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Abstract
Background

Toe orientation during badminton lunge landing may influence lower-extremity biomechanical
coordination and knee joint loading, potentially affecting injury risk. This study aimed to examine inter-
joint coordination and tissue-level stress responses under different toe orientations during badminton
lunge landing using cross-correlation analysis and subject-specific finite element analysis (FEA).

Methods

Thirty male recreational badminton players (21.70 + 1.20 years, 175.67 + 2.53 cm, 65.72 + 4.08 kg)
performed right-leg lunge landings with 20° toe-in orientation (TI0) and toe-out orientation (TOO) in
randomized order. Kinematic and kinetic data were collected using three-dimensional motion capture
and force platforms. Knee models from eight participants were reconstructed from CT and MRI, and joint
forces were applied for FEA.

Results

Compared with TOO, TIO showed greater ankle dorsiflexion and eversion (p < 0.001) and higher ankle and
knee joint reaction forces in the late phase (94-100%, p = 0.045), with increased sagittal-plane center of
mass displacement (p = 0.023). TOO demonstrated greater knee abduction angles (p = 0.048-0.007) and
higher initial ground reaction force (0—5%, p = 0.048). Coordination differences were observed in ankle
motion—knee loading interactions (p = 0.038-0.003). FEA revealed higher peak stress and more
concentrated stress distribution in knee tissues under TIO, particularly in the medial compartment.

Conclusions

Toe orientation markedly modulates kinetic chain coordination and knee stress during badminton lunge
landing. TIO increases load concentration across multiple knee structures, whereas TOO facilitates load
redistribution and reduces internal tissue stress, suggesting a potential strategy for injury risk reduction.

1 Introduction

Badminton is characterized by frequent high-intensity and multidirectional movements that impose
substantial mechanical loads on the lower extremities, contributing to a high incidence of non-contact
injuries [1, 2]. Among these movements, the forward lunge is one of the most commonly performed and
mechanically demanding tasks, generating impact loads of approximately 2.5 times body weight during
landing [3, 4]. As primary load-bearing structures within the lower-limb kinetic chain, the ankle and knee
joints are therefore particularly vulnerable to injury during lunge landings.
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Foot orientation at initial contact has been identified as a key factor influencing lower-limb
biomechanics. Previous studies have shown that toe rotation can substantially alter joint kinematics and
loading patterns. For instance, toe-out landing has been reported to reduce strain on the anterior
talofibular ligament in individuals with chronic ankle instability [5], whereas studies on single-leg landing
tasks have suggested that externally rotated foot positions may increase knee valgus angles and
moments, potentially elevating loading on structures such as the anterior cruciate ligament (ACL) [6].
Similarly, evidence from cutting maneuvers indicates that foot positioning is associated with knee injury
risk [7]. These seemingly conflicting findings suggest that the biomechanical effects of toe orientation
may be task-specific and cannot be fully explained by isolated joint-level analyses.

One potential explanation lies in the coordinated behavior of the lower-limb kinetic chain. Joint coupling
analysis has been widely used to characterize inter-joint coordination by quantifying spatiotemporal
relationships between joint motions [8, 9]. Previous studies have demonstrated that distal joint motions
can influence proximal joint mechanics through coupling mechanisms [10], and that ankle kinematics
are associated with changes in knee motion in the frontal and transverse planes [11]. In addition, distinct
coordination patterns across the ankle, knee, and hip have been identified, with certain patterns linked to
increased knee valgus loading [12]. However, most existing studies have focused on kinematic-level
coordination, with limited attention to how such temporal coordination influences the internal
mechanical environment of the knee joint.

From a whole-body perspective, maintaining dynamic stability during landing requires coordinated
regulation of the center of mass (COM). The motion of the COM has been shown to reflect global
balance control and is closely associated with lower-limb joint function [13, 14]. During badminton lunge
landings, alterations in foot orientation have been associated with changes in ankle kinematics and COM
displacement [15], suggesting that local joint adjustments may serve to regulate overall stability. This
implies that ankle—knee coordination and COM dynamics may be functionally linked as part of a
compensatory control strategy. However, whether such coordination patterns lead to meaningful
changes in internal knee joint loading remains unclear.

