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Abstract: This study investigated the relationship between lower extremity biomechanics and 

anterior cruciate ligament (ACL) injury in table tennis players before and after fatigue. We 

compared the biomechanical changes in the lower limbs of table tennis players during landing 

after completing a chasse-step while stroking, both before and after fatigue. A further aim was 

to examine ACL injury and provide a reference for training table tennis players. Ten national 

Level I table tennis players underwent lower extremity neuromuscular fatigue by running at a 

constant speed. Biomechanical data of the athletes were collected before and after fatigue. The 

effects of movement and characteristic time before and after fatigue on biomechanics were 

determined using a paired sample t-test. After fatigue, the angle of the ankle joint and the range 

of motion of the knee joint were significantly reduced (p < 0.001), while the angle of motion 

of the hip joint did not change considerably (p = 0.747). The angular velocity of the ankle and 

knee joints increased significantly after fatigue (p < 0.001), but the angular velocity of the hip 

joint decreased significantly (p = 0.013). Additionally, the ankle plantar flexion moment (p = 

0.003), knee flexion moment (p < 0.001), and hip flexion moment (p < 0.001) increased 

significantly after fatigue. The ankle power (p = 0.023), knee power (p = 0.009), and hip power 

(p < 0.001) were significantly reduced throughout the landing cycle after fatigue. Fatigue in 

table tennis athletes reduces the sagittal plane buckling angle of the knee and ankle joints during 

landing. This change increases ground reaction and knee joint forces, significantly elevating 

the risk of knee injuries, including ACL tears. The reduced flexion angle exposes the knee to 

greater torque and diminishes its shock absorption capacity, heightening the risk of lower limb 

injuries. These findings underscore the need to address the impact of fatigue on landing 

mechanics in sports training and rehabilitation, emphasizing preventive measures. 
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1. Introduction 

Table tennis is one of the most popular racquet sports in the world, with at least 

40 million players participating as of 2016 [1]. In table tennis, the landing maneuver 

is the most basic movement technique in the stroking process, which can reflect the 

control ability of the lower limb neuromuscular system [2]. Therefore, athletes can 

land more safely by adjusting the landing position of their lower limbs, kinematic and 

dynamic characteristics, and neuromuscular feedback during exercise. However, it is 

still inevitable to be impacted by a magnitude of 3–7 times body weight in the initial 

stage of touching the ground [3], which increases the risk of injury in the landing action. 

Moreover, this risk will increase with the extension of exercise/load time, the gradual 
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entry of the body into the fatigue state, and the decline of a landing control strategy 

[4]. 

Previous studies have found that different landing modes will cause different 

loads on the joints and ligaments of the lower extremities [5]. Injuries to the Anterior 

Cruciate Ligament (ACL) are particularly common during landing [6]. Granata et al. 

[7] found that women showed smaller joint stiffness than men at landing, which was 

an important cause of non-contact ACL rupture. At the same time, the valgus torque 

of the knee joint increased at or near exhaustion, indicating a decrease in the ability of 

the musculoskeletal system to maintain joint stability. After anterior cruciate ligament 

(ACL) injury, the patient's exercise level and quality of life are often seriously affected 

[8]. Since most ACL injuries are non-contact injuries [9], they can be prevented, and 

the prerequisite for injury prevention is to first determine the cause of injury. Some 

scholars believe that the forward shear force (that is, the sagittal load) borne by the 

proximal tibia is a more important risk factor for anterior cruciate ligament (ACL) 

injury than the pronation and pronation load of the knee joint [10], while other scholars 

believe that the internal and external pronation torque is the main factor for ACL injury 

[11]. Therefore, in this study, joint Angle change, joint torque, joint power, and 

angular velocity were selected to explore the relationship between the changes in 

lower limb biomechanics and ACL injury in table tennis players after fatigue during 

stroke play. 

