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A B S T R A C T

The long jump is an athletic event that demands speed, power, force application, and balance, 
with each phase being critical to overall performance. However, previous research has neglected 
the limiting effect of the wedge pedals on ankle dorsiflexion range of motion. This cross-sectional 
study investigated biomechanical changes in the lower extremities during long jumps under 
varying degrees of ankle dorsiflexion. Thirty male Division II long jump athletes executed jumps 
under three conditions: no dorsiflexion, with 10◦ dorsiflexion restriction, and with 20◦ dorsi
flexion restriction. A Vicon motion capture system with eight cameras and an AMTI force plat
form were used to collect biomechanical data simultaneously during the long jump. The angles, 
moments, and velocities of the ankle, hip, and knee joints during takeoff were simulated and 
calculated using a musculoskeletal model. Between-group variations were assessed using one-way 
repeated measures ANOVA, with statistical parametric mapping (SPM1D) applied for analysis. 
Results showed that as ankle restriction increased, vertical velocity gain increased: NW (3.34 ±
0.21 m/s), 10W (3.65 ± 0.14 m/s), and 20W (3.77 ± 0.12 m/s) (p < 0.001). Horizontal velocity 
loss was significantly higher only at 20W (p = 0.002). Peak extension angle, angular velocity, and 
power were highest at 10W for the knee and hip joints (p < 0.05). Joint forces at the ankle, knee, 
and hip were significantly affected by different pedal angles (p < 0.001). Athletes with a 10◦

ankle dorsiflexion limit showed increased vertical velocity with minimal horizontal velocity loss, 
potentially enhancing performance. This limit also increased muscle co-activation around the 
knee, possibly stabilizing it. Athletes should consider a 10◦ ankle dorsiflexion limit in training to 
improve performance and reduce injury risk.

1. Introduction

The long jump is a track and field event where athletes utilize a combination of speed, strength, power, and balance to achieve 
maximal horizontal displacement [1,2]. It is divided into four distinct phases: the approach phase, the takeoff phase, the flight phase, 
and the landing phase, each of which is integral to overall performance. The approach phase involves building up speed while 
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maintaining control and proper posture, and the takeoff phase converts this horizontal speed into vertical lift [3]. During the flight 
phase, the athlete must maintain balance and prepare for a controlled landing, while the landing phase focuses on minimizing distance 
loss and injury risk. Throughout history, notable achievements, such as Mike Powell’s record-breaking long jump in 1991 4, have 
shown the evolution of techniques and training methods in the sport. In modern athletics, maximizing performance in each of these 
phases has been a primary goal in long jump training.

In training, the takeoff board is widely used to improve the takeoff technique by adjusting the takeoff angle, thereby enhancing 
performance [4,5]. The takeoff phase is pivotal as it sets the trajectory and velocity for the subsequent phases. While tools like the 
takeoff board have proven effective in refining technique, pedals—which restrict ankle dorsiflexion—are increasingly used to further 
optimize the takeoff phase [6]. However, the impact of dorsiflexion restriction on overall performance and injury risk remains 
underexplored. Limited ankle dorsiflexion affects power output and postural control, both of which are critical in high-speed, 
high-impact sports like the long jump [7]. Research has demonstrated that augmenting the initial contact angle and range of mo
tion of the ankle joint in one leg can enhance energy efficiency in the lower limb joints, diminish peak forces on the anterior cruciate 
ligament (ACL), and decrease impact loads on the lower limb joints. This, in turn, reduces the risk of lower limb injuries, including ACL 
injuries [8,9]. Conversely, limited ankle mobility can significantly impair biomechanical performance and elevate the risk of injury 
[10–12]. For instance, healthy female athletes generally exhibit a greater dynamic functional range of motion (DFROM) during jump 
landing. A reduced DFROM has been correlated with an elevated risk of injury during these landings [12]. Similarly, limited ankle 
mobility has been shown to increase the risk of injury during jumping [13,14]. Overall stability limit scores were significantly lower 
with ankle immobilization, as ankle restriction interferes with anatomical dominance and muscle activation at the ankle joint [15]. A 
previous study using the Adaptive Neuro-Fuzzy Inference System (ANFIS) to estimate ankle angles in a healthy population confirmed 
that kinematic variations of the ankle in the sagittal, coronal, and horizontal planes may contribute to osteoarthritis of the knee [16,
17]. These findings underscore the importance of ankle flexibility and strength in optimizing long jump performance and minimizing 
injury risks. Existing research, however, lacks a comprehensive investigation into how different degrees of dorsiflexion restriction 
affect biomechanical performance during long jump takeoff. While studies on general ankle mobility exist, few focus on its application 
to the long jump, particularly concerning specific restriction angles.

In the long jump, the velocity at takeoff is crucial, encompassing both vertical and horizontal components [18]. During the long 
jump, the angle of the pedal significantly affects the athletes’ jumping posture and the biomechanical properties of the lower limbs. 
The maximal increase in vertical velocity from the moment of touchdown to the jump is associated with a low center of gravity, a 
greater knee extension angle at touchdown, and a low peak knee flexion velocity, which is related to the ability to resist knee flexion 
[19–21]. The combination of these three variables explains the change in vertical velocity gain from touchdown to jump. Similarly, 
greater horizontal velocity loss during the jump phase is associated with increased height change, greater hip adduction, and more 
pronounced hip extension [19–21]. The combination of these three variables explains the horizontal velocity change from touchdown 
to jump, but the optimal ankle dorsiflexion restriction angles for balancing performance gains with injury prevention remain unclear. 
Therefore, understanding the interaction between ankle dorsiflexion restriction angles and these biomechanical variables is crucial for 
optimizing jump performance.

Given the widespread use of wedge pedals in training, it is essential to determine the optimal degree of dorsiflexion restriction that 
maximizes takeoff performance while minimizing the risk of injury. Without proper knowledge, athletes and coaches may inadver
tently over-restrict or under-restrict dorsiflexion, leading to either suboptimal performance or an increased risk of musculoskeletal 
injuries, particularly in the ankle, knee, and hip joints. A systematic examination of the biomechanical effects of varying degrees of 
restriction could fill this gap and provide critical insights for safe and effective training practices. Therefore, the purpose of this study is 
to investigate the effects of different ankle dorsiflexion restriction angles (0◦, 10◦, and 20◦) on the biomechanics of the lower limb 
during long jump takeoff. By assessing the vertical and horizontal velocities, joint angles, and muscle activation patterns, this study 
aims to provide a more scientific theoretical basis for training long jumpers. The findings will offer practical guidance for coaches and 
athletes, helping them tailor training programs that not only enhance performance but also minimize injury risk.

