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Article 

Effects of Jumping Rope Techniques on the 
Biomechanics of Knee Joint: A Musculoskeletal 
Modeling SYSTEM (MMS) analysis 

Jirakit Siripatrawan 1 and Hyung-pil Jun 1* 

1. Department of Sports Medicine, Dong-A University, Busan 49315, Republic of Korea  

* Correspondence: hjun@dau.ac.kr 

Abstract: The anterior cruciate ligament (ACL) injury in the knee is one of the most frequent injuries in the 

biomechanical environment during jumping exercises; however, repeated jumping, like jumping rope, has not 

been reported to have a significant impact on the ACL injury. Because of this, this study aimed to compare and 

examine any potential biomechanical risk factors that can arise during various jumping rope activities, 

including the basic bounce (BB), forward-backward jump (FB), side-to-side jump (SS), and high knee jump 

(HK). Thirty participants were recruited. A motion capture system was used to obtain synchronized kinematic 

and kinetic data for four different jumping rope techniques. The OpenSim modeling system was used to 

determine the biomechanical knee factors. The paired samples t-test was used to compare the mean difference 

in each jumping rope technique of initial contact (IC) and maximum knee flexion (MKF), and a one-way 

ANOVA was used to compare the mean difference between four different jumping rope techniques in the IC-

MKF phase. Between IC and MKF, knee flexion angle, moment, joint ground reaction forces (GRF), and muscle 

forces of four jumping rope techniques were significantly different (p <.05). Also, in the IC-MKF phase, knee 

flexion angle and knee extension moment; HK was lower than others; vertical GRF; HK and FB were higher 

than others; anteroposterior, mediolateral GRF, and muscle forces; SS was higher than others (p <.05). 

Depending on the jumping rope techniques, the lower knee flexion angle in HK, the higher knee vertical GRF 

in HK and FB, the higher knee extension moment, anteroposterior, mediolateral GRF, and muscle forces on SS 

could be a possibility of ACL injury risk compared to others. Therefore, it is recommended that SS be used in 

risk assessment of ACL in future studies, and BB will be suitable for normal people in daily exercises or will be 

the alternative intervention program for knee rehabilitation with the lowest risk of injury. 

Keywords: jumping rope exercises; ACL; OpenSim; knee joint; biomechanics; modeling system 

 

1. Introduction 

Anterior cruciate ligament (ACL) injury in the knee is one of the most common injuries in sports 

and worsens the quality of life. In sports injuries, more than 30% had injuries related to the knee joint 

and approximately 20% of knee joint injuries had injuries on ACL [36]. Most ACL injuries occur when 

a sudden change in acceleration, deceleration, landing, or pivoting maneuvers is repeatedly 

performed. These injuries are also known as the injuries that occur without physical contact between 

athletes, which are called non-contact ACL injuries [8].  

Several studies have investigated the mechanism of ACL injuries usually occur in landing, 

jumping, plant-and-cut, and twisting actions during specific tasks to understand the behavior of non-

contact ACL injuries [4,60]. Jumping and landing are two common basic motions in everyday life and 

sports [20]. The previous study reported that overly small knee or hip flexion, overly large knee 

extension moment, valgus angle, and moment might be leading causes of ACL injuries [38,50]. Also, 

the previous study suggests that biomechanics in the sagittal plane are the major mechanism that can 

lead to ACL loading injuries [19]. Further, muscle reaction forces such as high quadriceps muscle 

force and low hamstring muscle contraction force can also contribute to ACL injury during jumping 

and landing tasks performance [12,18]. Sports exercises that include jumping can cause an ACL injury 

due to the large impact loads on the lower extremities taken during jumping, such as basketball and 
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volleyball [3]. It has been reported that the landing phase of a single-leg jump is considered one of 

the most stressful activities [57] and a danger factor for knee injury, especially in the ACL [49]. A 

shallow knee angle typically refers to the degree of flexion in the knee joint during certain movements 

or exercises. In the context of jumping, it means that the knees are not bent enough, resulting in less 

shock absorption and stability during landing. This kind of landing phase is usually accompanied by 

a shortening of the quadriceps muscle, especially at shallow knee flexion (less than 40–60 degrees of 

knee flexion), which may put more tension on the ACL [6,37] and can made ACL rupture [37]. 