Cross-correlation analysis provides a useful approach for quantifying the temporal relationships between
biomechanical variables by identifying the strength and time lag of their interactions [16]. This method
has been applied to examine neuromechanical delays and inter-joint coordination in gait and clinical
populations. Nevertheless, cross-correlation analysis is limited to describing temporal associations and
does not provide insight into tissue-level mechanical responses. To address this limitation, finite element
analysis (FEA) enables the estimation of internal stress and strain distributions within joint structures
under specific loading conditions and has been widely applied to investigate joint mechanics during
dynamic tasks such as landing [17]. Integrating these approaches may therefore provide a means to link
inter-joint coordination with intra-articular biomechanics.

Therefore, the present study aims to investigate the biomechanical interactions of the lower-limb kinetic
chain during badminton lunge landings by combining cross-correlation analysis and finite element

Page 4/24



modeling. Specifically, this study seeks to (1) quantify the temporal coupling between ankle-knee joint
motion and COM dynamics under different toe orientations, and (2) evaluate the corresponding changes
in internal knee joint stress distributions using subject-specific finite element models. By establishing a
cross-scale linkage between inter-joint coordination and intra-articular mechanical responses, this study
extends beyond previous work that focused solely on kinematic or kinetic outcomes. It is hypothesized
that moderate toe-out landing may reduce knee joint loading while maintaining dynamic stability, and
that significant temporal coupling exists between joint motion and COM behavior.

2 Methods
2.1 Participants

The required sample size was calculated using G*Power software (version 3.1.9.7; Heinrich Heine
University Diisseldorf, Germany). Based on a one-way repeated measures ANOVA (effect size f=0.25,a
=0.05, power = 0.85), a minimum of 28 participants was required to ensure sufficient statistical power.
Thirty male recreational badminton players (21.70 + 1.20 years, 175.67 + 2.53 cm, 65.72 + 4.08 kg) from a
local university were recruited to participate in this study.

To ensure sample homogeneity, the following inclusion criteria were applied: (1) healthy male university
students; (2) engagement in badminton 3-4 times per week, with each session lasting at least 2 hours;
(3) no history of lower limb injuries within the preceding 6 months and no illnesses affecting athletic
performance; (4) dominant right leg and right hand. All participants were fully informed of the study
objectives, procedures, requirements, and provided written informed consent prior to participation. The
study protocol was approved by the institutional ethics committee (Approval No.: TY 2025051).

2.2 Experimental protocol and procedure

2.2.1 Experimental setup

This experiment was conducted at the Biomechanics Laboratory of the University. Prior to testing,
participants' height and weight were measured as baseline anthropometric data, and right leg length
(from the lateral malleolus to the anterior superior iliac spine) was also measured [18]. Stride length for
each participant was calculated based on their right leg length, serving as the standard for performing a
complete and proper lunge landing. For kinematic measurements 38 reflective markers (12.5 mm in
diameter) were placed on the participants' key bony landmarks following the OpenSim Gait2392
musculoskeletal model. 3D kinematic data were collected using a 10-camera Vicon (Oxford Metrics Ltd.,
Oxford, UK) sampling at 200 Hz. In addition, the tests were performed on an embedded force plate
(Kisler Instruments AG, Winterthur, Switzerland) to measure vertical ground reaction forces
synchronously with the motion capture at 1000 Hz [19]. During testing, participants wore close-fitting
sportswear to prevent clothing from obscuring marker points. All participants wore a new pair of Yonex
badminton shoes (Yonex Power Cushion 65 Z, model code: SHB-65Z3) to standardize footwear
conditions.
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2.2.2 Experimental procedure

Prior to formal data collection, participants completed a standardized 15-minute warm-up under the
supervision of a professional strength and conditioning coach. The warm-up protocol consisted of
dynamic stretching, sport-specific task i.e., and warm-up running. Afterward standard gymnastic warm
up tasks were performed. After warm-up, participants performed several familiarization trials to practice
the standardized right-lunge movement.

During the experiment, participants executed a standardized right lunge by stepping forward from point
A to landing point B, followed by pushing back to point A after right-leg landing (Fig. 1C). To simulate real
match conditions and control technical variables, two landing toe-direction conditions were established:
internal rotation (20° toe-in orientation, TI0) and external rotation (20° toe-out orientation, TOO) (Fig. 1B)
[15]. The target angles were marked on the force plate using adhesive tape to ensure accurate foot
placement. Prior to each trial, the landing orientation (inward or outward) was randomly assigned using a
custom MATLAB (R2025b, The MathWorks Inc., Natick, MA, USA) program to minimize potential learning
effects during task execution. Each participant completed seven valid lunge trials under each toe-
direction condition, with a two-minute rest interval between trials to minimize fatigue effects. Trials in
which the participant's right foot did not fully contact the force plate were considered invalid and
excluded from further analysis.