2. Methods Details

2.1. Study design

This study utilized a cross-sectional design to explore the biomechanical effects of varying degrees of ankle dorsiflexion restriction 
during long jump takeoff. Thirty male Division II long jump athletes participated in the study. Each athlete completed long jumps 
under three different dorsiflexion conditions: no wedge (NW), 10◦ dorsiflexion restriction (10W), and 20◦ dorsiflexion restriction 
(20W). The Vicon motion capture system with eight cameras and an AMTI force platform was used to simultaneously collect 
biomechanical data, including joint angles, moments, and velocities at the ankle, knee, and hip during the takeoff phase. Electro
myography (EMG, Delsys, Boston, MA, USA) was also used to measure muscle activation patterns. Data from the jumps were processed 
and analyzed using one-way repeated measures ANOVA and statistical parametric mapping (SPM1D) to examine the differences 
between the three dorsiflexion conditions.

2.2. Study Participant Details

In this study, a priori power analysis was conducted using G*Power (version: 3.1.9.7; Henri Düsseldorf University, Düsseldorf, 
Germany) software to determine the sample size necessary for the experimental design [22]. With the statistical power and 
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significance level fixed at 0.80 and 0.05 24, the number of repeated measurements was calculated to be 6 using 3 groups. The results 
showed that a sample size of at least 30 participants was required to achieve a medium effect size of 0.25. A total of 30 male long 
jumpers were recruited from Ningbo University, with a mean age of 21.45 ± 3.14 years, a mean height of 179.30 ± 3.80 cm, and a 
mean weight of 72.20 ± 5.05 kg. The inclusion criteria for participants were as follows: (1) Participants were level II long jumpers and 
members of the track and field team at Ningbo University (the standard for level II long jumpers is a long jump of 6.7 m and above). (2) 
Participants with a history of lower limb injuries in the last six months that could impact performance, or the study results were 
excluded. (3) Participants who had undergone any lower extremity surgery were excluded due to potential biomechanical alterations 
that could affect the results. (4) Participant with chronic diseases or conditions (e.g., cardiovascular, musculoskeletal, or neurological 
disorders) that might interfere with performance or affect the study’s outcome was excluded. (5) Participants who did not consistently 
meet the long jump training of three times per week for at least 2 h per session were excluded from the study. (6) Participants with a 
history of recurrent ankle sprains or chronic ankle instability, even if the most recent injury was more than six months prior, were 
excluded to ensure accurate biomechanical assessment. (7) Participants currently using medication that could affect their muscle 
function, balance, or neuromuscular performance, such as painkillers, muscle relaxants, or anti-inflammatory drugs, were excluded. 
(8) Participants who could not fully comply with the experimental procedures, including warming up, following takeoff instructions, 
or adhering to the reflective marker placement protocol, were excluded. (9) Participants who did not agree to wear the standardized 
footwear provided for the experiment, or whose foot structure required specialized footwear (e.g., orthotics) that might influence the 
outcomes, were excluded. (10) Participants showing signs of excessive fatigue or overtraining syndrome on the day of testing, which 

Fig. 1. (A) Illustration of the schematic representation of reflective marker placement on body skeletal landmarks. (B) Illustration of the placement 
of an EMG electrode on the lower limb of a human. (C) Illustration of the long jump biomechanical test process.
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could compromise performance or produce unreliable data, were excluded. (11) Participants with pre-existing biomechanical ab
normalities (e.g., leg length discrepancies, flat feet, or high arches) that could interfere with the takeoff phase mechanics were 
excluded from the study. (12) All participants provided written informed consent before data collection and ethical approval for the 
study was obtained from the University of Ningbo ethical committee (Protocol Code: RAGH20240501).

2.3. Data collection procedures

All tests were conducted in the Exercise Biomechanics Laboratory at the Institute of Greater Health, Ningbo University. A Vicon 
motion capture system (Oxford Metrics Ltd, Oxford, UK), equipped with 8 cameras, was used to capture the motion data of the 
participants during the long jump task. The sampling frequency was set at 200 Hz [23]. The Vicon motion capture system used in this 
study was carefully calibrated before each testing session to ensure precise measurement of joint kinematics and movements. Cali
bration involved positioning reflective markers in known positions within the capture volume and adjusting the system to optimize 
camera alignment and accuracy. This process was repeated at the start of each data collection session to maintain measurement 
precision. The sampling frequency of the force platform (AMTI, Watertown, MA, USA) was set to 1000 Hz to collect motion data during 
the long jump. The two experimental setups were synchronized. The initial contact point was identified when the vertical ground 
reaction force exceeded 10 Nm [24]. The AMTI force platform was calibrated according to the manufacturer’s guidelines before each 
testing session to ensure accurate recording of ground reaction forces (GRFs). This calibration process involved applying known loads 
to the platform and adjusting the system to ensure correct force output readings. All participants wore tight shorts and shirts. 
Consistent with previous studies, each participant was affixed with 38 spherical reflective markers with a diameter of 12.5 mm to 
identify movement patterns during each trial [25]. Reflex markers were placed at specific anatomical landmarks on the body as shown 
in Fig. 1A, The SENIAM guidelines [26] were followed for the placement of the EMG sensors. Eight EMG sensors were mounted on the 
muscle bodies of the soleus, medial and lateral gastrocnemius, tibialis anterior, rectus femoris, extensor fasciae latae, intenser fasciae 
latae, and biceps femoris muscles shown in Fig. 1B. The EMG system used to capture muscle activation data was also calibrated 
following standardized procedures. This involved testing the EMG sensors for signal accuracy and adjusting the system to ensure noise 
reduction and consistent signal capture. Skin preparation procedures (e.g., shaving, and cleaning gel) were implemented to enhance 
the quality of the signals. The EMG system has been validated in prior research, demonstrating its reliability in recording muscle 
activation during sports movements. The Vicon system, AMTI force platform, and EMG system are synchronized for data acquisition.

Participants warmed up for 15 min at a pace of their choice on the athletic field wearing a tight-fitting shirt and shoes that met the 
requirements for the official experiment, participants then practiced long jump-specific preparatory activities to ensure that each 
participant was able to perform to his or her maximum potential in the experiment. Each participant was given three opportunities to 
familiarize themselves with the test movements. Following the warm-up phase, subjects underwent thorough familiarization with the 
experimental conditions and procedures before proceeding with the full test protocol. Prior to formal data collection, subjects stood on 
a force plate to record static coordinates. Each subject positioned their feet parallel to the y-axis, extended their arms 45◦ from the sides 
of the body, and maintained forward gaze until the completion of static data collection.

To collect biomechanical data and to ensure that the athletes were able to accurately step onto the springboard, the athletes first 
performed a counter-run to determine the starting point of the eight-step run, and after determining the starting point, on command, 
they immediately performed a complete long jump test consisting of the eight-step run, jump, lift, and landing [27], limitation of ankle 
dorsiflexion with no wedge (NW), 10◦ wedge (10W) and 20◦ wedge (20W), respectively. Fig. 1C illustrates a complete long jump 
takeoff. Participants were asked to perform to the maximum potential possible [28–30]. The data collected specifically pertained to the 
participant’s initial leg, defined as the leg that first contacted the springboard [25]. During the long jump task, a failure was recorded if 
any participant was observed not stepping onto the springboard when or if they did not complete the movement in its entirety. Six 
successful datasets were collected using the dominant leg, which equates to 18 datasets per participant at three different starting 
angles. A 2-min rest period between each test and a 5-min rest period between jumps at each takeoff angle was used to prevent 
participants from over-fatiguing.