However, in the study of lower repeated landings and jumping, such as jumping rope, there is no 

direct scientific evidence suggesting that jumping rope has a direct relationship between knee 

shallow angles and knee risk factors. However, some general observations and considerations about 

the potential impact of jumping rope on knee angles, jumping impact, and knee risk factors such as 

weak muscle, imbalance, and improper biomechanics can be explored. 

Jumping rope exercise is one type of plyometric exercise in which a person must jump, bounce, 

or skip repeatedly while a length of rope is swung over and under the lower limb, both ends held in 

the hands of the jumper, or alternately, and is one of the most popular in daily exercises [1] since it is 

a convenient exercise that can be done everywhere, does not require a lot of equipment, and is easily 

learned without special training [39]. Jumping rope has been long practiced as an exercise to promote 

health and fitness [40]. It can play a vital skill component in many sports and recreational activities 

to improve physical fitness, enhance cardiac-circulatory compatibility, improve endurance and 

flexibility, agility, bone mass, postural control, and muscle strength [46]. It is also usually used in 

schools of physical education, athletic events, and for training in sports activities like boxing, running, 

taekwondo, and etc. [15,56]. Additionally, besides these basic rope jump, various types of jumping 

rope, such as alternate jump, bell jump (front to back), skier’s jump (side to side), double bounce, 

cross over, etc. [17], are performed in training sports exercises to improve the sports skill plays for 

various purposes. 

There are some studies that report the effects of vertical jumping and landing as the same types 

of jumping rope exercises. An analysis of the difference in jumping rope motion between single-

under and double-under jumping movements using both feet in adult male jump-rope leaders has 

reported that double-under jumps utilize a greater range of motion in the lower limb and produce 

more ground reaction force [31]. The reported study on the fatigue effect of young people during a 

3-minute alternating jump using a rating of perceived exertion (RPE) reported that the joint angle 

and joint space in the lower limb were associated with fatigue [26]. High velocity and high jumping 

may increase lower extremity loading to cause injuries [9,25]. But the reported study in repeated and 

lower jumping like jumping rope has not reported the effects in terms of biomechanics risk factors in 

the knee joint so well. 

Simulation technology like a musculoskeletal modeling system (MMS) is a method that play an 

essential role in complex biomechanical problems [54]. The main advantage of MMS are method is 

non-invasive and can demonstrate reliable results [30]. Previous studies used a combination of 

musculoskeletal modeling techniques and motion capture data to predict the effects inside the body 

and biomechanics risk factors under different postures and activities like a normal walking, sitting 

to standing, squatting, landing, and drop jumping [32,42,52]. Many studies have showed that the 

simulation optimization method of the OpenSim musculoskeletal numerical simulation systems is 

superior to traditional inverse dynamics or mathematical methods [53,59]. However, since various 

studies have reported biomechanics risk factors for the knee joint using MMS, studies of the effects 

and biomechanics risk factors during lower repeated jumps like jumping rope may give a better 

understanding of the mechanics of jumping and landing. Therefore, the purpose of this study is to 

investigate and compare the possible biomechanics risk factors that can occur during the different 

types of jumping rope exercises including basic bounce (BB), forward-backward jump (FB), side-to-

side jump (SS), and high knee jump (HK). The musculoskeletal modeling with inverse dynamic 

analysis together with motion capture data was used in this study. Accordingly, we hypothesized 

that the differences in the knee angle, moment, knee joint ground reaction forces, and muscle forces 

of four jumping rope techniques. 
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2. Materials and Methods 

This study was conducted and approved by Dong-A University Institutional Review Board 

(IRB) for the Use and Protection of Human Subjects (2-1040709-AB-N-01-202112-HR-086-04). 

a). Participants 

A healthy 30 participants (male 22, female 8) participated in this study. The participants in this 

study were: 1) healthy and uninjured; and 2) experienced jumping rope activity. Participants in this 

study were not included if they: 1) had a specific condition or undergone surgery within the past six 

months; or 2) were currently experiencing lower muscular pain or damage that may affect this study. 

