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Abstract

:

The roundhouse kick is the most commonly executed kick in Taekwondo competitions. Because it is the fastest kick among kicking techniques and can easily change its motion on the basis of the opponent’s motion, the roundhouse kick is suitable for scoring points. To explore the functional role of segmental movements during the roundhouse kick, this study aimed to investigate the effects of various footwork techniques on biomechanical contributions of body segments to toe velocity during roundhouse kicks. Ten elite Taekwondo athletes performed roundhouse kicks with different footwork positions. The contributions of body segments to the toe velocity were obtained through 3D motion analysis. Results were compared by repeated measures analysis of variance (ANOVA), and there were significant differences in the contributions of whole-body movement, trunk movement, trunk rotation, and toe velocity. It was concluded that in the minimum knee flexion (MKF) event, for all types of footwork, thigh rotation showed the most significant contribution (51–64.4%), followed by trunk rotation (16.7–29.9%) and whole-body movement (5.1–13.4%). However, in the impact event, the contribution of thigh rotation decreased, while the contribution of calf rotation increased significantly.
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1. Introduction


Taekwondo is a Korean martial art and sport practiced by approximately 80 million people worldwide [1]. During Taekwondo sparring matches, competitive Taekwondo athletes use kicking techniques more frequently than punches because kicking allows for a broader range of attacks [2,3,4]. The roundhouse kick is the most commonly used kicking technique in matches [5] because it can be easily changed according to the opponent’s movements and is appropriate for scoring points in an unpredicted attack [6]. According to Pieter and Pieter [7], the roundhouse kick is the fastest kick, which could explain why roundhouse kicks are used the most in competitions. According to previous research, winners of the National Taekwondo competitions use more counterattacks [8]. Therefore, it is natural that Taekwondo athletes often use roundhouse kicks as a counterattack skill in response to their opponent’s attack.



The roundhouse kick is executed by raising the kicking leg’s knee in a chambered posture, rotating the hip, and extending the knee in a snapping-forward movement to attack the opponent [9]. The kicking leg delivers the kick, while the supporting leg bears the weight of the body and allows for hip pivoting. The trunk and the supporting leg are critical for stability and countermovement to maintain kick balance during kicking [6]. Characteristic Taekwondo stances with the lower extremities forward and back along the direction of attack can be switched back and forth during a sparring match [10]. Stepping back and forth is called footwork, and it has a significant impact on roundhouse kick performance during counterattack procedures [11]. When an opponent attacks from an open stance, the defender frequently counterattacks after taking a step back. If the attacker uses a long kick, the defense should take a longer step back to counterattack. Likewise, if the opponent uses a short kick, the defender should take a shorter step back [10]. Therefore, Taekwondo athletes should control the degree of step back according to the opponent’s kick range in order to avoid giving clean hits to the opponent while also being able to execute fast roundhouse kicks as counterattacks [3].



The most critical factor in Taekwondo’s fast kick is the contact velocity at the time of striking. In order to achieve maximum velocity, the cooperation of body segments is essential [12]. When the force, energy, velocity, etc. produced by the central body or the lower extremities are optimized and sequentially added or transmitted to the distal segment, the energy and velocity of the segment’s end can be increased [13]. Even in Taekwondo kicks, the velocity of the foot segment is affected by the other adjacent body segments at the moment of striking the target [14]. Kim [15] concluded that the rational transfer of mechanical energy from the pelvis to the thigh, lower leg, and foot in the kicking leg is an essential factor in determining the impact force and the toe velocity at the time of striking. In this kinetic chain process, it is critical to explore each body segment’s contribution to understand the possible influence of the segment’s movement on roundhouse kick performance and practical training methods. Despite the roundhouse kick’s intriguing dynamic properties and prevalence in Taekwondo, data on the comprehensive functional role of body segmental movements during the roundhouse kick are lacking.