When the body is in a state of fatigue, the landing mode of movement may be 

affected, thus increasing the risk of ACL injury [12]. Compared to before fatigue, the 

maximum muscle contraction force after fatigue is significantly reduced [13], which 

means that the human body will land in a more unstable manner. Some studies have 

pointed out that fatigue can lead to smaller hip and knee flexion angles, larger knee 

valgus, and torque [14], some studies point out insufficient knee flexion and extension 

muscle strength, and imbalance of knee flexion and extension muscle strength during 

landing [15]. Therefore, exercise-induced fatigue may be one of the risk factors for 

ACL injury in table tennis players. However, in the current literature on the impact of 

fatigue factors on the biomechanics of lower limbs during landing, it is usually 

indicated that fatigue factors will increase the risk of anterior cruciate ligament (ACL) 

injury only through some indirect indicators [16]. How to effectively induce fatigue is 

the key to studying lower limb biomechanics during landing under fatigue. In general, 

when selecting the fatigue program, the laboratory mainly relies on the quantitative 

fatigue level, professional fatigue model, and scientific landing method [17]. 

This study aimed to investigate the mechanism of knee joint injury in table tennis 

players during landing while stroking before and after fatigue. By analyzing the 

kinematic changes of flushing-out and lower limbs of table tennis players in the 

process of landing with parallel steps before and after specific exercise fatigue, the 

kinematic characteristics caused by fatigue, especially the kinematic characteristics 

that may cause ACL injury, are understood. Accordingly, the fatigue scheme proposed 

by Quammen et al. [18] was adopted in this study to better understand the potential 

impact of fatigue on athletes' knee joints during competition. This study hypothesizes 

that the biomechanical characteristics of table tennis players’ joints will change 

significantly during landing under exercise-specific fatigue. Specifically, compared to 

the pre-fatigue state, the knee flexion angle will decrease, while the knee valgus angle 
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and valgus moment will increase post-fatigue. The decrease in lower limb muscle 

strength and control due to fatigue is expected to result in increased knee valgus, 

thereby elevating the risk of anterior cruciate ligament (ACL) injury. 

2. Materials and methods 

2.1. Participants 

Ten national first-class table tennis players were selected as the experimental 

subjects. The specific information of these 10 subjects is shown in Table 1. The 

average age of these 10 subjects is 20 ± 1.30 years old, the average height is 1.73 ± 

3.36 cm, the average weight is 64 ± 7.83 kg, and the average training period is 11 ± 

2.3 years. All enrolled subjects were right-handed, with a right leg as their inertial leg, 

and were required to have no foot deformities in the past six months, no severe 

musculoskeletal injuries to the lower extremity, no history of lower extremity surgery, 

and no other injury factors that might interfere with the study. All subjects were 

informed of the purpose, requirements, and procedures before the start of the 

experiment. The experimental scheme was approved by the Ethics Committee of 

Ningbo University (approval number: RAGH20240513), and all subjects signed 

written informed consent. 

Table 1. The participants’ characteristics and information. 

Population Age（year） Height（cm） Weight（kg） Training Time (year) 

10 20 ± 1.30 174 ± 3.36 64 ± 7.83 12 ± 2.3 

 

Figure 1. The anatomical locations of markers attached to the table tennis athlete. 

2.2. Finite experimental protocol and equipment 

The experimental tests used in this study were carried out in the Laboratory of 

Sports Biomechanics of Ningbo University. The height and weight of all participants 

were measured and recorded before the formal experiment commenced. During the 

test, the 3D kinematics data of the hip, knee, and ankle joints of the lower extremity 

were collected by the Vicon 3D infrared motion capture system (Vicon Metrics Ltd., 

Oxford, United Kingdom), and the acquisition frequency was set at 200 Hz. Reflective 



Molecular & Cellular Biomechanics 2024, 21(3), 252.  

4 

markers with a diameter of 14 mm were placed in the corresponding position on the 

body surface of runners' lower limbs, and the Vicon infrared motion capture system 

was used to capture motion tracks. At the same time, the AMTI three-dimensional 

force measuring platform (AMTI, Watertown, Massachusetts, USA) was placed in the 

center of a designated runway to synchronously collect the ground reaction force 

parameters, and the collection frequency was set at 1000 Hz. The Gait2392 model was 

selected to simulate participants’ movements in OpenSim (Stanford University, 

Stanford, CA, United States) and to replicate the placement of 39 reflective markers 

(14 mm in diameter) based on a previous study by Delp et al. [19]. However, since the 

experiment did not analyze head movement, the overhead markers in the model were 

dropped during the experiment, leaving 38 reflection markers. During the experiment, 

participants used a unified racket (Butterfly Tenergy 05 Max and DHC Hurricane 3 

rubber sheets), a ball (D40+, Double Happiness Sports Company, Shanghai, China), a 

ball table (Rainbow, Double Happiness Sports Company, Shanghai, China), and table 

tennis shoes and tights. The heart rate meter manufactured by Suunto of Japan is used 

for real-time monitoring of the subjects’ heart rate during fatigue induction to ensure 

the effectiveness and experimental safety of fatigue induction. 