However, because of the COVID-19 pandemic, the total number of participants was reduced to 20 

(male 16, female 4). Before the study, all participants had been given written information about the 

objectives and methods of the study and had been required to read and sign the consent form. After 

that, the participants' demographic characteristics were corrected as follows Table 1. 

Table 1. Demographic characteristics of the participants. 

n Age (year) Height (cm) Weight (kg) BMI (kg/m2) 

20 26.40±2.59 173.50±4.30 83.40±17.56 27.60±5.19 

BMI, Body Mass Index 

b). Experiment process 

Twenty-eight 14-mm infrared reflective markers were placed on each participant to characterize 

the anatomical bone landmarks on both sides of the participant’s body. Anatomical bone landmarks 

included the acromion, sternum, anterior superior iliac spine, sacrum, upper thigh, mid-thigh, rear 

thigh, femur lateral epicondyle, femur middle epicondyle, upper shank, mid-shank, rear shank lateral 

ankle, first metatarsophalangeal joint, fifth metatarsophalangeal joint, and heel, as shown in Figure 

1. The markers were placed on bilateral bone landmarks to ensure the complete capture of the 

participant’s movement. The methodology of placing markers was primarily based on a guide in 

Visual3D motion analysis software (Visual3D, C-Motion, Inc., United States). The motion capture 

system QTM Qualisys Track Manager (Qualisys AB, Gothenburg, Sweden) with 16 high-speed 

infrared cameras (200 Hz, Miqus QTM, Gothenburg, Sweden) was used to capture the trajectories of 

markers during the four different jumping rope techniques. Two fully integrated three-dimension 

force platforms (1000 Hz, Kistler Group, Winterthur, Switzerland) were synchronized and used to 

capture the dynamic ground-reaction force signal with a motion capture system. 
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Figure 1. Schematic representation of the placement markers in the front, side, and back view of the 

marker set. 

Before the experiment, each participant was well instructed on the performance assessment, and 

the four different jumping rope exercises were completed randomly: (1) Basic Bounce (BB): the 

participant was instructed to jump up and down while holding the rope’s handles in each of their 

hands. stand on tiptoes, slightly bending the knee, and push off with their feet. (2) forward-backward 

jump (FB): the process was similar to BB, with the jump to the front and back while spinning the rope. 

(3) side-to-side jump (SS); the process was similar to BB, with a change in direction to slide movement 

to the left and right while spinning the rope. (4) High knee jump (HK): jump up and down by 

alternately lifting one leg approximately 60 degrees as shown in Figure 2. Participants were instructed 

to jump by slightly bending their knees, and their heels could not touch the ground during landing. 

All the participants were asked to warm up in each self-selected activity for 5 minutes before the 

experiment started and practice performing jumping rope until they became familiar with the test 

movements and process. The experiment was performed for each technique for 30 seconds with 

barefoot, controlled by a metronome speed of 135 bpm, followed by a 5-minute rest period. A 

complete jump for each jumping rope technique was acceptable when the participant jumped without 

falling or losing balance. Further, the test was invalid if (1) their feet did not land on force platforms, 

(2) a rope fell out while jumping, or (3) they lost their balance while jumping or landing. A flowchart 

of this study is shown in Figure 3. 

(a) 

 

(b)  

 
(c)  

 

(d) 

 

Figure 2. Jumping rope techniques: (a) BB; (b) FB; (c) SS; (d) HK. 
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Figure 3. Flowchart of this study. 

c). Primary data process 

The kinematics and kinetics data of the experiment were filtered using a low-pass filter 

(Butterworth 4th order) and run with a cutoff frequency of 10 Hz for the motion capture system and 

100 Hz for the force signal in the QTM software. The 10 seconds of each experiment's data from the 

dominant leg of the participants were analyzed. Knee kinematics and kinetics data from this 

experiment were stored in.c3d (coordinate 3D) file format and exported for use in the biomechanical 

data analysis. 

d). Biomechanical data analysis 

This study used a simplified generic musculoskeletal template model, Gait2392, in OpenSim 

(OpenSim 4.3, Stanford, California, United States), with 12 bony segments, 92 muscles, and 23 degrees 

of freedom [59]. This study mainly focused on the risk factors for knee joint variables in the four 

different jumping rope techniques. The dependent variables were chosen and analyzed. They were 

the knee flexion angle, the knee extension moment, knee joint ground reaction forces and muscle 

forces from the initial contact (IC) point to the maximum knee flexion (MKF) point, as shown in Table 

2. Also, the duration from IC to MKF (IC-MKF phase) was selected and analyzed in this study. The 

muscle forces calculated in this study are as follows: Quadriceps femoris (rectus femoris, vastus 

lateralis, vastus medialis and vastus intermedius) and Hamstring (biceps femoris and 

semitendinosus). 