2.3 Data processing and analysis

A blinded analysis procedure was employed to mitigate potential confirmation bias during data
processing, in which analysts may place greater emphasis on results aligning with expected outcomes
when group assignments are known. Data processing was performed without knowledge of the toe-
direction groupings to minimize subjective influence on parameter extraction and interpretation.

Initial contact was defined as the instant when vertical ground reaction force (GRF) first exceeded 10 N,
and toe-off as the instant when it subsequently fell below 10 N. The interval between initial contact and
toe-off was defined as the landing phase, and all kinetic analyses were performed over this phase. For
each participant, data from seven successful trials were averaged for subsequent analysis. Kinematic
and kinetic data were exported from Vicon Nexus 2.19 (Vicon, Oxford Metrics Inc., Oxford, UK) in C3D
format and converted into TRC and MOT files using a custom MATLAB script (R2025a, The MathWorks,
MA, USA). Signal processing followed the procedures recommended by Winter [20, 21]. Specifically, GRF
data were filtered using a fourth-order zero-lag Butterworth low-pass filter with a cutoff frequency of 20
Hz, while kinematic data were filtered using a cutoff frequency of 10 Hz. The processed data were then
imported into OpenSim 4.5.2 (SimTK, Stanford, USA) for musculoskeletal modelling and biomechanical
analysis. A generic musculoskeletal model (Gait2392) was scaled according to each participant’s
anthropometric data, and muscle attachment locations were adjusted to ensure anatomical consistency.
Joint kinematics were calculated using inverse kinematics. To improve the dynamic consistency
between the model and experimental data, the tool of residual reduction algorithm was applied to
minimize residual forces, acting on the COM in the frontal and transverse planes. Subsequently, joint
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moments for each degree of freedom were calculated using inverse dynamics. Joint power was then
obtained by multiplying joint moments by the corresponding angular velocities. Finally, ankle and knee
joint reaction forces ( Fjqqction) Were calculated using the OpenSim 4.5.2 (SimTK, Stanford, USA) [22].
GREF, joint kinematics, and segment inertial parameters were applied to the musculoskeletal model to
estimate the net reaction forces acting at the ankle and knee joints.

To eliminate the influence of individual body mass differences, all joint reaction forces were normalized
to body weight, and time was normalized to 0—-100% of the contact phase.

2.4 Cross-correlation analysis

Cross-correlation coefficients were calculated between joint biomechanical parameter curves to assess
ankle—knee joint coupling. A custom MATLAB (R2025a) script was employed to compute the cross-
correlation functions between biomechanical variables. Within the defined lag range, the cross-
correlation coefficient with the maximum absolute value and its corresponding lag were extracted.
Cross-correlation coefficients range between - 1 and 1, where positive values indicate similar trends in
variable changes and negative values indicate opposite trends. A larger absolute value indicates
stronger coupling between variables [16].

Given that the lower limb kinetic chain plays a dominant role during landing in the lunge position, this
study selected time-series biomechanical variables, including COM displacement (COMx: anterior—
posterior displacement of the center of mass; COMy: medial-lateral displacement of the center of
mass), ankle dorsiflexion angle (ADF), ankle eversion angle (AEV), knee extension angle (KEX), knee
abduction angle (KAB), ankle and knee joint reaction forces (ARF: ankle reaction force; KRF: knee
reaction force), ankle and knee joint sagittal-plane shear forces (ASF: ankle sagittal shear force; KSF:
knee sagittal shear force), and vertical ground reaction force (GRF) for cross-correlation analysis [12].