2.3. Procedure 

Before data collection began, each subject performed 8 min of static stretching, 

followed by 5 min of jogging at a speed of 2.0 m/s on the running platform, and then 

all participants were asked to wear a uniform style of tights, leggings, and sneakers. 

The experimental operator affixed the reflector to collect the static model of the subject 

before fatigue. The positions of the reflective ball are 39 points, including left and right 

acromion, head, chest, left anterior iliac, right anterior iliac, internal knee, external 

knee, thigh tracking point, calf tracking point, internal ankle, external ankle, 1st 

metatarsophalangeal joint, 5th metatarsophalangeal joint, and heel (Figure 1). After 

that, the subjects were familiar with the experimental environment and then conducted 

a 5-min batting training to ensure that the subjects were in a normal state during the 

formal experiment. 

When the command begins, the server serves from the opposite side of the ball 

table in a fixed position, and the subject performs the chasse-step method to receive 

the ball. Each time he hits the ball, his right leg must step on the force measuring table, 

and the ball must be hit on the opposite side of the ball table each time to be effective 

(see Figure 2). In addition, a 15-second rest was required for each successful shot to 

ensure that the subjects could play the ball without fatigue. The entire test was 

conducted in two rounds: the first round of batting in a non-fatigued state, followed 

by the second round of batting immediately after fatigue induction. Each round of 

testing required 5 successful data collections. Participants were required to monitor 

fatigue-induced heart rate in real-time monitoring (maximum heart rate, average heart 

rate), and additionally used the subjective fatigue rating scale (RPE) as an auxiliary 

fatigue degree of determination. Subjective fatigue was assessed according to the 

Session Rating of Perceived Fatigue (RPE) scale, which is rated on a scale of 6 to 20, 

with level 6 defined as easy (heart rate < 70) and level 19–20 as extremely hard (heart 

rate ≥ 195) [20]. 
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Figure 2. The left side of the picture shows the technical performance of the subjects 

during the test. (a–c) The initial phase of the landing process; (c–e) the landing phase 

of the landing process; (e–f) the push-off phase of landing. 

2.4. Fatigue scheme 

Lower limb fatigue is one of the most likely to cause fatigue in table tennis, and 

running is one of the most likely to cause lower limb fatigue. Based on past research, 

the methods to produce fatigue include constant speed running and variable speed 

running plus jumping. In this study, constant speed running is selected as the way to 

produce fatigue. Constant speed running fatigue program (“Running fatigue Program 

“). According to the fatigue scheme proposed by Quammen et al. [18], subjects were 

required to run at a constant speed of 4 m/s on the running platform until they could 

not maintain the predetermined intensity to continue running. After stopping the 

exercise, the treadmill speed was reduced to 1 m/s, and the subjects were required to 

continue walking for 2 min before the landing experiment. The exercise can be 

terminated when the following two conditions are met: 1) The subject’s heart rate 

reaches 85% of the maximum heart rate of the current age, and 220 minus age is 

defined as the maximum heart rate in this study; 2) The subject's subjective fatigue 

degree can be judged according to the Session rating of perceived exertion (RPE scale), 

which is divided into grades ranging from 6 to 20. This study defines fatigue as RPE 

above 17; 3) The subject cannot continue to exercise. 

Table 2. Physical state of athletes during the experiment. 

