stress in the tibial cartilage, meniscus, ACL and PCL
compared to normal dorsiflexion (ND). This suggests
that as the dorsiflexion motion of the ankle joint is
reduced, the stress in these structures increases, re-
sulting in greater impact loading on the knee joint,
which, in turn, heightens the risk of injury [6], [7], [41].
Previous research has indicated that a reduced plantar
flexion angle of the ankle during landing may elevate
the risk of ACL injury [36], [67]. The present findings
demonstrated that ACL stress was primarily concen-
trated in the attachment areas of the femur and tibia as
well as in the medial and lateral regions. Notably,
ACL tears are frequently observed in the femoral at-
tachment area [22], [46]. In conclusion, the findings
of this study indicate that restricted ankle dorsiflexion
during landing results in heightened stress on the me-
niscus and femoral cartilage, which in turn increases
the impact load on the knee joint and elevates the risk
of knee injuries. These findings highlight the impor-
tance of modifying ankle joint motion, particularly
increasing ankle dorsiflexion, to effectively reduce
knee joint pressure and lower the likelihood of sports-
related injuries.

The limitations of the present study must be ac-
knowledged. First, the initial data collection through CT
and MRI involved a cohort of male participants in good
health. Due to inherent individual differences, the re-
sults of this study may not be universally applicable
and could vary across different populations. Addition-
ally, the simulation of the tibial ACL as a linear elas-
tic material may have influenced the accuracy of the
results for these ligaments. This simplification, how-
ever, is commonly used in prior research to improve

computational efficiency. Furthermore, the study was
conducted under controlled laboratory conditions, which
may not fully reflect the conditions encountered in actual
competitive settings. Future studies should aim to con-
duct experiments under conditions that more closely
simulate real-world competitive environments to im-
prove the external validity of the findings. Meanwhile
this study included 32 male basketball players, the
sample size – although likely sufficient for certain analy-
ses – may still benefit from a larger and more diverse
cohort, including different genders and athletes of vary-
ing competitive levels, to enhance the statistical power
and generalizability of the results.

Future research can further optimize computational
modeling and simulation to enhance the precision of
personalized injury risk prediction and the realism of
biomechanical simulations. First, a more refined foot-
knee-hip integrated model can be developed to extend
the current knee-focused analysis, enabling a compre-
hensive investigation of lower limb kinetic chains and
the interplay between the hip, knee, and ankle injury
mechanisms [67]. Second, machine learning and deep
learning algorithms can be incorporated to optimize
musculoskeletal modeling and FEA parameters, lever-
aging individualized biomechanical data to improve
injury risk prediction and develop personalized inter-
vention strategies [70]. Finally, wearable sensor tech-
nology (e.g., inertial measurement units and pressure
insoles) can be employed to capture real-world biome-
chanical data during competitive play, facilitating vali-
dation of simulation models and enhancing their ap-
plicability and predictive accuracy in dynamic sports
environments.

5. Conclusions

This study explored how different levels of an-
kle dorsiflexion affect knee joint impact load during
landing, utilizing a personalized musculoskeletal model
and a finite element model that integrates the foot
and knee. The results indicate that greater ankle dorsi-
flexion during landing may effectively reduce internal
tissue stress in the knee joint and enhance muscle
coactivation around the knee, as well as increase the
patellar joint contact force. These findings provide
valuable theoretical support for strategies to reduce
the risk of knee injuries during landing. Moreover,
they offer reliable technical methods and theoretical
references for the study of injury mechanisms in
other athletic activities, such as running and lateral
jumping.
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