2.5 FEA of the knee joint

2.5.1 Geometry acquisition and reconstruction

This study selected eight participants with no history of injury or pathology in the right knee joint within
the preceding six months. Three-dimensional geometric models of the participants’ right knee joints
were constructed from CT (scan reconstruction layer thickness: 0.5 mm; 120 kV, 250—-300 mA) and MRI
(GE Discovery-sim 750, with the built-in body coil) imaging data to reconstruct the anatomical structures
of bones, cartilage, and ligaments. The CT scan parameters were as follows: tube voltage 120 kV, current
125 mA, slice thickness 2 mm, and no interslice gap. MRI data were used to identify soft tissue
structures and the anatomical attachment sites of ligaments. Initially, Mimics 21.0 (Materialise, Leuven,
Belgium) was employed to segment the two-dimensional imaging sequences to extract bony structures,
including the femur, tibia, and patella, and reconstruct their high-fidelity three-dimensional geometric
surfaces. Cartilage was reconstructed based on high-resolution MRI slices, with its thickness and
articular contact surfaces clearly defined. Subsequently, the geometric models of bones, cartilage, and
ligaments were subjected to surface smoothing and topological optimization in Geomagic Studio 2021
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(Geomagic Inc., USA) to improve surface quality and ensure numerical stability in subsequent finite
element analyses. Anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), medial collateral
ligament (MCL), and lateral collateral ligament (LCL) were represented as simplified band-like structures
connecting their anatomical attachment sites. These attachment sites were precisely identified based on
MRI data to ensure anatomical accuracy. Finally, all processed structures were imported into SolidWorks
2021 (SolidWorks Corp., USA) for assembly and solid modelling (Fig. 1D) [17].

2.5.2 Material properties, boundary and load conditions

The finite element model of the knee joint in this study comprises the distal femur, proximal tibia,
proximal fibula, medial and lateral menisci, femoral and tibial cartilage layers, and the four primary knee
ligaments (ACL, PCL, MCL, LCL) (Fig. 1E). All structures were meshed in ANSYS Workbench 2024 using
four-node linear tetrahedral elements, which provide favorable accuracy and computational efficiency for
complex knee joint geometries and contact analyses [23].

To enhance local computational accuracy, bone element sizes were set to approximately 3 mm, cartilage
and menisci to approximately 1 mm, and ligaments to 1.5 mm, resulting in a total of 596,829 elements
[7]. Local mesh refinement was applied to critical regions such as the femoral-tibial contact interfaces
and ligament attachment sites to improve the capture of stress gradients. Mesh independence was
validated using a progressive mesh refinement strategy. While maintaining constant mesh partition
ratios, the overall mesh size was gradually reduced (approximately 10% per refinement level) to generate
models with different mesh densities. The maximum von Mises stress in the femoral and tibial cartilage
layers was used as the convergence criterion for comparing computational results across refinement
levels. The model was considered converged when the relative difference in key output parameters
between two successive mesh levels was less than 5%. The convergence analysis showed that the
predicted stresses gradually stabilized with further mesh refinement, indicating that the simulation
results were no longer sensitive to mesh size and ensuring the numerical stability and reliability of the
model.

Regarding material properties, bone, cartilage, menisci, and ligaments were modelled as linearly elastic,
homogeneous, and isotropic materials. This simplification has been widely adopted in knee joint finite
element studies and allows reliable biomechanical evaluation while reducing computational cost [24].
The material parameters for each component, including Young’'s modulus (E) and Poisson'’s ratio (v), are
listed in Table 1 [25].
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Table 1
Material properties and mesh size of each component.

Component Young's Modulus E Poisson's Mesh size Ref.
(MPa) Ratio (mm)
Bone 12000 0.3 3 [26]
Cartilage 5 0.46 1 [27]
Meniscus 59 0.45 1 [23]
ACL 116 0.3 1.5 [28]
PCL 87 0.3 1.5 [17]
MCL 48 0.3 1.5 [25]
LCL 48 0.3 1.5 [17]