 Completion Time（s） Heart Rate（once/min） RPE 

Pre-fatigue test 237 ± 98.5 81.6 ± 8.5 7.5 ± 0.5 

Fatigue intervention 346 ± 32.1 167.4 ± 9.6 17.0 ± 1.5 

Post-fatigue test 198 ± 64.5 170.1 ± 10.2 17.5 ± 1.5 

When the subject was identified as having reached a fatigued state, the fatigue 

test was performed immediately. The test action is consistent with the requirements 

before fatigue, but there is no rest time between each test in the post-fatigue test, which 

is also to maintain the fatigue effect. Throughout the test, the time to complete the 
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movements and the immediate heart rate of the subjects were recorded, and the results 

are shown in Table 2. 

2.5. Data processing 

According to previous studies, the landing period in this study was defined as the 

initial contact with the ground to the maximum knee flexion, where the initial contact 

with the ground was the vertical ground reaction force measured by the force 

measuring table greater than 10 N [21]. When the ground reaction force decreases to 

10 N for the first time, it is defined as the push-off stage [22]. The Vicon Nexus 1.8.6 

software was used to identify and acquire the GRF and kinematics data of the parallel 

step method, and the data of 2 to 3 seconds before landing was intercepted. Then the 

collected reflective marking points were named, and the missing marking points were 

patched at the same time. Then the intercepted data was exported in .c3d format. 

MATLAB R2023a (The MathWorks, Natick, MA, USA) was used for coordinate 

transformation, data extraction, and format conversion of all data. Then, the static 

model collected was scaled in OpenSim, and the .trc data and. mot data converted from 

MATLAB were calculated in OpenSim for their inverse kinematics and inverse 

dynamics. 

2.6. Statistical analysis 

All the data were extracted from the dominant leg (right leg) to obtain the 

skewness and peak value of each kinematic index, and all the obtained parameters 

were represented by the mean ± standard deviation. In this study, a paired sample t-

test was used to compare the biomechanical differences between the subjects before 

and after fatigue. All statistical analyses were performed using SPSS 27.0 software, 

and the significance level p was set to 0.05. 

Table 3. Comparison of the significance of angle, moment, angular velocity, and power of each joint before and after 

fatigue. 

 Parameters Pre Post P-value 

Hip 

Angle 

Moment 

Velocity 

Power 

59.29 ± 17.53 

19.24 ± 7.52 

−53.72 ± 127.06 

−327.79 ± 2910.32 

59.10 ± 12.33 

21.45 ± 8.51 

−39.66 ± 11.32 

154.97 ± 2659.37 

0.747 

0* 

0.013* 

0* 

Knee 

Angle 

Moment 

Velocity 

Power 

−59.19 ± 15.09 

−4.17 ± 4.41 

−1.78 ± 178.27 

246.63 ± 1024.89 

−65.10 ± 11.86 

−1.89 ± 2.33 

−22.78 ± 140.48 

29.66 ± 242.73 

0.016* 

0* 

0.002* 

0.009* 

Ankle 

Angle 

Moment 

Velocity 

Power 

−2.69 ± 6.01 

0.86 ± 0.18 

−38.76 ± 107.79 

−28.54 ± 99.58 

−0.37 ± 4.80 

0.90 ± 0.15 

−18.37 ± 86.14 

−21.65 ± 85.53 

0* 

0.003* 

0* 

0.023* 

Notes. Pre, before fatigue; Post, after fatigue; *Refers to significance with p < 0.05. 
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Figure 3. Changes of Angle and angular velocity above the sagittal plane of the hip, knee, and ankle before and after 

fatigue. Pre, before fatigue; post. after fatigue, the dashed line represents the mean, and the color interval portion 

represents the standard deviation. 

 

Figure 4. Changes of torque and power above the sagittal plane of the hip, knee, and ankle before and after fatigue. 

Pre, before fatigue; post, after fatigue; The dashed line represents the mean, and the color interval portion represents 

the standard deviation. 
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3. Result 

3.1. Angular change 

As shown in Figure 3 and Table 3, in the sagittal plane, the ankle Angle of 

landing after fatigue was significantly (p < 0.001) lower than that of landing before 

fatigue during the whole landing cycle. The angular range of motion of the knee joint 

after fatigue landing was less than that before fatigue landing during the whole landing 

cycle (p = 0.016). The motion Angle of the hip joint after fatigue did not change 

significantly compared with that before fatigue (p = 0.747). 

