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Objective: The purpose of this study is to analyze the inherent relationship between the score values and the biomechanical characteristics of the forward kicking motion, we aim to identify the fundamental variables influencing the score values of the forward kicking motion and establish the key biomechanical factors that effectively trigger scoring in the forward kicking motion.
Methods: The DaeDo electronic scoring system was used with the Vicon optical motion capture system and the Kistler 3D force platform to obtain kinematic and kinetic variables of the front roundhouse kick motion. Linear bivariate correlation analysis and principal component analysis were used to analyze the associations between kinematic, kinetic variables, and scoring values, and summarize key biomechanical factors for effectively scoring.
Results: The peak ankle plantar flexion angle and knee extension torque of the kicking leg showed a significant negative correlation with scoring values (r < 0, p < 0.05), while other variables showed no statistical significance. The peak knee flexion angle and hip extension angular velocity of the supporting leg showed a significant positive correlation with scoring values (r > 0, p < 0.01), while the peak ankle plantar flexion torque showed a significant negative correlation with scoring values (r < 0, p < 0.05), and other variables showed no statistically significant correlation. The absolute values of eigenvectors of the first and second principal components, which included hip angular velocity, ankle angle, knee torque, and hip torque, were relatively large, indicating their strong influence on effective scoring triggering.
Conclusion: Maintaining ankle dorsiflexion and a larger knee flexion angle in the kicking leg is favorable for triggering scoring. Higher knee flexion angle and hip extension angular velocity in the supporting leg are also advantageous for triggering scoring. “Body posture” and “Strength” are key factors that effectively trigger scoring.
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INTRODUCTION
Competitive Taekwondo is a combative sport characterized by direct physical contact and intense confrontation (Pieter et al., 2012). Its action traits include fast technical movements, short contact time, and frequent changes in techniques and tactics (Lin et al., 2023). In past competitions, referees had to subjectively judge the effectiveness of athletes’ strikes (Zhi et al., 2010). Because there is a blind spot in the field of vision when athletes come into contact with each other, judging results were prone to unfairness, partiality, and delays (Fan et al., 2010; Qing et al., 2014). To address these issues, significant revisions were made to the Taekwondo competition regulation after the Rio Olympics, leading the sport into the era of electronic protective gear (Lin and Gao, 2020). As the official certified brand of the World Taekwondo Federation, DaeDo electronic protective gear have been widely used in major events such as the Olympics and World Championships (Nan and Jian, 2017).
In competitive Taekwondo, the effectiveness of strikes is not only influenced by strength but also closely related to the strike precision, angle, and hit rate on the target area (Razman and Chong, 2019). The features of competitive Taekwondo techniques are powerful strike to the opponent’s trunk or head with the lower limbs (Geßlein et al., 2020). Therefore, athletes need to focus on enhancing the explosiveness of muscles and the coordination of movements during their training to improve strike power and speed. Additionally, by designing appropriate technical actions, conducting professional physical training, and enhancing body flexibility in postural control, the strength and accuracy of strikes can be further improved.
Taekwondo have high extremely requirements for flexibility and specialized strength from athletes (Bridge et al., 2014). It involves frequent use of kicking and striking techniques in order to eliminate opponents through scoring. The scoring areas of electronic protective gear mainly include the opponent’s trunk and head. The characteristic of front roundhouse kick involves significant limb movements in a short amount of time, requiring athletes to possess high levels of flexibility and coordination. Additionally, athletes need to have excellent specialized strength, including muscle strength, explosive power, and postural control (Nan et al., 2017). Through training and techniques accumulation, athletes can swiftly use front roundhouse kick actions for both offensive and defensive purposes, making it difficult for opponents to predict and respond. Moreover, the feature of this action minimizes the vulnerabilities exposed by athletes, effectively enhancing their defensive capabilities (Son et al., 2020).