Regarding contact settings, the femoral-tibial cartilage interfaces and cartilage—meniscus interfaces
were defined as frictionless surface-to-surface contacts. This approach minimizes numerical errors
arising from uncertainty in friction coefficients and allows the analysis to primarily focus on intra-
articular load transmission mechanisms. Similarly, frictionless contact was assigned between the
menisci and both femoral and tibial cartilage surfaces. Each cartilage layer was fully bonded (tie
constraint) to its underlying subchondral bone surface, ensuring numerical stability and reproducibility of
the simulations. Regarding boundary conditions, the six degrees of freedom of the distal tibia and fibula
were fully constrained [17], serving as the reference for load transmission. To simplify the kinematic
constraints of the proximal segment, the superior surface of the femur was coupled to a single reference
point, with constraints applied only in the flexion—extension direction. This configuration enabled the
model to maintain the physiologically realistic relative alignment between the femur and tibia in the
extended position [29]. Prior to simulation, the knee joint was positioned in a neutral alignment to
establish the baseline configuration of the model. The joint posture was adjusted by modifying the
rotational angle of the femur in the sagittal plane, aligning the femoral mechanical axis with the tibial
axis to match the experimentally measured knee joint angle (Fig. 1E) [17]. Subsequently, the static
loading conditions corresponding to TIO and TOO landing postures were applied to the two adjusted
knee models. Each participant successfully completed seven trials under each landing condition. The
kinetic data at the instant of peak knee joint contact force were extracted and averaged for each
condition. The resulting mean peak contact force was then applied to the tibial plateau to simulate the
intra-articular loading state of the femoral—-tibial joint.

2.5.3 Model validation

This study validated the mechanical plausibility and predictive reliability of the knee joint finite element
model using multiple approaches. Firstly, the model's anterior—posterior stability was assessed via the
classical anterior drawer test [30]. Specifically, with the femur fixed, a 134 N anterior load was applied to
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the tibia, resulting in a simulated anterior tibial translation of 4.32 mm. This result is highly consistent
with previous finite element studies of the knee under identical or comparable loading conditions.
Multiple studies employing three-dimensional finite element models based on anatomical reconstruction
have reported that, under a 134 N anterior drawer load, anterior tibial translation in healthy knees
typically ranges from approximately 4—6 mm. This range is widely used for the mechanical validation of
finite element knee models [31, 32]. For example, Pefia et al's three-dimensional finite element model of
the complete knee. Under the same 134 N load, the model predicted approximately 5.2 mm of anterior
tibial translation, which reasonably reflects the ACL’s constraining effect on anterior—posterior stability
[33]. Compared with these studies, the simulation results of the present study fall within the previously
reported reasonable range, indicating that the model demonstrates good credibility in terms of anterior
stability and ligament mechanical response.

Furthermore, a high-speed dual fluoroscopic imaging system (DFIS) was used to capture in vivo three-
dimensional kinematics of the knee joint during the landing phase. The Coordinate System Calculator
plugin in Rhinoceros software (version 6.16, McNeel and Associates, Seattle, WA, USA) was employed to
accurately compute knee joint displacement [34]. Subsequently, the projected contours of the finite
element model at corresponding flexion angles were spatially registered with the actual X-ray contours.
The three-dimensional displacements computed by the model were compared with the kinematic data
extracted from DFIS [35]. Results demonstrated high consistency between the model predictions and
experimental measurements in both overall motion trends and displacement amplitudes (as shown in
Fig. 1F). These findings indicate that the model possesses high fidelity in geometric reconstruction,
material parameter assignment, and kinematic driving.

2.6 Statistical analysis

All data were first assessed for normality using the Shapiro—Wilk test. When the assumption of normal
distribution was satisfied, a one-way repeated-measures analysis of variance (ANOVA) was performed to
examine differences in selected discrete kinematic and kinetic variables of the ankle and knee joints
under different toe-pointing conditions [15]. When significant main effects were observed, post hoc
pairwise comparisons with Bonferroni correction were conducted. For time-series kinematic and kinetic
data, Statistical Parametric Mapping (SPM) paired-sample t-tests were subsequently conducted to
evaluate differences across the entire landing phase. The normality assumption for SPM analyses was
verified prior to testing, and statistical significance was determined using random field theory (RFT) to
account for multiple comparisons across the time series. For cross-correlation analysis, the maximum
cross-correlation coefficients ( 7,,,2) obtained under TIO and TOO conditions were first extracted and
then transformed using Fisher’s z-transformation to improve normality. The transformed data were
subsequently tested for normality, and paired-sample t-tests or Wilcoxon signed-rank tests were applied
as appropriate to compare differences in lower limb joint coordination patterns between conditions. The
significance level was set at a = 0.05. All statistical analyses were performed using MATLAB (R2025b,
The MathWorks Inc., Natick, MA, USA) and the SPM1D package.
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3 Results

3.1 Knee and ankle joint kinematics, kinetics, and COM
characteristics

Figure 2 illustrates the differences in biomechanical characteristics of the knee and ankle joints, as well
as the COM, during the landing phase of the badminton lunge under two distinct toe orientation
conditions. Results show that compared with TOO landing, TIO landing significantly increased ankle
dorsiflexion and eversion angles throughout the stance phase (p < 0.001).