3.2. Joint angular velocity 

As shown in Figure 3 and Table 3, in the sagittal plane, the angular velocity of 

the ankle after fatigue landing is significantly greater than that before fatigue landing 

during the landing period (p < 0.001), the angular velocity of the knee after fatigue 

landing (p < 0.001) is significantly greater than that before fatigue landing, and the 

angular velocity of the hip after fatigue landing (p = 0.013) is significantly smaller 

than that before fatigue landing. 

3.3. Joint moment 

In the sagittal plane, as shown in Figure 4. The true plantarflexion moment (p = 

0.003) of the ankle joint after landing was significantly greater than that before landing. 

The knee flexion moment after fatigue landing (p < 0.001) was significantly higher 

than that before fatigue landing. The buckling moment (p < 0.001) after hip joint 

fatigue landing was significantly higher than that before hip joint fatigue landing. 

3.4. Joint power 

As shown in Figure 4, the ankle joint power after fatigue landing is significantly 

lower than that before fatigue landing during the entire landing cycle (p = 0.023), and 

the knee joint power after fatigue landing is significantly lower than that before fatigue 

landing during the entire landing process (p = 0.009). The power of hip joint landing 

after fatigue was significantly lower during the whole landing (p < 0.001) than that 

before fatigue. 

4. Discussion 

This study examined how table tennis players hit the ball before and after fatigue 

when landing and compared several lower limb biomechanical comparisons. 

According to SPSS analysis of the results of sagittal joint Angle (as shown in Table 

3), the table tennis athletes’ fatigue after stroke playing the ball, resulted in the entire 

cycle during knee flexion significantly reducing (p = 0.016), This is a manifestation 

of a “hard” landing. A hard landing is thought to increase the risk of lower extremity 

injuries, especially increasing the risk of non-contact ACL injury [23]. The angle of 

flexion usually leads to greater joint torque, thus significantly increasing the risk of 

lower limb joint damage [24]. The results of the present study are consistent with this 

view, as measured by the joint torques of the hip and knee in the sagittal plane, the 

torques of the knee and hip during post-fatigue landing were significantly higher than 
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those during pre-fatigue landing throughout the cycle. In the process of landing, the 

lower limb load is distributed from the foot and ankle at the bottom of the distal to the 

load transfer mode, then the load gradually spreads to the knee and hip joints, and the 

knee joint plays a major role in cushioning [25]. The sagittal view of the present study 

results is consistent with most previous studies. Studies have found that subjects with 

fatigue consciously change the landing technology of the lower limb, such as reducing 

knee buckling [26]. Players experience Orishimo fatigue after landing and hip flexion 

angle decreases, but there are no statistical differences in knee [14]. MCLEAN [27] 

and others found that the fatigue after landing at the knee flexion Angle decreased, and 

at the hip, there was no significant difference. The reason is that after fatigue athletes 

when trying to maintain stability in the process of landing, consciously increase 

landing flexion of the knee and hip joint angle, leading to a hard landing and increasing 

the ground reaction force. Especially the knee joint, as an important connection 

between the ankle and hip joints, damping effect in the process of impact load 

transmission [28], this will inevitably cause the landing after fatigue to produce a 

larger joint reaction force, which increases the risk of ACL injury [29]. 

There is also research that presents the results of the study, on the other hand, 

namely in the process of fatigue after landing angle of the knee and hip flexion 

compared to the former increased fatigue. Such as Coventry’s research result suggests 

that in the process of fatigue after landing the knee and hip flexion angle increases and 

this is due to the fatigue work redistribution after the compensation reaction [30]. 

Researchers found that in male and female subjects such as Brazen, landing after 

fatigue knee flexion angle is bigger, and think that fatigue after landing increases the 

risk of landing leg injury also needs further exploration, but changes in the results are 

because of the single leg landing [31]. Kernozek and others found that male subjects 

than female subjects showed greater knee flexion Angles, and concluded that 

neuromuscular fatigue can cause women of lower limb biomechanics changes, the 

result increasing non after an ACL injury risk [32]. 