2.4. Musculoskeletal modeling and data processing programs

The kinematics and kinetics data collected from Vicon were exported to C3D file format and then converted to a coordinate system, 
low pass filtered, data extraction, and formatted for kinematic and kinetic data using MATLAB (MathWorks, Massachusetts, USA). The 
C3D files were converted to trc file format and mot file format using MATLAB and imported into OpenSim (Stanford University, 
Stanford, CA, USA) to calculate biomechanical parameters [31]. A musculoskeletal model comprising 23 degrees of freedom and 92 
muscle actuators was employed for all musculoskeletal simulations [32]. The Scale Tool in OpenSim allows researchers to create 
subject-specific musculoskeletal models by adjusting a generic model to match the body dimensions of individual participants [32]. It 
uses anthropometric data (e.g., height, limb lengths) and marker positions from the motion capture data to scale the generic model so 
that it accurately reflects each participant’s musculoskeletal structure. Specifically, scaling factors for individual body segments were 
determined by comparing distances between two markers on the segment, measured during a static standing trial, with corresponding 
distances on the generic model. These factors were then used to adjust segment lengths, inertial properties, muscle attachment points, 
and other parameters accordingly.

The accuracy of the model was improved by using specific equations and plug-ins from OpenSim to calculate the joint angle using 
the inverse kinematics algorithm, the joint moment using the inverse dynamics algorithm, and applying a residual reduction algorithm 
(RRA) to minimize dynamic inconsistencies in the model 35. RRA also computes an adjusted location of the torso center of mass (COM) 
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to minimize residual moments in the frontal and transverse planes 35. The inverse kinematics tool optimizes the calculation of joint 
angle by weighted least squares to minimize the differences between the model and experimental marker positions, joint moments for 
each degree of freedom of the model were computed using the inverse kinematics tool. Joint power was derived by multiplying angular 
velocity by the joint moment at each time point 36,37. Static optimization algorithms were employed to compute muscle activation and 
muscle force. Joint forces were derived from the muscle force outputs of the static optimization process using the joint reaction force 
tool in OpenSim 38. The Joint Reaction Force Tool calculates the forces acting on the joints based on the muscle forces derived from the 
Static Optimization process. It provides information on the compressive, shear, and rotational forces acting on the joints, which are 
essential for understanding joint loading and the potential for injury. Fig. 2 shows the workflow of the musculoskeletal modeling 
process used to calculate muscle force, muscle activation, COM, and joint force. Calculation of vertical velocity gain and horizontal 
velocity loss during the long jump start based on kinematic data. The regression equations for vertical velocity gain and horizontal 
velocity loss from the instant of touchdown to the instant of takeoff are [19]: 

VYTD− TO = − 3.283 − 5.591 HTD + 0.0851 A(KNEE)TD − 0.188 PAV(KNEE) (1) 

HTD represents the height of the center of mass at touchdown, A(KNEE)TD represents the knee joint angle at touch-down, PAV(KNEE)

represents the peak knee flexion velocity. 

VXTD− TO =0.370+ 4.40 HTD− TO +0.041 A(HIP− A)TD− MHA

− 0.008 A(HIP− E)TD− TO
(2) 

A(HIP− A) TD− MHA represents the range of hip adduction from touch-down to its minimum hip adduction angle, A(HIP− E)TD− TO represents 
the range of hip joint extension throughout the takeoff phase, HTD− TO represents the change in height during the takeoff phase.

Muscle activations computed using the static optimization algorithm were compared to surface EMG activity recorded experi
mentally to validate the model. Appropriate signal-to-noise ratios were determined by performing residual analysis on a subset of data 

Fig. 2. Workflow of the musculoskeletal modeling process used to calculate muscle force, muscle activation, COM, and joint force. (A) Importing 
experimental data into Opensim software. (B) Scaling of model. (C) Inverse Kinematics. (D) Inverse Dynamics. (E) Center of mass. (F) Static 
Optimization. (G) Joint force. RRA: Residual Reduction Algorithm.
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from previous studies. To compute co-activation for the descending phase of the long jump takeoff, the following equation was applied 
[33]: 

Muscleco − activation(%) =

(
RMSEMGantaonist

RMSEMGagonist

)

*100 (3) 

Surface EMG signals were initially filtered using a fourth-order Butterworth band-pass filter with a frequency range of 10–400 Hz. 
Subsequently, the signals underwent full-wave rectification and were further filtered with a low-pass filter at a cutoff frequency of 6 Hz 
[34]. In addition, the EMG signals were normalized by dividing the EMG amplitude by the maximum root-mean-square amplitude and 
further adjusted by MVC to derive the activation level of each muscle. The muscle activation data recorded by the EMG sensors were 
then compared with those obtained from the musculoskeletal model simulations to validate the reliability and precision of the model. 
Fig. 3 shows that no significant differences were found when comparing muscle activation in the EMG data and the musculoskeletal 
model.

2.5. Quantification and statistical analysis

Before conducting statistical analysis, normality testing was performed on all experimental data using the Shapiro-Wilk test. If the 
data did not satisfy the normality criteria, Kruskal-Walli’s test was utilized to evaluate differences in kinematic and kinetic variables 
among different angles during the long jump. In the statistical parametric mapping (SPM) analysis, kinematic and kinetic data from the 
takeoff phase were extracted and processed using a custom MATLAB script. The data points were interpolated to generate a time series 
curve comprising 101 data points, representing the entire landing phase from 0 % to 100 % [35]. Subsequently, statistical analysis was 

Fig. 3. EMG/Activation of the lower limb muscles. The results of the EMG acquisition were calculated from the collected surface EMG signal. The 
OpenSim simulation results were derived from the constructed musculoskeletal model. Muscle activation is normalized to 0–1, which represents no 
activation and full activation.
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performed using one-dimensional parameter statistical mapping (SPM1D) scripts for one-factor repeated measures analysis of vari
ance, with a significance threshold set at 0.05. For conventional discrete variable analysis, MATLAB scripts were employed to extract 
data from the long jump takeoff phase. All analyses of traditional discrete variables were conducted using SPSS 27.0 for Windows™ 
software, with statistical significance defined as P < 0.05. Finally, the obtained data were inputted into Origin 2022 software for 
visualization and plotting.