Research on the roundhouse kick so far has investigated a diverse range of biomechanical variables, such as execution time [4,16,17], impact force [4,16,18], kicking velocity [17], and anticipation timing [19]. Researchers have also focused on the characteristics of participants: the skill level of the participants [20], the effect of fatigue [21], and weight category [22]. Furthermore, previous studies have explored the trial conditions, such as the effect of the backstep [3], the dominant leg [9,17], stance positions [22], kicking foot [23], and the effect of target variables [6,24,25]. However, scientific knowledge of the contribution to Taekwondo kicks is still quite limited. Furthermore, to date, no studies have included the footwork (back-step) or the contribution of the body segments in the analysis. Therefore, this study aimed to investigate the effects of various footwork techniques often used in games on the biomechanical contributions of body segments to toe velocity during Taekwondo roundhouse kick performances. The study was designed to provide answers to the following questions: 1. What is the contribution of the body segments to the toe velocity in Taekwondo roundhouse kicks without footwork? 2. How do different footwork (one-foot backstep) angles affect the contributions of the body segments to the toe velocity in the Taekwondo roundhouse kick? 3. How do different footwork (backstep with both feet) distances affect the contributions of body segments to the toe velocity in the Taekwondo roundhouse kick? 4. Is there a change in the toe velocity with different footwork techniques?




2. Materials and Methods


2.1. Subjects


In this study, ten male Taekwondo athletes participated. The participants’ average body mass, height, age, and Taekwondo career years were 60.6 ± 3.7 kg (54.9–66.7 kg), 173.1 ± 4.3 cm (167.0–179.0 cm), 21.7 ± 0.5 years (21–22 years), and 8.91 ± 1.1 years (7–10 years), respectively. Furthermore, in the six months before the trial, all subjects were free of muscular severe or joint/ligament disorders. The study was approved by the university’s institutional review board, and written informed consent was obtained from all participants. An a priori power analysis determined that to provide 99% power with an effect size of 2.59 at a = 0.001, ten participants were required to detect differences. The data used for the estimates were the results of the peak velocity in the transverse plane during a Taekwondo roundhouse kick reported in a study that was conducted by Estevan and colleagues on segment velocity [14].




2.2. Instrumentation


The positions of the reflective markers on the participant’s extremities and trunk were captured using an MX-13 ViconTM motion capture system (Vicon, Ltd., Oxford, UK), which included 7 high-speed (250 Hz) cameras and MX control. On the basis of the direct linear transformation (DLT) approach [26], a calibration mount with 36 control points (1 m width, 2 m height, and 2 m length) was utilized for calibration. The kicking direction was employed as the sagittal axis (Y), the longitudinal axis (Z) was aligned vertically upward, and the transverse axis (X) was aligned left to right in the calibration frame.



Thirty-eight reflective markers with diameters of 14 mm were applied to particular body landmarks of the participants and the target for kinematic analysis. The 38 markers’ three-dimensional coordinates were recreated using the Kwon3D program (Version 4.1, Visol, Seoul, Korea). A double-handed target mitt (All-Star®, Tae Hwa Sports, Seoul, Korea) was leveled to the participant’s abdomen and tilted slightly for easy kick performance. One reflecting marker was placed on the target to determine the beginning of foot contact with the target. The 37 reflective markers were located at the following anatomical positions (Figure 1).




2.3. Experimental Procedure


Warming up for the roundhouse kicks was allowed. After warming up, the participants performed their favorite stretching, stepping, and kicking. For the angle-change footwork, textured marks were placed on the ground for each angle so that participants could become familiar with each angle. All participants practiced until they were comfortable with the specific angles and lengths of the backsteps. The participants were then instructed to perform a kicking process that included footwork followed by a roundhouse kick to strike the target mitt as quickly as possible with a bare foot immediately after the flashing LED light. Five trials were conducted with a 5 min break before the subsequent trial’s data collection.




2.4. Trial Conditions


2.4.1. The Roundhouse Kick without Footwork


As shown in Figure 2, all participants performed the roundhouse kick without footwork. All participants were right-footed; therefore, the left leg was the supporting leg, while the right was the kicking leg in the trials.




2.4.2. Roundhouse Kicks with Angle-Change Types of Footwork (One-Foot Backstep)


The participant’s left foot became a pivot point in the one-foot backstep movement. Six conditions were used, as follows (Figure 3):




	
the preferred backstep (PBS) roundhouse kick, in which the participants used their preferred angle;



	
one-foot backstep roundhouse kicks at different angles (0°, 22°, 45°, 67°, and 90°).








The angles between the left foot and the x-axis clockwise were 0°, 22°, 45°, 67°, and 90°. The preferred target distance of each participant was used.