The reason why different studies can get different results in knee and hip flexion 

Angle changes during post-fatigue landing is mainly due to the different fatigue 

intervention methods selected by each of them. Some research for a specific muscle 

fatigue intervention, while others use the open chain intervention methods, such as 

running or like this in the study of constant speed run fatigue intervention plan. In 

addition, the differences in the control variables in the experiment lead to different 

degrees of fatigue in the subjects, some of which are only manifested as certain muscle 

fatigue, and some are generalized voluntary sensory fatigue or nervous fatigue of the 

whole lower limb, resulting in different experimental results. Landing test conditions, 

such as single-leg landing, the landing legs, jumping, falling vertical take-off, and 

landing, also must be considered mainly in follow-up studies. Gender- and subject-

level differences should also be examined. Part of the study only selects male or female 

subjects, or healthy individuals, while other studies include high-level athletes, such 

as basketball, football, and handball players, further affecting the differences in the 

results of the study. However, this study and previous related studies have shown that 

the use of the parallel step method during batting in table tennis players after fatigue 

will lead to reduced knee flexion in the sagittal plane, thereby increasing the ground 
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reaction force and knee reaction force, increasing the risk of knee injury including 

ACL injury. 

This study also has certain limitations, first of all, Our experiment was based on 

laboratory environment collection, and there was a gap with the real competition, the 

subjects of this study group were limited to male table tennis players, and on the 

surface of previous research, women than men in landing showed smaller joint 

stiffness, which is the important cause leading to the non-contact ACL rupture [7]. 

Secondly, since the chasse-step method is the most common in table tennis, but the 

one-step method and the cross-step method are also often used in mixed movement, 

this study only uses the chasse-step method to explore the mechanism of knee joint 

injury in the landing process before and after fatigue, and whether other steps are also 

different needs further discussion and explanation. 

5. Conclusion 

This study investigated the mechanism of knee joint injury in table tennis players 

under fatigue before and after a stroke playing the ball. The findings indicate that 

fatigue can lead athletes to adopt a “hard landing” approach, increasing the risk of non-

contact anterior cruciate ligament (ACL) injuries. When fatigued, athletes are more 

prone to using a “hard landing,” which results in greater impact forces on the knee 

joint, consequently elevating the risk of knee injury. To mitigate this risk, players can 

enhance the energy dissipation of the knee and hip joints by increasing the flexion 

amplitude of these joints during strokes. An increased range of flexion helps reduce 

the impact forces on the knee and hip joints, thus lowering the likelihood of lower limb 

joint injuries. To reduce the risk of knee injuries under fatigue conditions, athletes 

should focus on controlling knee and hip flexion during training and competition. 

Additionally, targeted flexibility and stability training should be emphasized to 

improve joint flexibility and stability. By implementing these measures, table tennis 

players can effectively reduce the risk of knee and hip joint injuries, thereby 

maintaining their performance and prolonging their athletic careers. 

Author contributions: Conceptualization, PZ and SS; methodology, YH; validation, 

WL, DW and SS; formal analysis, PZ; investigation, PZ; resources, JSB; writing—

original draft preparation, PZ; writing—review and editing, SS; supervision, JSB; 

funding acquisition, SS. All authors have read and agreed to the published version of 

the manuscript. 

Acknowledgments: We would appreciate the participation of each participant. 

Ethical approval: The study was conducted in accordance with the Declaration of 

Helsinki, and approved by the Institutional Review Board Ningbo University 

(RAGH20240513, Approval Date: 13 May 2024).  

Informed consent: Informed consent was obtained from all subjects involved in the 

study. 

Data availability statement: The authors will make the raw data supporting the 

conclusions of this article available without undue reservation. 



Molecular & Cellular Biomechanics 2024, 21(3), 252.  

11 

Conflict of interest: The authors declare no conflict of interest. 