3. Results

3.1. Kinematics

For the results of the joint angle, as the ankle joint restriction angle increased, the ankle dorsiflexion angle increased in the 10 %–70 
% phase (p < 0.001) and 90 %–100 % phase (p = 0.017). With a 20◦ restriction, it increased throughout the 0 %–100 % phase (p <
0.001); the hip extension angle increased in the 10 %–83 % phase (p < 0.001). Hip abduction angle increased in the 0 %–35 % (p =
0.001) and 77 %–98 % (p = 0.006) phases. With a 20◦ restriction, it increased in the 0 %–78 % phase (p < 0.001). Knee extension angle 
increased in the 44 %–100 % phase (p < 0.001). With a 20◦ restriction, the knee flexion angle increased in the 0 %–23 % phase (p =
0.005). Knee abduction angle decreased in the 0 %–55 % phase (p < 0.001) and increased in the 76 %–100 % phase (p = 0.001). For the 
results of the joint angular velocity, as the ankle joint restriction angle increased, ankle dorsiflexion angular velocity increased in the 0 
%–19 % phase (p < 0.001) and ankle plantarflexion angular velocity increased in the 47 %–80 % phase (p < 0.001). Hip extension 
angular velocity increased in the 12 %–18 % (p = 0.013) and 67 %–85 % (p < 0.001) phases, and hip flexion angular velocity increased 
in the 30 %–38 % phase (p = 0.008). With a 20◦ restriction, hip extension angular velocity increased in the 41 %–67 % phase (p <
0.001). Knee flexion angular velocity increased in the 0 %–12 % phase (p = 0.002) and knee extension angular velocity increased in the 

Fig. 4. Kinematics of the ankle, knee, and hip joints during the long jump takeoff. The results of the SPM for NW, 10W and 20W are shown in the 
Figure. The blue, red, and purple lines represent the results of the SPM analyses for NW and 10W, 10W and 20W, NW and 20W, respectively.
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15 %–73 % phase (p < 0.001). With a 20◦ restriction, knee flexion angular velocity increased in the 89 %–100 % phase (p < 0.001). 
Details results of kinematics are provided in Fig. 4.

Ankle dorsiflexion angle and angular velocity (p < 0.001), ankle plantarflexion angle and angular velocity (p < 0.001, p = 0.007 
respectively), hip flexion angle (p = 0.011), hip extension angle and angular velocity (p = 0.003, p < 0.001 respectively), hip 
adduction angle and adduction angle (p = 0.047, p < 0.001 respectively), knee flexion angle (p = 0.002), knee extension angle and 
angular velocity (p < 0.001, p = 0.005 respectively), knee adduction angle (p < 0.001) were significantly different between NW, 10W, 
and 20W. Details results of peak kinematics are provided in Table 1. Ankle dorsiflexion and plantarflexion angles differed significantly 
in all conditions. Hip extension and abduction angles differed significantly in all conditions. Hip extension angular velocity differed 
significantly between NW and 10W. Knee extension and abduction angles differed significantly in all conditions. Details results of the 
intergroup differences in peak kinematics are provided in Supplemental Text and Figures Fig. 1.

3.2. Kinetics

For the results of the joint moment, as the ankle joint restriction angle increased, the ankle dorsiflexion moment increased in the 0 
%–90 % phase (p < 0.001). Hip flexion moment increased in the 62 %–100 % phase (p < 0.001) and hip extension moment increased in 
the 0 %–12 % (p < 0.001) and 22 %–25 % (p = 0.012) phases. With a 20◦ restriction, knee flexion moment increased in the 0 %–30 % 
phase (p < 0.001) and knee extension moment increased in the 50 %–86 % phase (p < 0.001). For the results of the joint power, as the 
ankle joint restriction angle increased, ankle plantarflexion power increased in the 0 %–3 % (p = 0.011) and 10 %–35 % (p < 0.001) 
phases, and ankle dorsiflexion power increased in the 5 %–11 % and 50 %–67 % phases (p < 0.001). With a 20◦ restriction, ankle 
dorsiflexion power increased in the 50 %–100 % phase (p < 0.001). With a 10◦ restriction, hip flexion power increased in the 0 %–18 % 
phase (p < 0.001), and hip extension power increased in the 20 %–85 % phase (p < 0.001). With a 20◦ restriction, hip flexion power 
increased in the 0 %–20 % (p < 0.001), 40 %–48 % (p = 0.011), and 85 %–95 % (p < 0.001) phases, and hip extension power increased 
in the 32 %–38 % (p = 0.002) and 50 %–85 % (p < 0.001) phases. Knee flexion power increased in the 0 %–15 % and 67 %–94 % phases 
(p < 0.001) and knee extension power increased in the 40 %–60 % phase (p < 0.001). With a 10◦ restriction, knee extension power 
increased in the 15 %–28 % phase. Details results of kinetic are provided in Fig. 5A.

For the results of ankle joint force, as the ankle restriction angle increased, ankle dorsiflexion joint forces increased in the 0 %–19 % 
(p < 0.001) and 33 %–45 % (p = 0.001) phases, and in the 82 %–94 % phase with a 20◦ restriction (p < 0.001). Ankle plantarflexion 
joint forces increased in the 23 %–29 % phase (p = 0.014). Ankle adduction joint forces increased in the 2 %–21 % phase (p = 0.001) 
and the 0 %–35 % phase with a 20◦ restriction (p < 0.001). Ankle abduction joint forces increased in the 42 %–100 % phase (p <
0.001), and in the 54 %–100 % phase with a 20◦ restriction (p < 0.001). For the results of the hip joint force, as the ankle restriction 
angle increased, hip flexion joint forces increased in the 14 %–30 % and 45 %–82 % phases (p < 0.001). Hip extension joint forces 
increased in the 0 %–20 % and 26 %–100 % phases (p < 0.001) with a 20◦ restriction. Hip adduction joint forces increased in the 0 %– 
10 % (p < 0.001), 17 %–23 % (p = 0.001), and 70 %–81 % (p = 0.001) phases with a 20◦ restriction. Hip abduction joint forces 
increased in the 90 %–100 % phase (p < 0.001). For the results of knee joint force, as the ankle restriction angle increased, knee flexion 
joint forces increased in the 0 %–23 % and 74 %–87 % phases (p < 0.001), and in the 0 %–82 % phase with a 20◦ restriction (p <
0.001). Knee extension joint forces increased in the 85 %–95 % phase (p = 0.004). Knee adduction joint forces increased in the 0 %–5 % 
(p = 0.01) and 83 %–90 % (p = 0.003) phases, and in the 0 %–3 % (p = 0.014) and 82 %–95 % (p = 0.001) phases with a 20◦ re
striction. Knee abduction joint forces increased in the 15 %–70 % (p < 0.001) and 25 %–79 % (p < 0.001) phases with a 20◦ restriction. 
Details results of joint force are provided in Fig. 5B.

Ankle dorsiflexion moment and power (p < 0.001), ankle plantarflexion moment (p < 0.001), hip flexion power (p < 0.001), knee 

Table 1 
Detailed results of peak joint angles and angular velocities of subjects performing long jump take-off at NW, 10W and 20W.