Before simulation, the.c3d file format was converted into specific files for use in OpenSim. A.trc 

(track row column) file is used to specify the positions of markers placed on a subject, and a.mot 

(motion) file consists of motion, joint angle, and ground reaction force. These files were created 

from.c3d files using the MOtoNMS Matlab toolbox (MATLAB R2018a, The MathWorks, MA, United 

States). After that, the musculoskeletal model was scaled to generate the anthropometry, and the 

inverse kinematics (IK) were calculated through OpenSim. Also, the inverse simulation of the four 

different jumping rope techniques was achieved through OpenSim residual reduction algorithms 
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(RRA), static optimization, and the joint reaction analysis tool, which were used to calculate the 

dependent variables while time was used as the independent variable, as shown in Figure 3. 

 

Figure 3. Schematic of the OpenSim simulation process. 

e). Statistical analysis 

The biomechanical parameters of the lower limbs from four different jumping rope techniques 

were analyzed in SPSS (Version 27.0, IBM Corp., Armonk, NY, United States). The variables of this 

study are shown in Table 2. 

All of the data were tested for normality and equal variance before analysis. The paired samples 

t-test was used to compare the mean difference in each jumping rope technique of IC and MKF, and 

an analysis of variance (one-way ANOVA) was used to compare the mean difference between four 

different jumping rope techniques in the IC-MKF phase. The post-hoc comparison was performed by 

the Tukey test of mean values, and the significant difference level was set at =.05 for all analyses. 

Table 2. Independent and dependent variables. 

Variables 

IV Jumping rope exercise 

BB 

HK 

FB 

SS 

DV 

Kinematics 
Knee flexion (degree) 

Knee moment (%BWm) 

Kinetics 
Knee joint GRF (%BW) 

Muscle forces (%BW) 

IV, independent variables; DV, dependent variables; BB, basic bounce; HK, high knee 

jump; FB, forward-backward jump; SS, side-to-side jump; BW, body weight; BWm, Body 

weight∙hegiht(meter) 

3. Results 

The paired samples t-test showed that the mean difference between IC and MKF in each jumping 

rope technique was significant. These results showed that differences in MKF had significant effects 

on the dependent variables (knee flexion angle, knee flexion moment, knee joint GRF and muscle 

forces) compared with IC (p < .05), as shown in Table 3. In BB and HK, knee flexion angle, vertical 
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GRF (vGRF), and anteroposterior GRF (aGRF) had a significant difference, and knee extension 

moment in HK had a significant difference compared with IC (p < .05). In FB and SS, knee flexion 

angle, knee extension moment, and vertical GRF had a significant difference compared with IC (p < 

.05). Also, quadriceps muscle forces were significantly higher in all jumping rope techniques 

compared with IC. (p < .05).  

As shown in Table 4, one-way ANOVA showed the mean difference between four different 

jumping rope techniques in the IC-MKF phase. The knee flexion angle and knee moment of the BB 

and HK were significantly lower than FB and SS (p < .05). In knee joint GRF, the vGRF of BB was 

significantly lower than that of HK, FB, and SS (p < .05). The aGRF of SS was significantly higher than 

BB and HK, and BB and HK were also significantly higher than FB (p < .05). Mediolateral GRF (mGRF) 

of BB, HK, and FB was significantly higher than SS (p < .05). While quadricep and hamstring muscle 

forces in SS was higher than others (p < .05).  

Table 3. Statistic of knee variables between the IC and MKF of four different jumping rope 

techniques(mean ± SD). 