References 

1. He Y, Liu X, Sun D, et al. The kinematic analysis of the lower limb during topspin forehand loop between different level 

table tennis athletes. PeerJ. 2021; 9: e10841. doi: 10.7717/peerj.10841 

2. He Y, Sun D, Yang X, et al. Lower limb kinetic comparisons between the chasse step and one step footwork during stroke 

play in table tennis. PeerJ. 2021; 9: e12481. doi: 10.7717/peerj.12481 

3. Yu, P, Fernandez, J. Alterations in Lower Limb Biomechanical Characteristics During the Cutting Manoeuvre in Chronic 

Ankle Instability Population and Copers. Physical Activity and Health. 2024; 8: 148–156. doi:10.5334/paah.380 

4. Cortes N, Greska E, Kollock R, et al. Changes in Lower Extremity Biomechanics Due to a Short-Term Fatigue Protocol. 

Journal of Athletic Training. 2013; 48(3): 306-313. doi: 10.4085/1062-6050-48.2.03 

5. Markolf KL, Burchfield DM, Shapiro MM, et al. Combined knee loading states that generate high anterior cruciate ligament 

forces. Journal of Orthopaedic Research. 1995; 13(6): 930-935. doi: 10.1002/jor.1100130618 

6. Waldén M, Hägglund M, Magnusson H, et al. Anterior cruciate ligament injury in elite football: a prospective three-cohort 

study. Knee Surgery, Sports Traumatology, Arthroscopy. 2010; 19(1): 11-19. doi: 10.1007/s00167-010-1170-9 

7. Granata KP, Padua DA, & Wilson SE. Gender differences in active musculoskeletal stiffness. Part II. Quantification of leg 

stiffness during functional hopping tasks. Journal of Electromyography and Kinesiology: Official Journal of the International 

Society of Electrophysiological Kinesiology. 2002; 12:127-135. 

8. Griffin LY, Albohm MJ, Arendt EA, et al. Understanding and Preventing Noncontact Anterior Cruciate Ligament Injuries. 

The American Journal of Sports Medicine. 2006; 34(9): 1512-1532. doi: 10.1177/0363546506286866 

9. Numata H, Nakase J, Kitaoka K, et al. Two-dimensional motion analysis of dynamic knee valgus identifies female high 

school athletes at risk of non-contact anterior cruciate ligament injury. Knee Surgery, Sports Traumatology, Arthroscopy. 

2017; 26(2): 442-447. doi: 10.1007/s00167-017-4681-9 

10. Shimokochi Y, Shultz SJ. Mechanisms of Noncontact Anterior Cruciate Ligament Injury. Journal of Athletic Training. 2008; 

43(4): 396-408. doi: 10.4085/1062-6050-43.4.396 

11. Hewett TE, Ford KR, Hoogenboom BJ, et al. Understanding and preventing ACL injuries: current biomechanical and 

epidemiologic considerations—update 2010. North American Journal of Sports Physical Therapy: NAJSPT. 2010; 5: 234-

251. 

12. Cortes N, Quammen D, Lucci S, et al. A functional agility short-term fatigue protocol changes lower extremity mechanics. 

Journal of Sports Sciences. 2012; 30(8): 797-805. doi: 10.1080/02640414.2012.671528 

13. Patrek MF, Kernozek TW, Willson JD, et al. Hip-Abductor Fatigue and Single-Leg Landing Mechanics in Women Athletes. 

Journal of Athletic Training. 2011; 46(1): 31-42. doi: 10.4085/1062-6050-46.1.31 

14. Borotikar BS, Newcomer R, Koppes R, et al. Combined effects of fatigue and decision making on female lower limb landing 

postures: Central and peripheral contributions to ACL injury risk. Clinical Biomechanics. 2008; 23(1): 81-92. doi: 

10.1016/j.clinbiomech.2007.08.008 

15. De Ste Croix MBA, Priestley AM, Lloyd RS, et al. ACL injury risk in elite female youth soccer: Changes in neuromuscular 

control of the knee following soccer‐specific fatigue. Scandinavian Journal of Medicine & Science in Sports. 2014; 25(5). 

doi: 10.1111/sms.12355 

16. Sinsurin K, Vachalathiti R, Jalayondeja W, et al. Altered Peak Knee Valgus during Jump-Landing among Various Directions 

in Basketball and Volleyball Athletes. Asian Journal of Sports Medicine. 2013; 4(3). doi: 10.5812/asjsm.34258 

17. Wang M, Song Y, Zhao X, et al. Utilizing Anthropometric Measurements and 3D Scanning for Health Assessment in Clinical 

Practice. Physical Activity and Health. 2024; 8(1): 182-196. doi:10.5334/paah.379 