Parameters Peak Value NW 
Mean ± SD

10W 
Mean ± SD

20W 
Mean ± SD

P - Value F ES

Ankle 
Angle (◦)

Dorsiflexion 6.93 ± 2.83 13.90 ± 2.35 19.70 ± 2.47 <0.001* 297.613 0.879
Plantarflexion − 39.70 ± 4.71 − 32.81 ± 5.78 − 29.00 ± 6.88 <0.001* 37.811 0.654

Ankle 
Velocity (◦/s)

Dorsiflexion − 218.40 ± 61.50 − 226.87 ± 30.45 − 277.67 ± 80.63 <0.001* 11.528 0.259
Plantarflexion 880.48 ± 96.79 840.81 ± 163.75 853.03 ± 116.92 0.007* 5.320 0.139

Hip 
Angle (◦)

Flexion 40.48 ± 5.89 37.82 ± 7.77 41.38 ± 4.82 0.011* 4.652 0.074
Extension − 24.15 ± 8.82 − 27.05 ± 6.29 − 25.28 ± 5.43 0.003* 6.088 0.095
Adduction − 10.10 ± 2.50 − 9.03 ± 1.56 − 9.61 ± 2.87 0.047* 3.296 0.136
Abduction 15.29 ± 2.65 19.27 ± 3.50 21.80 ± 2.75 <0.001* 86.766 0.790

Hip 
Velocity (◦/s)

Flexion 92.08 ± 38.69 94.06 ± 44.33 94.17 ± 38.15 0.978 0.023 0.001
Extension 561.22 ± 35.31 602.90 ± 27.96 568.14 ± 89.48 <0.001* 12.597 0.534

Knee 
Angle (◦)

Flexion − 52.64 ± 3.32 − 50.29 ± 2.62 − 52.30 ± 3.03 0.002* 8.233 0.370
Extension − 0.54 ± 2.99 3.50 ± 3.15 3.34 ± 1.81 <0.001* 26.587 0.478
Adduction − 7.82 ± 1.22 − 7.66 ± 0.70 − 8.01 ± 0.84 0.065 3.031 0.183
Abduction 0.11 ± 0.61 − 1.93 ± 0.52 − 1.22 ± 0.60 <0.001* 94.071 0.771

Knee 
Velocity (◦/s)

Flexion 320.36 ± 49.33 311.07 ± 55.20 327.76 ± 52.71 0.302 1.215 0.027
Extension − 683.89 ± 149.28 − 684.44 ± 122.72 − 629.31 ± 101.41 0.005* 5.890 0.215

Note: "*" indicates a significant difference (p < 0.05) between NW, 10W, and 20W in the take-off phase of the long jump.
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extension moment and power (p = 0.03, p = 0.002 respectively) were significantly different between NW, 10W, and 20W. Knee flexion 
joint force (p < 0.001), and knee extension joint force (p < 0.001) were significantly different between NW, 10W, and 20W. Details 
results of peak kinematics are provided in Tables 2 and 3. Ankle dorsiflexion moments differed significantly in all conditions. Knee 
extension moments differed significantly between NW and 10W, and between 10W and 20W. Ankle dorsiflexion power and knee 

Fig. 5. (A) Kinetics of the ankle, knee, and hip joints during the long jump takeoff. (B) Joint force during the long jump takeoff. SPM results for NW, 
10W and 20W are shown in the Figure. The blue, red and purple lines represent the results of SPM analysis for NW and 10W, 10W and 20W, and NW 
and 20W, respectively.
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extension power differed significantly between NW and 20W and between 10W and 20W. Ankle plantarflexion, adduction, and 
abduction joint forces differed significantly in all conditions, and ankle dorsiflexion joint force differed significantly between NW and 
20W, and between 10W and 20W. Hip extension joint forces differed significantly in all conditions. Knee flexion joint forces differed 
significantly between NW and 20W, and between 10W and 20W, and knee abduction joint forces differed significantly between NW 
and 10W, and between NW and 20W. Details results of the intergroup differences in peak kinematics are provided in Supplemental 
Text and Figures Figs. 2 and 3.

3.3. Muscle activation and muscle co-activation

For the results of the muscle activation, as the ankle restriction angle increased, biceps femoris activation decreased in the 0 %–18 
% phase (p < 0.001). Rectus femoris activation increased in the 10 %–20 % (p = 0.006) and 35 %–55 % (p < 0.001) phases but 
decreased in the 35 %–55 % phase with a 20◦ restriction (p < 0.001). Vastus medialis activation increased in the 18 %–34 % phase with 
a 10◦ restriction (p < 0.001), and in the 3 %–30 % (p < 0.001) and 85 %–100 % (p = 0.006) phases with a 20◦ restriction. Vastus 
lateralis activation increased in the 18 %–39 % (p < 0.001) and 82 %–96 % (p = 0.001) phases with a 10◦ restriction, and in the 0 %– 
42 % and 82 %–100 % phases with a 20◦ restriction (p < 0.001). Medial gastrocnemius activation increased in the 0 %–32 % phase (p 
< 0.001) and the 44 %–47 % phase with a 20◦ restriction (p = 0.014). Lateral gastrocnemius activation increased in the 8 %–27 % 
phase (p < 0.001) and in the 0 %–32 % phase with a 20◦ restriction (p < 0.001). Soleus activation increased in the 0 %–28 % and 50 %– 
80 % phases (p < 0.001) but decreased in the 31 %–40 % phase (p = 0.006). Tibialis anterior activation increased in the 39 %–48 % 
phase (p = 0.008) and the 37 %–55 % phase with a 20◦ restriction (p < 0.001). Details results of muscle activation are provided in 
Fig. 6A. As the limiting angle of ankle mobility increases, BF/RF and BF/VM increase then decrease, and SOL/TA and MG/TA decrease 
then increase. Details results of muscle co-activation are provided in Fig. 6B.

3.4. Muscle force

For the results of the muscle force, as the ankle restriction angle increased, rectus femoris muscle force increased in the 55 %–88 % 
phase (p < 0.001) and in the 3 %–13 % phase with a 20◦ restriction (p = 0.002). Biceps femoris muscle force decreased in the 33 %–53 
% phase (p < 0.001). Vastus medialis muscle force decreased in the 40 %–56 % phase (p < 0.001) but increased in the 17 %–27 % 
phase (p = 0.001) and decreased in the 35 %–58 % phase with a 20◦ restriction (p < 0.001). Vastus lateralis muscle force increased in 
the 12 %–26 % phase (p < 0.001) and decreased in the 34 %–57 % phase with a 20◦ restriction (p < 0.001). Medial gastrocnemius 
muscle force decreased in the 12 %–19 % (p = 0.007) and 32 %–48 % (p < 0.001) phases, and in the 12 %–58 % phase with a 20◦

restriction (p < 0.001). Lateral gastrocnemius muscle force decreased in the 24 %–52 % (p < 0.001) and 91 %–100 % (p = 0.003) 
phases. Soleus muscle force decreased in the 31 %–60 % phase (p < 0.001). Tibialis anterior muscle force decreased in the 10 %–25 % 
(p < 0.001) and 32 %–47 % (p = 0.001) phases, and in the 5 %–27 % (p < 0.001) and 33 %–46 % (p = 0.008) phases with a 20◦