Jumping rope 

Techniques 
Variables IC MKF Statistical 

BB 

Knee flexion (degree) 26.62 ± 9.65 37.98 ± 8.62 < .05 

Knee extension moment 

(%BWm) 
1.60 ± 0.70 1.90 ± 0.60  

Knee joint GRF (%BW) 

   Vertical -110.23 ± 20.93 -125.67 ± 21.88 < .05 

   Anteroposterior 14.59 ± 4.28 11.62 ± 3.37 < .05 

   Mediolateral 7.28 ± 12.93 7.17 ± 13.56  

Muscle forces (%BW) 

   Quadriceps 209.64 ± 42.71 396.94 ± 78.09 < .05 

   Hamstring 49.15 ± 43.11 53.94 ± 40.18  

HK 

Knee flexion (degree) 22.37 ± 3.67 31.59 ± 3.65 < .05 

Knee extension moment 

(%BWm) 
1.11 ± 0.56 2.06 ± 0.64 < .05 

Knee joint GRF (%BW)    

   Vertical -118.78 ± 30.65 -165.91 ± 37.60 < .05 

   Anteroposterior 18.02 ± 15.34 20.53 ± 18.93 < .05 

   Mediolateral 4.76 ± 8.99 3.96 ± 10.35  

Muscle forces (%BW) 

   Quadriceps 404.18 ± 55.05 530.50 ± 93.59 < .05 

   Hamstring 49.25 ± 35.06 54.47 ± 38.07  

FB 

Knee flexion (degree) 38.26 ± 9.70 45.85 ± 9.82 < .05 

Knee extension moment 

(%BWm) 
1.11 ± 0.61 2.21 ± 0.53 < .05 

Knee joint GRF (%BW)    

   Vertical -122.88 ± 21.01 -163.10 ± 22.69 < .05 

   Anteroposterior -8.70 ± 12.47 -8.85 ± 13.02  

   Mediolateral 6.14 ± 9.82 7.33 ± 11.21  

Muscle forces (%BW) 

   Quadriceps 431.89 ± 59.05 537.34 ± 89.36 < .05 

   Hamstring 83.67 ± 38.02 98.19 ± 42.22  

SS 

Knee flexion (degree) 35.89 ± 9.11 47.27 ± 9.71 < .05 

Knee extension moment 

(%BWm) 
1.98 ± 0.73 2.68 ± 0.67 < .05 

Knee joint GRF (%BW)    
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   Vertical -114.63 ± 25.20 -163.15 ± 31.25 < .05 

   Anteroposterior 21.13 ± 5.66 24.51 ± 12.23  

   Mediolateral -6.22 ± 13.01 -8.31 ± 13.09  

Muscle forces (%BW) 

   Quadriceps 532.53 ± 88.47 601.59 ± 93.81 < .05 

   Hamstring 94.40 ± 48.44 105.11 ± 38.89  

BB, basic bounce; HK, high knee jumping rope; FB, Forward-backward jumping rope, SS, Side-to-side 

jumping rope; GRF, Ground reaction force; BW, Body weight; BWm, Body weight∙hegiht(meter) 

* The mean difference is significant at the p < .05 

Table 4. Statistic of knee variables from the IC-MKF phase of four different jumping rope 

techniques(mean ± SD). 

Variable BB HK FB SS Post-hoc 

Knee flexion (degree) 32.30 ± 9.01 26.98 ± 3.25 42.05 ± 9.55 41.58 ± 9.21 BB,HK<FB,SS 

Knee extension moment 

(%BWm) 
1.75 ± 0.48 1.59 ± 0.48 1.66 ± 0.46 2.33 ± 0.55 BB,HK,FB<SS 

Knee joint GRF (%BW) 

   Vertical -117.95 ± 20.17 
-142.35 ± 

33.47 

-142.99 ± 

20.49 

-138.89 ± 

27.84 
BB>HK,FB,SS 

   Anteroposterior 13.10 ± 3.50 19.28 ± 16.97 -8.77 ± 12.63 22.82 ± 7.70 SS>BB,HK>FB 

   Mediolateral 7.22 ± 13.20 4.36 ± 9.59 6.74 ± 9.03 -7.26 ± 12.61 BB,HK,FB>SS 

Muscle forces (%BW) 