18. Quammen D, Cortes N, Van Lunen BL, et al. Two Different Fatigue Protocols and Lower Extremity Motion Patterns During 

a Stop-Jump Task. Journal of Athletic Training. 2012; 47(1): 32-41. doi: 10.4085/1062-6050-47.1.32 

19. Delp SL, Anderson FC, Arnold AS, et al. OpenSim: Open-Source Software to Create and Analyze Dynamic Simulations of 

Movement. IEEE Transactions on Biomedical Engineering. 2007; 54(11): 1940-1950. doi: 10.1109/tbme.2007.901024 

20. Buckley JP, Borg GAV. Borg’s scales in strength training; from theory to practice in young and older adults. Applied 

Physiology, Nutrition, and Metabolism. 2011; 36(5): 682-692. doi: 10.1139/h11-078 

21. Hogg JA, Vanrenterghem J, Ackerman T, et al. Temporal kinematic differences throughout single and double-leg forward 



Molecular & Cellular Biomechanics 2024, 21(3), 252.  

12 

landings. Journal of Biomechanics. 2020; 99: 109559. doi: 10.1016/j.jbiomech.2019.109559 

22. Lam W, Fan J, Zheng Y, et al. Joint and plantar loading in table tennis topspin forehand with different footwork. European 

Journal of Sport Science. 2018; 19(4): 471-479. doi: 10.1080/17461391.2018.1534993 

23. Zago M, David S, Bertozzi F, et al. Fatigue Induced by Repeated Changes of Direction in Élite Female Football (Soccer) 

Players: Impact on Lower Limb Biomechanics and Implications for ACL Injury Prevention. Frontiers in Bioengineering and 

Biotechnology. 2021; 9. doi: 10.3389/fbioe.2021.666841 

24. Kang Z, Jiang X. The effect of running experience on muscle forces and knee joint reaction forces during running. 

International Journal of Biomedical Engineering and Technology. 2024; 45: 183-197. doi: 10.1504/IJBET.2024.138969 

25. Devita P, Skelly WA. Effect of landing stiffness on joint kinetics and energetics in the lower extremity. Medicine & Science 

in Sports & Exercise. 1992; 24(1): 108-115. doi: 10.1249/00005768-199201000-00018 

26. Edwards S, Steele JR, Purdam CR, et al. Alterations to Landing Technique and Patellar Tendon Loading in Response to 

Fatigue. Medicine & Science in Sports & Exercise. 2014; 46(2): 330-340. doi: 10.1249/mss.0b013e3182a42e8e 

27. Steib S, Zech A, Hentschke C, et al. Fatigue-Induced Alterations of Static and Dynamic Postural Control in Athletes With a 

History of Ankle Sprain. Journal of Athletic Training. 2013; 48(2): 203-208. doi: 10.4085/1062-6050-48.1.08 

28. Xu D, Jiang X, Cen X, et al. Single-Leg Landings Following a Volleyball Spike May Increase the Risk of Anterior Cruciate 

Ligament Injury More Than Landing on Both-Legs. Applied Sciences. 2020; 11(1): 130. doi: 10.3390/app11010130 

29. Kim H, Son S, Seeley M, et al. Functional Fatigue Alters Lower-extremity Neuromechanics during a Forward-side Jump. 

International Journal of Sports Medicine. 2015; 36(14): 1192-1200. doi: 10.1055/s-0035-1550050 

30. Tamura A, Akasaka K, Otsudo T, et al. Fatigue Alters Landing Shock Attenuation During a Single-Leg Vertical Drop Jump. 

Orthopaedic Journal of Sports Medicine. 2016; 4(1): 232596711562641. doi: 10.1177/2325967115626412 

31. Brazen DM, Todd MK, Ambegaonkar JP, et al. The Effect of Fatigue on Landing Biomechanics in Single-Leg Drop 

Landings. Clinical Journal of Sport Medicine. 2010; 20(4): 286-292. doi: 10.1097/jsm.0b013e3181e8f7dc 

32. Kernozek TW, Torry MR, Iwasaki M. Gender Differences in Lower Extremity Landing Mechanics Caused by 

Neuromuscular Fatigue. The American Journal of Sports Medicine. 2007; 36(3): 554-565. doi: 10.1177/0363546507308934 