2.4.3. Roundhouse Kicks with Distance-Change Types of Footwork (Backstep with Both Feet)


Five conditions were used, as follows (Figure 4):




	
a roundhouse kick with a preferred-distance backstep with both feet (PBS);



	
a roundhouse kick with a short-distance backstep with both feet (SBS);



	
a roundhouse kick with a long-distance backstep with both feet (LBS);



	
a roundhouse kick with a short-distance double-backstep with both feet (SDBS);



	
a roundhouse kick with a short-distance double-cross-backstep with both feet (SDCBS).








During the warm-up procedure, each participant performed the backstep movements five times. Then, the average distance of those backstep movements was calculated (PBS). The SBS distance was the average distance minus 30% of the average value; the LBS distance was the average distance plus 30% of the average value; the SDBS distance was two times that of the SBS; and the SDCBS was two times that of the SBS with the cross-backstep. Each participant’s preferred distance from the target was used.





2.5. Data Reduction and Analysis


The signal, start, preparation, kick, minimum knee flexion (MKF), and impact were identified as a set of actual events to analyze data (Figure 5). The start (the start of the backstep motion) was visually determined using the movements of the right toe and heel markers. Preparation was described as the completion of the backstep and readiness to kick. The moment the kicking foot toe left the ground was defined as a kick. MKF was the moment when the kicking leg had the minimum knee flexion. The point when the marking on the target mitt began to move was considered the impact. At the MKF and impact events, the contribution of the body segments to toe velocity was calculated. For marker tracking, the best trial from each condition was chosen. Kwon3D software digitized motion capture data to find reflective markers. The reflective markers’ 3D coordinates were generated using a DLT algorithm and smoothed with an 8 Hz low-pass 4th-order Butterworth filter.



The contribution was calculated by analyzing the effect of segments of the whole body, trunk, thigh, calf, and foot on the final distal segment, the toe velocity. The velocity of the foot segment is the sum of the velocity of the whole-body center of mass (VG) and the relative velocity of the foot segment with respect to the whole-body center of mass. That is, Vfoot = VG + Vfoot/G, and if the velocity of the foot segment is further subdivided by the same method, it is as follows:


Vfoot = VG + VTK/G + Vhip/TK + Vknee/hip + Vankle/knee + Vfoot/ankle



(1)




where VTK/G is the velocity of the body center of mass with respect to the whole-body center of mass, Vhip/TK is the velocity of the hip joint with respect to the trunk center of mass, Vknee/hip is the velocity of the knee joint with respect to the hip joint, Vankle/knee is the knee joint velocity, and Vfoot/ankle is the velocity of the center of the foot relative to the ankle joint. According to Ginsberg and Genin [27], the velocity (Vd/p) of the distal segment relative to the proximal segment can be expressed as follows:


Vd/p = ωi/GR × rd/p + (Vd/p)rad



(2)







Here, ωi/GR × rd/p is the tangential component of the relative velocity, ωi/GR is the angular velocity of the segment with respect to the ground, and rd/p is the position vector of the distal segment with respect to the proximal segment. (Vd/p)rad is the centripetal component of the relative velocity. The following formula was applied to the trunk, thigh, calf, and foot:


Vfoot = VG + VTK/G +

ωTK/GR × rfoot/TK +

ωthigh/TK × rfoot/hip +

ωshank/thigh × rfoot/knee +

ωfoot/shank × rfoot/ankle +

(Vhip/TK)rad + (Vknee/hip)rad + (Vankle/knee)rad + (Vfoot/ankle)rad



(3)







In the above equation, VG is the contribution of the foot segment velocity to the whole-body center; VTK/G is the contribution of the trunk center mass to the whole-body center of mass; ωTK/GR × rfoot/TK is the contribution of trunk rotation; ωthigh/TK × rfoot/hip is the contribution of the rotation of the thigh segment; ωshank/thig × rfoot/knee is the contribution of the rotation of the calf segment; ωfoot/shank × rfoot/ankle is the contribution of the rotation of the foot segment; and (Vhip/TK)rad + (Vknee/hip)rad + (Vankle/knee)rad + (Vfoot/ankle)rad includes the centripetal components for the relative velocities of the hip joint to the body’s center of mass, the knee joint to the hip joint, the ankle joint to the knee joint, and the foot segment center to the ankle joint, respectively.