For knee joint angles, the abduction angle during the initial 0—-5% and terminal 80—100% phases were
significantly greater for TOO landing than for TIO landing (p = 0.048 and p = 0.007, respectively).
Regarding vertical joint reaction forces, both ankle and knee reaction forces were significantly greater
under TIO landing conditions. Specifically, ankle joint reaction forces showed significant differences only
during the late phase (94-100%) (p = 0.045), while knee joint reaction forces also exhibited significant
differences during the same phase (94-100%) (p = 0.045). For anterior—posterior shear forces, ankle
shear force during the initial 0-5% phase was significantly greater in TOO landing than in TIO landing (p
= 0.045). Knee shear forces during the mid-phase (8-83%) and terminal phase (94-100%) were also
significantly greater in TOO landing compared with TIO landing (p < 0.05 across the stance phase).

For GRF, TOO landing produced significantly greater GRF than TIO landing during the initial 0—-5% phase
(p = 0.048), whereas during the terminal 90-100% phase, GRF was significantly lower for TOO landing
than for TIO landing (p = 0.038). Additionally, significant differences were observed in COM displacement
between the two landing conditions. During TIO landing, sagittal plane displacement was significantly
greater than during TOO landing (p = 0.023), whereas in the coronal plane, TOO landing resulted in
significantly greater COM displacement than TIO landing (p = 0.042).

3.2 Cross-correlation analysis results

As shown in Fig. 3, significant differences in maximum cross-correlation coefficients between the two
toe orientations were observed for the following variable pairs: COMx-KEX (p = 0.041), COMx-KSF (p =
0.042), ADF-ARF (p = 0.003), ADF-KSF (p = 0.038), AEV-KEX (p = 0.001), AEV-KAB (p = 0.003), and AEV-
ASF (p =0.026) (p < 0.05). Specifically, for COMx-KEX, the maximum cross-correlation coefficient was
0.992 for TOO and 0.977 for TIO. For COMx-KSF, the values were 0.521 (TOO) and 0.811 (TI0). For ADF-
AREF, coefficients were 0.291 (TOO) and - 0.468 (TI0); for ADF-KSF, -0.520 (TOO) and - 0.814 (TIO). For
AEV-KEX, coefficients were 0.996 (TOO) and 0.971 (TIO); for AEV-KAB, -0.988 (TOO) and - 0.946 (TIO);
and for AEV-ASF, -0.949 (TOO) and - 0.840 (TI0). Additionally, KEX-KSF showed 0.559 (TOO) and 0.808
(TI0).

Overall, the maximum cross-correlation coefficients ranged widely across both TIO and TOO postures,
encompassing both strong positive and strong negative correlations. This indicates that the temporal
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correlation strength between different variable pairs varies considerably. Statistically significant
differences were observed in a relatively limited number of variable pairs, primarily those involving joint
angles and joint forces.

3.3 FEA results for the knee joint

As shown in Fig. 4, the finite element analysis demonstrated distinct stress distribution patterns between
the TIO and TOO conditions. Regarding the cruciate ligaments, both the ACL and PCL showed
pronounced stress concentration in both TIO and TOO, predominantly in the mid-portion and attachment
regions. Compared to TOO, overall stress levels and peak stresses of the ACL and PCL were higher under
TIO, with high-stress zones more extensively distributed. Conversely, under TOO, stress levels decreased,
and stress was more localized with lower peak values. Among the collateral ligaments, both the MCL
and LCL displayed localized high-stress regions under both conditions. Under TIO, maximum stresses
and high-stress areas were more pronounced, whereas under TOO, stress levels were lower and high-
stress regions were smaller. FEA of the menisci revealed that both the MM and LM experienced
substantial stress during the landing phase. Under TIO, overall stresses were higher, with high-stress
zones concentrated in the main body of the menisci. In contrast, under TOO, stress distribution was more
uniform with lower peak stress. For tibial cartilage, both MTC and LTC exhibited annular or locally
concentrated stress patterns in both TIO and TOO conditions. Maximum stresses and high-stress
coverage were higher under TIO, whereas overall stress levels and high-stress regions were reduced
under TOO.