The current literature on the front roundhouse kick mainly involves technical and tactical adjustments under the new rules (He and Pang, 2019), biomechanical characteristics of specific techniques (Aloui et al., 2022; Liu et al., 2023), and the impact of training on kicking techniques (Ojeda-et al., 2021; Sant’ana et al., 2021). However, in studies related to the use of DaeDo electronic body protectors to trigger scoring in Taekwondo, there is a lack of research on key biomechanical factors related to the scoring values of the front roundhouse kick. In other sports, research on key biomechanical factors has been able to determine the primary factors that determine competition results (Bullock et al., 2009; Crossland et al., 2011; Tomasevicz et al., 2020). It is hypothesized that there is relatively little attention given to the relationship between the value of effective scoring and the kinematic and kinetic characteristics of the kicking motion when using electronic protectors to trigger valid scoring.
Therefore, this study aims to investigate the correlation between the kicking speed, posture control in movements (Liu et al., 2023), and the scoring values by electronic protective gear of the front roundhouse kick, using high-speed camera systems and a three-dimensional force platform. By analyzing the intrinsic relationship between scoring values and the biomechanical characteristics of the front roundhouse kick, this study aims to reveal the underlying variables that influence scoring values and summary key biomechanical factors for effectively triggering score with the front roundhouse kick. This will provide Taekwondo coaches and athletes with variables to assess the effectiveness of the front roundhouse kick in triggering the electronic protective gear, thus offering theoretical support for improving the training effectiveness of the front roundhouse kick technique in Taekwondo and triggering scores effectively during competitions.
The novelty of this study lies in the investigation of the correlation between the biomechanical characteristics of the lower extremities during the front roundhouse kick in Taekwondo and the effective scores of electronic protectors. This study aims to analyze the intrinsic relationship between scoring values and biomechanical factors, providing insights into the variables that influence scoring values and identifying key biomechanical factors for effectively triggering scores with the front roundhouse kick. This research fills the gap in the existing literature by focusing on the biomechanical factors related to scoring values in Taekwondo using electronic protective gear.
MATERIALS AND METHODS
Study population
In this study, we used G Power 3.1.9.2 to calculate the required sample size with an effect size of 0.7. Under the conditions of α = 0.05 and a statistical power of 95%, 13 participants were needed. Based on the weight class set for men’s Taekwondo competitions in the Olympic Games, Finally, 15 excellent athletes from Wuhan Sports University Taekwondo sports training team, (with a weight range of 54–87 kg), were recruited as the participants for this experiment (18.00 ± 2.20 years, 182.15 ± 8.62 cm, 70.00 ± 14.82 kg). All participants had experience participating in regional-level or higher-level competitions and were in a healthy physical condition that would not influence their kicking performance. None of the participants engaged in intense exercise within 24 h prior to the experiment, and they had no significant injuries or abnormalities in their anatomical structure or function within the past 6 months. All participants exhibited good overall physical condition and athletic abilities.
Event division
Based on the characteristics of the front roundhouse kick motion, relevant studies (Jeong et al., 2021; Jian et al., 2020; Qiu et al., 2021), and interviews with coaches and athletes, this study divided the front roundhouse kick movement into four events and two phases, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Time and period division of front roundhouse kick.
Preparation Moment (E1): The moment when the striking leg leaves the ground and the moment when the attacking foot rise from the force platform with no ground reaction force. Lift Knee Moment (E2): The moment of minimal flexion of the striking leg knee joint and the moment of maximum angle of the striking leg knee joint. Kick Moment (E3): The moment of maximum extension of the striking leg knee joint and the moment of minimum angle of the striking leg knee joint. Recovery Moment (E4): The moment the striking leg lands and the moment the attacking foot touches the force platform with ground reaction force emerge. Lift Knee Phase (P1): From the preparation moment to the lift knee moment, E1-E2. Striking Phase (P2): From the lift knee moment to the Kick moment, E2-E3. Recovery Phase (P3): From the kick moment to the recovery moment, E3-E4. In this study, the striking leg is defined as the lower limb of one side that hit the dummy, and the lower limb in contact with the ground is defined as the supporting leg.