restriction. Details results of muscle force are provided in Fig. 7.
Biceps femoris muscle force (p < 0.001), rectus femoris muscle force (p < 0.001), vastus medialis muscle force (p < 0.001), vastus 

lateralis muscle force (p < 0.001), medial gastrocnemius muscle force (p < 0.001), lateral gastrocnemius muscle force (p = 0.014), 
soleus muscle force (p < 0.001), and tibialis anterior muscle force (p = 0.021) were significantly different between NW, 10W and 20W. 
Details results of peak muscle force are provided in Table 4. Vastus medialis and vastus lateralis muscle forces differed significantly in 
all conditions. Biceps femoris, rectus femoris, and medial gastrocnemius muscle forces differed significantly between NW and 10W, 
and between NW and 20W. Lateral gastrocnemius muscle force differed significantly between NW and 10W and between 10W and 
20W. Soleus and tibialis anterior muscle forces differed significantly between NW and 20W and between 10W and 20W. Details results 
of the intergroup differences in peak muscle force are provided in Supplemental Text and Fig. 4.

Table 2 
Detailed results of peak joint moments and peak joint power of subjects performing long jump take-off at NW, 10W and 20W.

Parameters Peak Value NW 
Mean ± SD

10W 
Mean ± SD

20W 
Mean ± SD

P - Value F ES

Ankle Moment (Nm/kg) Dorsiflexion 0.39 ± 0.31 − 0.07 ± 0.30 − 0.35 ± 0.21 <0.001* 52.323 0.674
Plantarflexion − 3.29 ± 0.27 − 3.23 ± 0.07 − 3.76 ± 0.19 <0.001* 43.575 0.655

Ankle 
Power (W/kg)

Dorsiflexion 13.31 ± 1.11 13.33 ± 0.89 14.58 ± 1.19 <0.001* 12.823 0.293
Plantarflexion − 3.32 ± 0.49 − 3.30 ± 0.37 − 3.47 ± 0.68 0.383 0.975 0.030

Hip 
Moment (Nm/kg)

Flexion − 2.44 ± 0.49 − 2.58 ± 0.57 − 2.54 ± 0.99 0.771 0.262 0.012
Extension 2.69 ± 0.30 2.93 ± 0.29 2.65 ± 0.35 0.295 1.258 0.057

Hip 
Power (W/kg)

Flexion 6.14 ± 1.36 7.53 ± 2.12 7.74 ± 0.62 <0.001* 19.594 0.640
Extension − 4.01 ± 0.61 − 4.41 ± 1.53 − 4.04 ± 1.12 0.371 1.013 0.042

Knee 
Moment (Nm/kg)

Flexion 3.90 ± 0.50 3.89 ± 0.24 3.82 ± 0.44 0.273 1.334 0.053
Extension − 0.52 ± 0.33 − 0.46 ± 0.42 − 0.37 ± 0.28 0.030* 3.783 0.136

Knee 
Power (W/kg)

Flexion − 9.47 ± 3.50 − 10.42 ± 2.24 − 10.22 ± 3.24 0.314 1.195 0.062
Extension 13.76 ± 2.72 13.61 ± 2.92 12.64 ± 2.24 0.002* 6.583 0.151

Note: "*" indicates a significant difference (p < 0.05) between NW, 10W, and 20W in the take-off phase of the long jump.
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3.5. Center of mass, gain in vertical velocity, and loss in horizontal velocity

For the results of the center of mass velocity distribution, as the ankle restriction angle increased, the vertical velocity of the center 
of mass increased in the 0 %–5 % (p = 0.016) and 30 %–60 % (p < 0.001) phases, and in the 10 %–18 % (p = 0.001) and 22 %–75 % (p 
< 0.001) phases with a 20◦ restriction. The horizontal velocity of the center of mass increased in the 0 %–5 % (p = 0.01), 10 %–30 % (p 
< 0.001), and 90 %–100 % (p = 0.001) phases but decreased in the 5 %–10 % (p = 0.007), 30 %–60 % (p < 0.001), and 80 %–100 % (p 
< 0.001) phases with a 20◦ restriction. For the results of the center-of-mass position distribution, as the ankle restriction angle 
increased, center-of-mass heights increased in the 0 %–100 % phase (p < 0.001). Center-of-mass offset distances decreased in the 23 
%–100 % phase (p = 0.008) with a 10◦ restriction. Details results of the center of mass velocity distribution and position distribution 
are provided in Fig. 8A.

As the ankle restriction angle increased, the vertical velocity gains during the long jump takeoff were significantly different in all 
three cases, and the horizontal velocity losses during the long jump takeoff were significantly different between NW and 20W and 
between 10W and 20W, and there were significant differences in vertical velocity gain (p < 0.001) and horizontal velocity loss (p =
0.002) between NW, 10W and 20W during the takeoff phase of the long jump. Details results of gain in vertical velocity and loss in 
horizontal velocity are provided in Table 5 and Fig. 8B.

4. Discussion

The purpose of this study was to investigate the effects of different angles of the pedal (different degrees of ankle dorsiflexion 
restriction) on lower limb biomechanics during the long jump takeoff. As the ankle dorsiflexion limitation angles increase to 10◦, there 
is a better gain and a lower risk of injury during long jump takeoff. Conversely, failure to significantly improve validation output at a 
20◦ ankle dorsiflexion limitation angle may increase injury risk. There will not be consistently better gains and consistently lower risk 
of injury with increasing pedal angles that increase ankle dorsiflexion limitation angles.

Our study elucidated several key findings: (1) As the ankle restriction angle increased, the vertical velocity gain of the athlete 
during the takeoff phase gradually increased, while at the same time, the horizontal velocity loss of the athlete during the takeoff phase 
did not differ significantly between no NW and 10W. significant difference, rather the horizontal velocity loss increased significantly 
when the ankle joint restriction angle was increased to 20◦. (2) As the ankle joint restriction angle increased, the mean center of mass 
vertical velocity gradually increased during the jump phase, and the mean center of mass horizontal velocity increased only when the 
ankle joint restriction angle was increased to 10◦, the mean center of mass height gradually increased during the jump phase, and the 
mean center of mass excursion (displacement of the center of mass in the coronal plane) was minimized when the ankle joint restriction 
angle was increased to 10◦. (3) When the ankle dorsiflexion limiting angle of 10◦, the peak extension angle, angular velocity, and 
power were highest at the knee and hip joints. (4) Joint forces at the hip and knee were greatest when the ankle dorsiflexion restriction 
angle was 20◦.