4 Discussion

4.1 Biomechanical characteristics of the knee and ankle
joints and COM displacement

The present study demonstrates that toe orientation substantially influences lower-limb biomechanical
responses during badminton lunge landings, not merely by altering loading magnitude, but by
reorganizing load transmission pathways and movement control strategies across the kinetic chain.

Under TIO conditions, landing was characterized by significantly greater ankle dorsiflexion and eversion,
as well as increased joint reaction forces, particularly during the late landing phase. This indicates that
impact attenuation under TIO is initiated predominantly at the ankle joint, while the knee assumes a
secondary role in regulating residual loads and maintaining postural stability. This is consistent with
previous findings suggesting that increased ankle dorsiflexion and eversion may compromise joint
stability and elevate ligament loading demands [15]. The concurrent increase in knee joint reaction
forces and sagittal-plane COM displacement further indicates that greater forward momentum and
loading are sustained during late landing.
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By contrast, TOO landings exhibited lower overall joint reaction forces but greater knee abduction angles
and higher anterior—posterior shear forces at the knee during the landing phase. This indicates that
mechanical demand is redistributed through changes in joint alignment and force direction, rather than
being uniformly reduced. Previous studies have shown that increased knee abduction during landing is
associated with elevated ACL loading [36]. However, the present findings do not fully support this
relationship, as increased knee abduction under TOO was accompanied by reduced overall loading and
tissue stress, suggesting a compensatory load redistribution mechanism rather than a direct increase in
injury-related loading. Additionally, the greater coronal-plane COM displacement observed under TOO
indicates increased demands on lateral stability control.

Although TOO reduces overall joint reaction forces and internal stress levels, the increased anterior—
posterior shear forces at the knee suggest that mechanical demand is redistributed rather than
uniformly reduced, which may have implications for specific structures such as the ACL. Taken together,
these findings point to two distinct impact attenuation strategies: TIO favors a more localized, ankle-
driven absorption pattern, whereas TOO promotes a redistribution of loads through multi-planar control
and joint alignment adjustments. Importantly, although TIO was associated with higher joint reaction
forces, the present cross-sectional design does not allow inference of long-term injury risk, and these
findings should be interpreted as differences in acute mechanical demand rather than direct indicators
of injury.

4.2 Cross-correlation analysis

Cross-correlation analysis revealed that toe orientation significantly affects coordination patterns within
the lower-limb kinetic chain, particularly in the coupling between COM motion, ankle kinematics, and
knee joint loading.

Among COM-related variables, COMx exhibited stronger correlations with knee flexion—extension angles
and shear forces under TIO, indicating tighter temporal synchronization and a more direct involvement of
the knee in postural control. This suggests a more active role of the knee within the lower-limb kinetic
chain, rather than a purely passive transmission of forces [36, 37]. In contrast, under TOO conditions,
ankle—knee coordination was more pronounced, suggesting a distributed, multi-joint load-sharing
strategy that facilitates impact attenuation [38]. Directional changes in correlation magnitude and sign
(e.g., ADF-ARF shifting from positive to negative) further indicate that toe orientation alters not only the
strength but also the structure of inter-joint coordination, reflecting fundamentally different movement
control strategies [11].

Mechanistically, TIO landings appear to rely more on ankle-dominant impact absorption followed by
localized knee-mediated load regulation, whereas TOO promotes coordinated multi-joint responses that
distribute mechanical loads more evenly.

4.3 FEA of the knee joint
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At the tissue level, the finite element results provide further insight into these biomechanical differences.
Compared with TOO, TIO consistently resulted in higher von Mises stress levels across all evaluated
knee joint tissues, including the ACL, PCL, collateral ligaments, menisci, and tibial cartilage, with more
extensive high-stress regions. Previous finite element studies on jump and change-of-direction landings
indicate that cruciate ligaments are among the first structures to experience high stress when the knee
assumes greater postural stabilization responsibilities [39]. Importantly, these increases were not limited
to a single structure but occurred concurrently across multiple tissues, indicating a multi-tissue loading
pattern within the knee joint. Medial structures such as the MCL and medial meniscus are particularly
sensitive to changes in lower-limb alignment and rotational loads, explaining their vulnerability under TIO
[40]. This suggests that under TIO conditions, mechanical demand is less effectively redistributed,
leading to a more concentrated internal stress environment. In contrast, TOO was associated with lower
peak stresses and more localized stress distributions across all structures. This more uniform stress
pattern is consistent with the enhanced inter-joint coordination observed in the cross-correlation
analysis, suggesting that improved coordination may facilitate more effective load dispersion.