Measurements and procedures
The experiment utilized 9 infrared high-speed cameras (T40, Vicon, United Kingdom) with a sampling frequency of 200 Hz and Marker balls with a diameter of 14 mm to collect kinematic data. The Kistler 3D force platform (9260AA6, Switzerland) with 4 independent force plates of size 60 × 40 cm and a sampling frequency of 1,500 Hz was used to collect dynamic data. Synchronization between the Vicon system and the Kistler system was achieved through a digital signal converter. The scoring values were recorded using the Korean DaeDo electronic protective gear and scoring system (specifically designed for the Olympic Games), which included torso protectors, electronic helmets, and electronic foot guards. During the experiment, the dummy was in an upright position, and the electronic protective gear was worn by the dummy. The electronic protective gear was wirelessly connected to the computer through a signal receiver.
This study has been reviewed and approved by the ethics review of Wuhan Sports University (NO. 2022048) and participants were instructed on the testing procedures prior to the test. The test procedures are illustrated in Figure 2. Preparations before the test involved initializing and calibrating the Vicon 3D motion capture system, preheating and calibrating the Kistler 3D force platform, as well as testing and calibrating the Daedo electronic protective gear. Synchronization of data between the Vicon and Kistler systems was confirmed. Participants underwent a health assessment and provided informed consent form, being informed about the experimental procedures and precautions. Participants engaged in a 15-min warm-up activity, followed by attaching reflective Marker balls. Once the attachment was completed, participants were instructed to rapidly strike the dummy equipped with the electronic protective gear according to the predefined global coordinate direction and the position of the target dummy. The height of the dummy was adjusted to match the habitual striking height of the participants. After the athletes fully adapted, the experimenters checked the signals of the electronic protective gear and set the electronic scoring system to the corresponding weight class of the participant’s match. Data collection commenced thereafter.
[image: Figure 2]FIGURE 2 | Test schematic diagram.
In taekwondo competitions, in order to complete movements with higher quality and achieve the goal of scoring, the collected actions in this study aimed to simulate realistic combat situations as closely as possible. The participants performed a combination of step-in and front roundhouse kick, as shown in Figure 1. After each movement of the subject is completed, the same coach determined whether the test action met the technical standards for a front roundhouse kick, and five successful actions were selected as test samples. The dominant kicking limb of all subjects was the right leg.
Variables selection and coordinate system, joint angle definition
Definition of Joint Coordinate System and Joint Angles according to the setup in Visual 3D. The joint coordinate system is defined with three axes in reference to the participant’s body. The axes include the coronal axis (X-axis, flexion/extension), the sagittal axis (Y-axis, abduction/adduction), and the vertical axis (Z-axis, internal/external rotation). The following joint angles are defined: Ankle Joint Angle: The angle between the foot and the line extending from the leg. Knee Joint Angle: The angle between the lower leg and the line extending from the thigh. Hip Joint Angle: The angle between the thigh and the line extending from the trunk.
During the front roundhouse kick, the joint movement sequence of the striking leg involves pelvic rotation, followed by simultaneous flexion of the knee joint, hip abduction/adduction, and trunk rotation until contact with the target is made (Chun et al., 2020). Studies on front roundhouse kick in taekwondo typically analyze the movement process using variables such as maximum joint angles, peak joint angular velocities, peak joint moments, and vertical ground reaction forces (Moreira and Paula, 2017; Sant’ana et al., 2017; Chang et al., 2021; Jeong et al., 2021; Liu et al., 2021; Pei and Jian, 2021; Zhao and Jia, 2022; Zhi et al., 2022). The selected variables for this study are as follows:
1) Range of Motion of Hip, Knee, and Ankle Joints: The maximum flexion/extension angles (°) of the hip, knee, and ankle joints for both the striking leg and the supporting leg. Flexion of the hip, knee, and dorsiflexion of the ankle are defined as positive directions.