In the long jump, takeoff velocity is crucial and can be categorized into vertical and horizontal components [36]. Previous studies 
have shown that achieving maximum gain in vertical velocity from touchdown to takeoff is correlated with specific techniques, 
including maintaining a low center of gravity, achieving a greater knee angle at touchdown, and exhibiting a low peak knee flexion 
velocity, which reflects the capacity to resist knee flexion [19,37,38]. To minimize the reduction in horizontal velocity, it is beneficial 
to reduce hip adduction and increase hip abduction. Strengthening the hip abductors helps achieve the former while emphasizing hip 
extension during the jump can facilitate the latter. Greater flexibility in hip extension further enhances this capability [19,37,38]. 
Verification of results showed that as the ankle joint restriction angle increased, the vertical velocity of the center of mass increased, 
peaking at 20◦, while the horizontal velocity peaked at 10◦ and decreased with higher angles [39]. The overall center of mass velocity 
decreased with increasing pedal angle. The mean vertical height of the center of mass increased with pedal angle, optimizing jump 
height [39,40]. Less deflection of the center of mass in the coronal plane with pedals suggests better balance during the jump [2,41]. 
These findings align with previous research showing that the center of mass displacement increases with velocity, but its inward and 

Table 3 
Detailed results of peak joint force for subjects performing long jump take-off at NW, 10W and 20W.

Parameters Peak Value NW 
Mean ± SD

10W 
Mean ± SD

20W 
Mean ± SD

P - Value F ES

Ankle Joint Force (BW) Dorsiflexion 4.88 ± 0.28 5.02 ± 0.29 5.36 ± 0.52 <0.001* 10.568 0.370
Plantarflexion 0.40 ± 0.32 0.60 ± 0.33 0.76 ± 0.35 0.003* 8.083 0.487
Adduction 4.94 ± 0.29 4.46 ± 0.33 4.74 ± 0.414.94 <0.001* 132.613 0.833
Abduction 0.65 ± 0.21 0.42 ± 0.18 0.47 ± 0.17 <0.001* 18.581 0.412

Hip 
Joint Force (BW)

Flexion 0.97 ± 0.55 0.77 ± 0.34 2.26 ± 0.55 <0.001* 67.872 0.731
Extension 4.93 ± 0.43 4.19 ± 0.33 6.02 ± 0.41 <0.001* 125.587 0.834
Adduction 5.57 ± 0.44 6.36 ± 0.71 6.44 ± 0.49 0.017* 4.776 0.269
Abduction 0.73 ± 0.32 1.42 ± 0.63 1.23 ± 0.60 0.006* 6.328 0.327

Knee 
Joint Force (BW)

Flexion 4.90 ± 0.42 4.88 ± 0.26 7.42 ± 0.44 <0.001* 358.634 0.972
Extension 1.14 ± 0.35 1.17 ± 0.21 1.02 ± 0.46 0.258 1.399 0.060
Adduction 4.23 ± 0.35 4.07 ± 0.21 4.09 ± 0.44 0.425 0.909 0.115
Abduction − 0.07 ± 0.12 0.16 ± 0.08 0.21 ± 0.08 <0.001* 45.578 0.752

Note: "*" indicates a significant difference (p < 0.05) between NW, 10W, and 20W in the take-off phase of the long jump.
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outward motion decreases [42].
Another important observation is that as the angle of ankle restriction increases, compensatory adjustments such as increased knee 

and hip extension angles and angular velocities are produced during the jumping phase to increase knee and hip extension power, and 
these compensatory adjustments may help athletes to overcome the limitations imposed by ankle motion restriction and enhance the 
athlete’s athletic performance. According to the prevailing literature, during the long jump takeoff, athletes aim to minimize flexion of 
the takeoff leg to optimize spring force following rapid hip extension. Additionally, greater knee extension at touchdown is employed 
to mitigate knee hyperflexion [43,44]. The jumper should aim to maintain minimal flexion of the takeoff leg knee to maximize spring 

Fig. 6. (A) Muscle activation during the long jump takeoff. SPM results for NW, 10W and 20W are shown in the Figure. The blue, red and purple 
lines represent the results of SPM analysis for NW and 10W, 10W and 20W, and NW and 20W, respectively. (B) Lower limb muscle co-activation 
results during the long jump takeoff. Abbreviations: BF: biceps femoris; RF: rectus femoris; VM: vastus medialis; SOL: soleus; TA: tibialis anterior; 
MG: medial gastrocnemius.
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force following rapid hip extension. Additionally, employing greater knee extension at touchdown helps prevent excessive knee flexion 
[45]. In this study, different from previous studies, with the increase of ankle dorsiflexion angle, the knee joint showed greater flexion 
Angle and flexion angular velocity in the buffer phase, and greater extension speed in the pushout phase. This may be due to a 
compensatory mechanism produced by athletes after the ankle dorsiflexion range of motion is limited. Due to the limited ankle 
dorsiflexion, greater knee flexion is used for cushioning, and equal knee extension is used to compensate for the reduced ankle dor
siflexion range of motion to achieve better athletic performance. It has also been shown that limiting ankle range of motion prevents 

Fig. 7. Muscle force during the long jump takeoff. SPM results for NW, 10W and 20W are shown in the Figure. The blue, red and purple lines 
represent the results of SPM analysis for NW and 10W, 10W and 20W, and NW and 20W, respectively.

Table 4 
Detailed results of peak muscle force for subjects performing long jump take-off at NW, 10W and 20W.

Muscle force parameters (BW) NW 
Mean ± SD

10W 
Mean ± SD

20W 
Mean ± SD

P - Value F ES

Biceps Femoris 2.15 ± 0.60 2.83 ± 0.73 2.53 ± 0.57 <0.001* 8.576 0.335
Rectus Femoris 13.76 ± 1.06 11.89 ± 1.28 11.65 ± 0.69 <0.001* 17.018 0.607
Vastus Medialis 2.05 ± 0.15 1.95 ± 0.21 1.80 ± 0.24 <0.001* 11.476 0.353
Vastus Lateralis 3.45 ± 0.30 3.20 ± 0.36 2.76 ± 0.33 <0.001* 28.246 0.585
Medial Gastrocnemius 3.66 ± 0.15 2.87 ± 0.98 2.78 ± 0.79 <0.001* 9.507 0.268
Later Gastrocnemius 1.91 ± 0.30 1.84 ± 0.36 1.51 ± 0.41 0.014* 5.159 0.310
Soleus 2.91 ± 0.47 2.87 ± 0.58 1.70 ± 0.31 <0.001* 41.729 0.723
Tibialis Anterior 3.94 ± 0.96 3.78 ± 1.17 3.31 ± 1.02 0.021* 4.043 0.096

Note: "*" indicates a significant difference (p < 0.05) between NW, 10W, and 20W in the take-off phase of the long jump.
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subjects from using correct postural strategies during postural tasks [46], but it is possible that during dynamic tasks where ankle range 
of motion is limited, the athlete may be able to use a more extended knee to move better being limited and adaptive changes produced 
by the athlete for better motor performance.