However, it is important to emphasize that the present study does not establish physiological or injury
thresholds for these stress values. Therefore, it remains unclear whether the observed stress levels fall
within normal physiological ranges or approach levels associated with tissue damage. As such, these
findings should be interpreted as relative differences in mechanical loading rather than direct evidence
of increased injury risk. Overall, the combined evidence from kinematic, coordination, and finite element
analyses suggests that TIO promotes a more localized and concentrated loading pattern, whereas TOO
supports a more distributed load-sharing mechanism within the knee joint.

4.4 Research limitations and future prospects

Despite these findings, several limitations should be considered when interpreting the results. First, the
sample did not consider gender or athletic level differences, which may affect joint loading and
coordination. Second, the cross-sectional design focused on a single landing event, limiting inference on
cumulative loading and long-term injury risk. The experimentally controlled toe orientations may
represent relatively extreme postures, and their frequency in real match scenarios remains unclear.
Additionally, cross-correlation analysis reflects temporal associations rather than direct neuromuscular
control, and finite element analysis estimates tissue stress without capturing in vivo injury thresholds.
Future studies should incorporate in-game motion capture and wearable sensors to enhance ecological
validity, and integrate subject-specific thresholds or fatigue-related loading for more physiologically
meaningful interpretations of mechanical risk.

5 Conclusion

Research findings indicate that different toe orientations significantly alter lower-limb biomechanical
responses during the landing phase of a badminton lunge. These effects extend beyond individual joints,
reflecting changes in load transmission and coordination patterns across the lower-limb kinetic chain.
TIO posture tends to promote a more localized, load-bearing—dominant strategy, with greater
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mechanical demand on the knee joint and increased concurrent loading across ligaments, menisci, and
cartilage. Conversely, TOO posture facilitates a more distributed load-sharing strategy through joint
alignment and inter-joint coordination, resulting in reduced stress concentration within knee tissues.
These findings suggest that foot landing posture may influence knee joint loading through its effect on
kinetic chain coordination, rather than acting as an isolated local factor. This provides a biomechanical
basis for optimizing landing techniques in badminton and may inform training and rehabilitation
strategies aimed at reducing lower-limb loading demands.
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Overview of the experimental protocol, finite element model construction, and validation. (A) Schematic
illustration of anatomical marker placement. (B) Representative knee and ankle joint configurations
during landing under different ankle orientations. (C) Testing workflow and the badminton right-lunge
movement protocol. (D) CT imaging and knee joint modeling procedure. (E) Components of the knee
joint finite element model and the loading and boundary conditions applied in ANSYS Workbench. (F)
Validation illustrations: dual-plane fluoroscopy—based verification of the finite element model; results
showing the comparison between predicted and measured joint kinematics.
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Figure 2

Changes in lower limb biomechanical characteristics during the landing phase of a badminton lunge
under different toe orientations. (A) Kinematic and kinetic results of the ankle joint. (B) Kinematic and
kinetic results of the knee joint. (C) COM and GRF. SPM analysis highlights characteristic differences in
ankle and knee joints, COM displacement, and GRF. Green and blue lines indicate toe-in and toe-out
conditions during lunge landing, respectively.
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Figure 3

Schematic representation of the cross-correlation analysis results. Figures 3A and 3B show the
maximum cross-correlation coefficient matrices under toe-out and toe-in conditions, respectively, where
“*" indicates variable pairs exhibiting significant differences in maximum cross-correlation coefficients
between the two toe orientations. Figure 3C shows the p-value distributions for the differences in
maximum cross-correlation coefficients across all variable pairs.
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Figure 4

Finite Element Analysis results and peak stress comparisons for the knee joint during the landing phase
of a badminton lunge under different toe orientation conditions. The left panel shows von Mises stress
distributions across key knee structures—including the ACL, PCL, MCL, LCL, MM, LM, MTC, and LTC.
Colors range from blue to red, representing stress levels from low to high. The right panel presents a bar
chart comparing peak von Mises stresses across all tissue structures under different toe orientations,
quantifying the effect of landing posture on internal knee joint biomechanical loading.

Page 24/24