2) Velocity of Motion of Hip, Knee, and Ankle Joints: The peak angular velocities (rad/s) of the hip, knee, and ankle joints for both the striking leg and the supporting leg are measured. The direction of joint angular velocities follows the same definition as the joint angles.
3) Kinematics: The peak knee joint moment (N·m), ankle joint moment (N·m), hip joint moment (N·m) for both the kicking leg and the supporting leg are measured. Additionally, the vertical ground reaction force (vGRF), after being normalized to body weight (BW), is also measured.
4) Score Value: The score value (Unitless) corresponding to the effective front roundhouse kick action is measured.
Data processing
Select the three optimal movements from each participant’s data, and export them as C3D files after marker labeling and gap filling in Vicon software. Then import the C3D files into Visual 3D software. The lower limb model is used for static modeling, and relevant variables are computed. The kinematic and kinetic data are filtered with cut-off frequencies of 10 Hz and 25 Hz, respectively (Ibrahim et al., 2014; Moreira and Paula, 2017; Yi et al., 2018). The kinetic data are normalized to each participant’s body weight multiplied by their height. The kinematic, kinetic, and score values of the three selected data sets are averaged.
Statistical analysis
In this study, statistical analysis of the data was performed using SPSS 19.0 software. Linear bivariate correlation analysis was conducted to examine the relationships between kinematics, kinetics, muscle activity, and score values (Winter et al., 2001; Keylock et al., 2022). The significance level was set at p < 0.05 to determine statistical significance. One asterisks (*) denote p < 0.05, while double asterisks (**) denote p < 0.01.
Based on the research variables, we chose ten key variables that may influence the success or failure of athletes in triggering scores, as shown in Figure 3. These variables include hip, knee, ankle joint angles, angular velocities, joint moments, and vertical ground reaction forces. All variables were computed using Visual 3D software. Principal Component Analysis (PCA) was performed using the “factoextra” package in R software (Warmenhoven et al., 2021; Jiang et al., 2023). The sample correlation matrix was calculated based on the sample data matrix, and the eigenvalues and eigenvectors of the correlation matrix were obtained. The principal components and their contributions were determined based on these eigenvalues and eigenvectors. Finally, key variables to trigger scores in the front roundhouse kick movements were identified through PCA.
[image: Figure 3]FIGURE 3 | 10 variables that may lead to a successful or unsuccessful trigger score.
RESULTS
Kinematic and kinetic characteristics of the striking leg and supporting leg of front roundhouse kick
As shown in Figure 4A, for striking leg, significant negative correlations were observed between the peak dorsiflexion angle of the ankle joint and the peak extension moment of the knee joint (r = −0.349, p = 0.020; r = −0.306, p = 0.043), as well as no statistically significant relationships between the peak flexion angle of the knee joint, peak extension angle of the hip joint, peak extension angular velocity of the knee joint, peak plantar flexion angular velocity of the ankle joint, peak extension angular velocity of the hip joint, peak plantar flexion moment of the ankle joint, peak extension moment of the hip joint and the score values (p > 0.05).
[image: Figure 4]FIGURE 4 | (A) kinematics and kinetic characteristics of the striking leg; (B) kinematics and kinetic characteristics of the supporting leg (*) significant discrepancy p < 0.05 (**) very significant discrepancy, p < 0.01).
Furthermore, as shown in Figure 4B, for supporting leg, there were significant positive correlations between the peak flexion angle of the knee joint, peak extension angular velocity of the hip joint, and peak dorsiflexion moment of the ankle joint with the score values (r = 0.573, p = 0.000; r = 0.321, p = 0.034; r = 0.368, p = 0.014). Similarly, no statistically significant relationships were found between the peak dorsiflexion angle of the ankle joint, peak extension angle of the hip joint, peak extension angular velocity of the knee joint, peak dorsiflexion angular velocity of the ankle joint, peak extension moment of the knee joint, peak flexion moment of the hip joint, peak vertical ground reaction force and the score values (p > 0.05).