Joint stability is fundamentally influenced by muscle co-activation. Impaired muscle co-activation can significantly compromise 
knee stability. The pattern of muscle co-activation surrounding the knee joint is crucial for providing dynamic knee stability and 
preventing injuries. Muscle co-activation is instrumental in converting valgus forces into joint contact forces, thereby protecting the 
knee from potential injuries. Building on previous research, our study meticulously analyzed and quantified the muscle co-activation 
patterns around the knee joints of our participants [33]. Extant literature underscores that the stability of lower limb joints is heavily 
contingent upon the coordinated co-activation of muscles [47,48]. Limitation of ankle joint mobility results in decreased activation of 
the soleus (SOL) and gastrocnemius (MG) muscles, accompanied by increased activation of the tibialis anterior (TA) muscle. Our 

Fig. 8. (A) Center of mass velocity distribution and position distribution during the long jump takeoff. SPM results for NW, 10W and 20W are shown 
in the Figure. The blue, red and purple lines represent the results of SPM analysis for NW and 10W, 10W and 20W, and NW and 20W, respectively. 
(B) Between-group differences in vertical velocity gain and horizontal velocity loss results at the ankle, knee, and hip joints for NW, 10W, and 20W 
jumps, respectively. Note: "*" indicates a significant difference between NW, 10W and 20W (p < 0.05).

Table 5 
Detailed results of gain in vertical velocity and loss in horizontal velocity for subjects performing long jump at NW, 10W and 20W.

Parameters NW 
Mean ± SD

10W 
Mean ± SD

20W 
Mean ± SD

P - Value F ES

Gain In Vertical Velocity (m/s) 3.34 ± 0.21 3.65 ± 0.14 3.77 ± 0.12 <0.001* 43.131 0.683
Loss In Horizontal Velocity (m/s) − 1.08 ± 0.36 − 1.12 ± 0.30 − 1.51 ± 0.41 0.002* 7.087 0.262

Note: "*" indicates a significant difference (p < 0.05) between NW, 10W, and 20W in the take-off phase of the long jump.
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findings indicate that with increasing ankle mobility restriction, the ratios of SOL/TA and MG/TA initially decrease and then increase, 
while the ratios of biceps femoris (BF)/rectus femoris (RF) and BF/vastus medialis (VM) initially increase and then decrease. These 
changes suggest that knee stability and muscle control are enhanced when ankle dorsiflexion is limited to an angle of 10◦ during long 
jump initiation. This observation is consistent with prior research, which posits that coordinated knee muscle activation enhances joint 
stiffness and protects the ACL from injury by transforming valgus forces into joint contact forces [49].

Previous research has demonstrated that excessive joint stress can lead to joint pain, stiffness, and impaired mobility [50,51]. Our 
results found that knee forces tended to increase significantly during jumping as the pedal angle increased, with an optimal equilibrium 
of knee forces when jumping on 10◦ ankle dorsiflexion angle, contributing to lower limb stability and efficiency of force transfer, and a 
significant increase in knee forces when jumping on 20◦ ankle dorsiflexion angle, which may lead to overstressing of the knee joint and 
impaired mobility. This can lead to excessive stress on the knee joint, increasing the risk of injury, as well as ankle forces and hip forces 
[50,51]. Previous studies have shown that excessive joint pressure can lead to joint pain, stiffness, and impaired mobility [51,52]. Our 
results found a significant increase in knee force when the ankle dorsiflexion Angle was 20◦, which may lead to excessive stress and 
impaired mobility of the knee. This can lead to excessive stress on the knee joint, increasing the risk of injury, as well as ankle and hip 
forces. However, previous studies only focused on the sagittal joint force without the coronal plane. In this study, the joint forces of the 
ankle joint, knee joint, and hip joint in the coronal plane were also investigated. Among them, the knee joint showed the most obvious 
changes. It is worth noting that the muscles surrounding the knee joint play an important role in biomechanical alterations and joint 
instability, including the strength of the quadriceps [53,54], hamstrings, and gastrocnemius [55], and that knee loading is determined 
by the interactions of the quadriceps, hamstrings, gastrocnemius, and piriformis muscles [15], and that on a 20◦ pedal The muscular 
strength of these muscles decreases significantly during jumping, which may significantly cause a decrease in joint stability leading to 
injury. Therefore, a rational choice of pedal angle is important both from the point of view of improving athletic performance and 
preventing sports injuries.

One of the key strengths of this study is the use of OpenSim, a sophisticated musculoskeletal modeling software that allows for the 
construction of subject-specific models by scaling a generic template based on each participant’s anatomical measurements. This 
ensures that the simulations closely reflect the participants’ actual biomechanics, leading to more accurate and personalized analyses. 
OpenSim enables the computation of joint forces, muscle activations, and joint moments using data from the Vicon motion capture 
system and AMTI force platform, providing a deeper understanding of the internal biomechanical responses to different dorsiflexion 
restrictions. This level of precision is critical for identifying subtle changes in joint loading and muscle coordination, which might not 
be detectable with surface-level kinematic data alone. By utilizing tools like Inverse Kinematics and Static Optimization algorithms, the 
study was able to simulate muscle forces and joint moments during the takeoff phase, offering detailed insights into how different 
dorsiflexion restrictions impact lower limb joint forces, particularly at the ankle, knee, and hip joints, which are vital for performance 
optimization and injury prevention.

To maximize the reduction of experimental error, the athletes selected in this study were all Division IIlevel long jumper athletes 
who were fully warmed up before the test. To simulate the real competition level, each subject tried jumping six times at each Angle. To 
prevent excessive fatigue from affecting the test results, adequate rest was taken between each group. However, there are several 
limitations to the current study, this study was conducted under laboratory conditions which may differ from the actual competitive 
environment. Future studies should consider conducting experiments in conditions that simulate actual competition to improve the 
external validity of the findings. At the same time unifying the gender may reduce the influence of confounding factors, such as the 
technical characteristics of jumping between men and women, while our study included 30 male long jumpers at the Division II level, 
the sample size, while potentially sufficient for some analyses, may require a larger group and different genders as well as other athletic 
level grades to improve statistical power and generalizability of results. At the same time, the flexibility of the ankle joint, the strength 
of lower limb muscles, the strength of the hip and core, as well as the height and limb length of participants may be different among 
each athlete, which is also a problem that needs to be solved in future studies. Therefore, it is suggested that athletes should refer to 
their own conditions during training to select the ankle dorsiflexion limitation angle, which can also be understood as a reasonable 
choice of pedal angle.

5. Conclusion

The results of the study showed that athletes jumping at an ankle dorsiflexion restriction angle of about 10◦ had an increase in 
vertical velocity with minimal loss of horizontal velocity, and these conditions may allow athletes to achieve faster jumping speeds and 
be more favorable for improving their long jump performance. In addition, co-activation of the muscles around the knee joint was 
higher when jumping with an ankle dorsiflexion restriction angle of approximately 10◦, which may contribute to improved knee 
stability during long jump initiation. The present study suggests that athletes should limit ankle dorsiflexion to about 10◦ during long 
jump training to increase jumping speed, improve technical movements and long jump performance, and minimize the risk of injury.
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