   Quadriceps 303.29 ± 57.23 
467.34 ± 

68.62 

484.61 ± 

68.84 

567.06 ± 

89.12 
BB<HK,FB<SS 

   Hamstring 51.54 ± 41.64 51.86 ± 36.56 90.93 ± 40.12 95.75 ± 43.66 BB,HK<FB,SS 

BB, basic bounce; HK, high knee jumping rope; FB, Forward-backward jumping rope, SS, Side-to-side 

jumping rope; GRF, Ground reaction force; BW, Body weight; BWm, Body weight∙hegiht(meter) 

* The mean difference is significant at the p < .05 

4. Discussion 

The objective of this study was to investigate and compare the possible biomechanical risk 

factors that can occur during different types of jumping rope exercises. This study used commonly 

used variables, including knee flexion angle and knee moments, as the kinetic variables of interest 

[24,47]. Also, to investigate a better understanding of knee injury factors, the evaluated knee joint 

GRF and muscle forces using musculoskeletal modeling processes at specific events was also chosen 

as the variables of interest [55]. We first hypothesized that the differences in the knee angle, moment, 

knee joint GRF, and muscle forces of the four different jumping rope exercises should be found in 

this study, and the results of this study partly agree with the hypotheses. 

The risk factors for ACL injury are mainly reported with a small knee flexion angle or a large 

knee extension moment in the sagittal plane [4]. The risk factors for ACL injury are mainly reported 

with a small knee flexion angle or a large knee extension moment in the sagittal plane [4]. A previous 

study showed that the ACL loading will decrease with the increase in knee flexion angle in knee 

motion [16]. In addition, the increase in knee flexion angle while landing helps absorb some of the 

energy and effectively reduces the risk of ACL injury [18,24], thus reducing the risk of an ACL injury. 

In our study, a one-way ANOVA showed differences between the knee flexion angle and knee 

extension moment of four different jumping rope exercises. This study found that the knee flexion 

angle increased during the four different types of jumping rope at the MKF point. Additionally, a 

shallow angle of knee flexion of less than 40–60 degrees during landing may stress the ACL and 

increase the incidence of ACL rupture [6]. This study demonstrated that the participants experienced 

a greater decrease in knee flexion angle in the HK than other jumping rope techniques during the 

landing process, which means knee extension was increasing. Thus, the decreased knee flexion angle 
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in HK is possible to increase the knee injury and could be a risk factor for a higher ACL load than 

other jumping rope techniques [16]. In addition, the increase in knee flexion angle while landing helps 

absorb some of the energy and effectively reduces the risk of ACL injury [18,24], thus reducing the 

risk of an ACL injury. In our study, a one-way ANOVA showed differences between the knee flexion 

angle and knee extension moment of four different jumping rope exercises. This study found that the 

knee flexion angle increased during the four different types of jumping rope at the MKF point. 

Additionally, a shallow angle of knee flexion of less than 40–60 degrees during landing may stress 

the ACL and increase the incidence of ACL rupture [6]. This study demonstrated that the participants 

experienced a greater decrease in knee flexion angle in the HK than other jumping rope techniques 

during the landing process, which means knee extension was increasing. Thus, the decreased knee 

flexion angle in HK is possible to increase the knee injury and could be a risk factor for a higher ACL 

load than other jumping rope techniques. 

The knee extension moment refers to the rotation force (or torque) around the knee that pushes 

it to straighten or extend. The high knee extension moment of the landing process might lead to knee 

over-extension or hyper-extension, which can increase the strain on the ACL and significantly 

increase the ACL load [35]. In this study, the knee extension moment of the BB, HK, and FB was lower 

than that of the SS, which could be a risk factor that increases the ACL load in the four different 

jumping rope techniques in the landing process and can lead to an ACL injury. Some studies suggest 

that the risk factors measured in the sagittal plane, such as the angle and moment of the knee joint in 

landing, can cause a higher ACL load during the landing position [27]. The higher knee extension 

moment in the IC-MKF phase was similar to the phenomenon described by Kar et al. [28]. This 

phenomenon describes that the risk factors measured in the sagittal plane are associated with a high 

ACL load and are significantly higher than those measured in the frontal plane. As previously 

reported, the ACL load will be effectively reduced when the knee flexion angle exceeds around 50°, 

and this study showed that none of the four jumping rope techniques had a maximum knee flexion 

angle exceeding 50°. Thus, each decrease in the knee flexion angle could be a factor in the knee injury, 

and a higher ACL load is possible to occur [22]. Thus, the factors measured in the sagittal plane, such 

as the knee flexion and extension moment, are possible primary risk factors for ACL injury. 