Principal component analysis was conducted on the lower limb kinematic and kinetic variables
An assessment was conducted on the suitability of the research data for principal component analysis. From Table 1, it can be observed that the Kaiser-Meyer-Olkin (KMO) measure is 0.608, surpassing the threshold of 0.6, thereby satisfying the prerequisite requirement for conducting principal component analysis. This indicates that the data can be utilized for principal component analysis. Furthermore, the data successfully passed the Bartlett’s sphericity test (p < 0.05), affirming the appropriateness of employing principal component analysis on the research data.
TABLE 1 | KMO and Bartlett’s test.
[image: Table 1]Table 2 presents an analysis of the principal component extraction and the amount of information extracted. From the table, it is evident that a total of 6 principal components were extracted in the principal component analysis, with eigenvalues all greater than 1. The variance explained by these 6 principal components are 29.560%, 13.605%, 10.518%, 9.725%, 7.802%, and 5.394% respectively, with a cumulative variance explained of 76.603%. Furthermore, the analysis yielded 6 principal components, with their corresponding weighted variance explained as follows: 29.560/76.603 = 38.59%; 13.605/76.603 = 17.76%; 10.518/76.603 = 13.73%; 9.725/76.603 = 12.70%; 7.802/76.603 = 10.18%; 5.394/76.603 = 7.04%.
TABLE 2 | Variance explained by principal components.
[image: Table 2]Table 3 illustrates the information extraction of the principal components for the research items and their corresponding relationships. From the table, it can be observed that all research items have communalities values higher than 0.4, indicating a strong correlation between the research items and the principal components, enabling effective information extraction. Therefore, this study extracted relevant information from the loading coefficient table of each principal component. PC1, PC2, PC5, and PC6 primarily contain joint angles and angular velocities of the offensive leg, joint torques, angular velocities, and vertical ground reaction force of the support leg. These indicators reflect the posture of the offensive leg and the muscle recruitment ability of the support leg. Hence, PC1 is defined as the body posture and muscular strength factor. PC3 mainly encompasses joint angles and angular velocities of both the offensive and support legs, thus referred to as the body posture factor. PC4 primarily involves joint torques of the offensive leg and is defined as the muscular strength factor. The 6 principal components mainly reflect the body posture and muscular strength of athletes performing sideways kicking movements.
TABLE 3 | Loadings matrix of principal components.
[image: Table 3]DISCUSSION
The research findings indicate a strong correlation between the peak joint angles and peak joint angular velocities of the selected offensive leg and support leg with the effective triggering of scores. It is speculated that this is because the movement between joints in the front roundhouse kick action proceeds in a proximal-to-distal sequence, where the peak velocities in the proximal segments are smaller than those in the distal segments. Joints accelerate sequentially from the proximal segments to the distal segments, enabling the foot to reach maximum linear velocity (Estevan et al., 2015). In the accelerating phase of the striking leg, If the knee joint moment remains high, it hampers the transmission of speed from the proximal to the distal segments, thus failing to accelerate the foot to the conditions for effective triggering of scoring. On the other hand, a larger knee extension moment may be disadvantageous for knee flexion. According to Quinzi et al. (2013), a lower knee flexion angle leads to a smaller rotation area of the striking leg, and Ying et al. (2011) also indicated that insufficient knee flexion significantly affects the rotational speed of the striking leg with the hip joint as the center, thereby affecting the transmission of inertia torque to the striking phase (Crossland et al., 2011). Similarly, Liu et al. (2021) suggests that the amplitude of knee flexion directly affects the speed of the striking phase. A greater internal/external rotation angular velocity of the knee joint during the knee lifting phase is more conducive to increasing the knee flexion and extension velocity, and the mass distribution of the lower extremity is closer to the axis of rotation. According to the results of principal component analysis, peak hip joint moment and peak knee joint moment are the key variables affecting effective triggering score of the roundhouse kick action. Hoelbling et al. (2020) have already shown that for the front roundhouse kick, the hip flexors must counteract the hip extension moment, which is caused by the knee joint’s inertial torque in the direction of extension during the angular acceleration process. When the knee joint extends, the angular velocity of the hip joint is relatively lower, producing a greater hip flexion moment, which increases the foot’s linear velocity during the transmission to the distal segment, thus more conducive to triggering scoring.