Previous studies have demonstrated that decreases in knee flexion angle could contribute to 

increased asymmetries at the knee joint if the magnitude of the knee joint GRF was decreased at the 

same time [23,47]. The size and direction of the GRF can directly affect the knee moment. Thus, 

decreased knee joint GRF was a mechanical representation of a decreased knee extension moment 

[23]. In this study, it was found that the knee joint vGRF (positive, upward; negative, downward) in 

the sagittal plane was higher for HK, FB, and SS than BB. The higher knee joint vGRF in HK, FB, and 

SS may be due to these three jumping rope techniques, which require more movement and reach the 

maximum vertical jump height immediately after landing. The knee joint helps to absorb and 

transmit the vertical forces from the foot upwards to the hip and the rest of the body. During activities 

like running or jumping, the knee flexes during landing to help absorb the shock from vGRF. 

Excessive vGRF or lack of proper shock absorption can lead to overuse injuries in the knee, such as 

patellofemoral pain syndrome or osteoarthritis [43,58,60]. Theoretically, except for the BB, the other 

three jumping rope techniques need to jump in different directions. Also, depending on the nature of 

the single-leg landing and double-leg landing jump tasks [48]. A double-leg landing jump task allows 

participants to use inter-limb compensation strategies that have the potential to increase limb 

asymmetries, while in a single-leg landing jump task, participants are only able to use inter-joint 

compensation during the jump task. The more different direction landing tasks were more effective 

on knee kinematics and kinetics than static landing tasks. Also, it will lead to both inter-limb and 

inter-joint compensation, and more loads might contribute to the high knee injury. In addition, the 

inherent factors that caused the decreased knee flexion moment could be deficits in dynamic strength, 

muscle inhibition, altered neuromuscular function, or fear, which can cause the decreased knee joint 

angle, decreased knee moment, and effect on the knee joint vGRF [5]. 

Furthermore, we also estimated knee joint aGRF (positive, anterior; negative, posterior) and 

mGRF (positive, media; negative, lateral) throughout the jumping rope exercise. For aGRF, this force 
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plays a role in forward and backward directions. During landing, if the foot strikes the ground with 

a forward motion, an aGRF will be generated to resist the forward motion of the foot and lower leg 

[7,51]. In this study, SS has a higher aGRF on the anterior side than other jumping rope exercises. The 

aGRF might be increasing due to decreased knee flexion angles [7,45]. An aggressive or large aGRF 

combined with a forceful contraction of the quadriceps muscle can produce an anterior shear force 

on the tibia. Essentially, this force attempts to slide the tibia forward in relation to the femur, which 

is called anterior tibia translation [51]. ACL primarily serves to resist anterior tibial translation [21]. 

Thus, if the aGRF on the anterior side surpasses the ACL’s capacity to resist, it can lead to an ACL 

tear from overstretching [7,21,51]. Therefore, the decrease in knee flexion could contribute to an 

increase in knee momentum asymmetry, which may increase the risk of knee injury during jumping 

and landing tasks [7].  

For mGRF, in this study, we also found that the SS has a higher lateral mGRF than other jumping 

rope exercises. The previous study demonstrated the high values of lateral mGRF due to the 

mechanics of subtalar pronation to transmit and dampen the impact forces to the lower extremity 

during jumping tasks [41]. Knee joint ligaments inside, like the ACL and MCL, help stabilize and 

resist the leg against side-to-side forces and excessive movement during a change of direction rapidly 

or landing from a jump. The excessive use of mGRF can lead to weak stabilization mechanisms in the 

knee, which can lead to injuries like ACL tears [29]. In addition, the high impact lateral mGRF on the 

lateral side may lead to overpronation in the ankle [44]. Since overpronation in the ankle can lead to 

tibial internal rotation, valgus angle and moment can occur and cause higher ACL loading during 

the jumping process [28]. The ACL load will increase if the knee valgus is increasing, and the 

increased knee valgus angle poses a significant risk of ACL injury [27,28].  

Furthermore, the higher stress or strain loading on the ACL depends on muscle forces [34]. 

Previous studies have shown that the knee extension moment caused by quadriceps contraction 

could increase the anterior tibial shear force, increasing the ACL load and injury risk [10]. In this 

study, the highest knee extension moment and muscle forces in quadriceps were found in the SS, 

followed by the FB, HK, and BB. The neuromuscular control strategy may be the cause of the 

increased knee extension moment and quadriceps femoris muscle forces observed in the SS. The SS 

requires more space between itself and the force plates and, immediately after landing, reaches its 

maximum vertical jump height [14]. Theoretically, jumping and landing, which require more 

movement, should produce larger quadriceps muscle forces, which increase the tibial anterior shear 

force and force the tibia forward relative to the femur. If not adequately resisted, it can lead to anterior 

tibial translation, increase strain in the ACL, and cause injury [13,14]. ACL load caused by quadriceps 

muscles can decrease when the knee flexion angle reaches up to 45 degrees and may have no impact 

when it exceeds 60 degrees [38]. Also, it can be related to hamstring muscle contraction. Studies have 

shown that the posterior shear forces in the tibia from hamstring muscle contraction can reduce the 

load on the ACL when the knee flexion angle is greater than 22 degrees [2]. In our study, the knee 

flexion angle was greater than 22 degrees in all four different jumping rope techniques. SS shows 

higher hamstring muscle forces related to higher knee flexion that can increase the activation level of 

the hamstring muscles [11]. Increased knee flexion angle on landing induces more hamstring 

contractions to participate in coordination [33], which effectively reduces ACL tension, decreasing 

the risk of ACL injury. Therefore, a high knee flexion angle while landing effectively resists the forces 

from quadriceps muscle contraction. At the same time, the coordinated contraction from the 

hamstring muscle may reduce the ACL load, reducing the risk of ACL injury. 

In our study, we can assume that different techniques can demonstrate the knee joint risk factor 

for different reasons. This study showed that SS demonstrated a higher knee extension moment, knee 

joint aGRF, mGRF, and quadriceps muscle forces that can increase the ACL load and lead to an ACL 

injury than other jumping rope techniques. Also, HK demonstrated a smaller knee flexion in the IC, 

MKF, and IC-MKF phases. HK and FB demonstrated a high knee joint vGRF, while BB showed the 

lowest in all of the variables compared to other jumping rope techniques. Following the results, it can 

be assumed that the relatively unnatural jumping and landing action may increase the risk of ACL 

injury. 
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The use of male and female participants, which may have an effect on biomechanical factors 

from physiology, neuromuscular control mechanisms, and landing protection awareness during 

jumping assessments, challenges a limitation to this study. The participants may be affected by the 

metronome's speed level, which may be faster or slower than the participants' potential and result in 

an abnormal jump pattern. Additionally, there aren't many research on the knee during the exercise 

of jumping rope to compare with this one. In order to avoid or analyze external factors like gender 

or level of speed, height, or patterns condition with can directly influences to the study in the future, 

it is recommended that the study of the jumping rope task and landing process be taken into 

consideration. The outcomes of this study provided a better understanding of the behavior of the 

knee joint loading mechanism. Further, it could benefit from studies relevant to sports science, injury 

prevention, rehabilitation, and athletic training programs related to the knee joint. 

5. Conclusions 

This study indicated differences in knee flexion angle, knee flexion moment, and knee joint GRF 

between the four jumping rope exercises. However, knee flexion angle, knee extension moments, and 

knee joint vertical GRF are critical factors for knee injuries that can lead to an ACL injury. This study 

found that the risk of injury is lower in BB than in HK, FB, and SS. SS demonstrated the highest knee 

extension moment, knee joint aGRF, mGRF, and quadriceps muscle forces compared to other 

jumping rope techniques. Also, HK demonstrated a smaller knee flexion angle. HK and FB 

demonstrated high knee joint vGRF. Therefore, depending on the jumping rope techniques, it is 

recommended that use SS in future studies in risk assessment of ACL. Naturally jumping and landing 

jumping rope techniques like BB have shown a lower risk of injury than other techniques, which can 

lower knee joint and ACL injuries, and it may be suitable for normal people in exercises or for the 

rehabilitation program. 
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