The present study found that the peak joint torque values of the offensive leg and support leg are also crucial factors in triggering effective score values. One study (Machado et al., 2010) suggests that the striking techniques requires contact between the back of the foot and the electronic protective gear worn by the dummy, and the contact area between the foot and the electronic protective gear directly affects whether the final score can be triggered. During the kick moment, the inversion/eversion of the ankle joint affects the vertical component of contact between the foot and the opponent, leading to a decrease in the contact area between the foot and the opponent, thus affecting the score. The results of this study indicate that larger dorsiflexion angle at the ankle joint adversely affects trigger scoring. This is because during the kick moment, the contact between the dorsum of the foot and the electronic protective gear is not completely perpendicular, the angles and moments at the ankle joint generate components in the sagittal and vertical axes that are not sufficient to trigger scoring. Therefore, in matches where electronic protective gear is used, apart from factors like speed and strength, the angle of the ankle joint is also a crucial factor influencing scoring. Athletes should pay attention to reducing inversion/eversion of the ankle joint in their daily training.
We also found a significant positive correlation between the hip joint extension angular velocity of the supporting leg, the knee joint flexion angle and the scoring value. There was also a significant negative correlation between the ankle joint plantar flexion moment and the scoring value. In order to trigger scoring, the goal of striking is to generate sufficient speed at the distal end of the striking leg, requiring close coordination between the lower limbs and the trunk (Ervilha et al., 2020). During the knee lifting phase, the trunk undergoes significant rotation around its axis to obtain a larger moment of inertia, thus driving the lower limbs to complete the striking action (Shi et al., 2012). For the supporting leg, its stability is a key factor in ensuring trigger scores (Giroux et al., 2016). Excessive knee joint flexion/extension moment hinders the transfer of moment of inertia from the trunk to the striking leg, lowering the quality of subsequent actions. Previous studies have shown a significant correlation between the extension moment generated at the hip joint and the flexion angular velocity of knee joint (Fong and Tsang, 2012). The sagittal axis ground reaction force can provide moment for hip joint rotation, accelerating body rotation to drive the striking leg to complete the striking action. At the same time, the forward kinetic energy of the body is converted into elastic potential energy stored in the lower limb muscles, which is then released during take-off, generating a larger vertical ground reaction force (Yu and Ji, 2020). This feedbacks into the knee lifting phase, increasing the height of knee-lifting for athletes. The striking leg generates significant impact force at the moment of striking, but the supporting leg prevents the body from moving backward after the impact, thus making attack of the subsequent kicking more powerful (Flanagan and Salem, 2008).
CONCLUSION AND PROSPECT
The peak ankle dorsiflexion angle, peak knee extension moment of the kicking leg, peak knee flexion angle of the supporting leg, peak hip extension angular velocity, and peak ankle dorsiflexion moment were identified as key biomechanical indicators influencing effective scoring in the forward kicking motion. There was a strong correlation between the joint angle peaks, joint angular velocity peaks, joint moment peaks, and vertical ground reaction force of the supporting leg with effective scoring. The factors of “body posture” and “muscle strength” were identified as crucial factors for executing the forward kicking motion and triggering effective scoring.
In summary, the key factors for effectively triggering scoring in electronic protective gear are body posture and strength. Taekwondo coaches and athletes can focus on developing specialized training sessions for body posture and strength training, thereby improving effective scoring ratios in competitive competitions. Due to the limitations of this study, the definition of the principal component “muscle strength” factor was characterized solely by joint torque. Future research needs to confirm the effect of lower limb joint muscle strength on effectively triggering scores. Furthermore, this study only examined the overall correlation between peak values of relevant variables and score values. Future research should explicitly identify the key biomechanical factors for effectively triggering scores at different moments (preparation, knee-lift, striking, recovery).
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