Since the direction of the contributing factors to the foot segment velocity by each body part obtained by this equation can be different from the foot segment velocity, it was projected onto the vector direction of the foot segment and calculated as the contributing factor to the foot segment velocity. The centripetal component was calculated as the result of excluding the remaining contributing factors to the foot segmental velocity.



For the contribution analysis, the MKF event, which is the moment when the knee of the kicking leg converts from bending to extension, and the impact event, which is the moment when the target’s marker starts to move when the foot hits the target, were used. The contribution to toe velocity was calculated from whole-body movement, trunk movement, trunk rotation, thigh rotation, calf rotation, foot rotation, and others. Repeated-measures analysis of variance with footwork as a within-subject factor was used to determine whether there were any statistically significant differences between dependent variables among the footwork conditions (footwork without backstep, angle-change types, and distance change types). Post hoc tests were performed with the Bonferroni adjustment. Alpha (a) was set at 0.05 in all statistical analyses.





3. Results


3.1. Contributions of Body Segments in Minimum Knee Flexion (MKF) Event


Table 1 contains the contributions of the segments to the toe velocity in the minimum knee flexion (MKF) event with angle-change types of footwork. In all types of kicks, thigh rotation showed the most significant contribution with a rate of 51.0 to 64.4%, and trunk rotation had the second highest contribution rate (16.7 to 29.9%). Whole-body movement (10.1 to 13.4%) was ranked third, and the contribution rate of trunk movement was 4.6 to 7.8%, indicating a significant difference between types of footwork.



During the kick without a backstep, the toe velocity was 10.45 m/s in the MKF event, the contribution rate of thigh rotation was 53.9%, the contribution rate of trunk rotation was 24.3%, the contribution rate of whole-body movement was 12.4%, the contribution rate of trunk movement was 6.5%, the contribution rate of calf rotation was 2.5%, the contribution rate foot rotation was 0.2%, and the contribution rate of others was 0.3% The contribution of thigh rotation was the highest, followed by trunk rotation and whole-body movement.



The results from the types of one-foot backstep footwork showed that the toe velocity at F0° was 8.05 m/s, that at F22° was 9.05 m/s, that at F45° was 9.47 m/s, that at F67° was 9.85 m/s, and that at F90° was 10.87 m/s. The velocity of the toe increased with an increase in the angle, and there was a statistically significant difference.



There was a statistically significant difference in toe velocity, and the difference in toe velocity was a result of increasing the contribution of whole-body movement, trunk movement, and trunk rotation. The toe velocity influenced by thigh rotation also increased with an increase in the movement angle, but it did not reach the increase rate of the toe velocity, so the contribution rate to the toe velocity decreased as the movement angle increased. The toe velocity influenced by trunk rotation also increased to 1.46 m/s, 1.51 m/s, 2.05 m/s, 2.26 m/s, and 2.51 m/s as the angle increased. The contribution rate was 18.1% in F0 and 16.7% in F22, in which the toe velocity was low, and it increased to 21.6%, 22.9%, and 23.1% as the angle increased.



Table 2 contains the contributions of the segments to the toe velocity in the minimum knee flexion (MKF) event with distance-change types of footwork. The toe velocity was 9.83 m/s for PB, 10.28 m/s for LB, 9.96 m/s for SB, 10.10 m/s for CBS, and 10.49 m/s for DSB. There was no statistical difference in the toe velocity across the distance-changes types of footwork. However, there was a statistically significant difference between SB and CBS, between SB and DSB in whole-body movement, and between SB and DSB in trunk movement. Similar to the results of the type of angle change, it was found that the contribution was greatest for thigh rotation, followed by trunk rotation, and whole-body movement.




3.2. Contributions of Body Segments in Impact Event


Table 3 includes the contributions of the segments to the toe velocity in the impact event with angle-change types of footwork. Compared with the contributions in the MKF event, the contribution of thigh rotation decreased, while the contribution of the calf rotation increased significantly. In addition, the toe velocity was 15.52 m/s in the roundhouse kick without a backstep, and to reach this velocity, the contribution rate by thigh rotation was 39.8%, the contribution of calf rotation was 34.6%, the contribution of trunk rotation was 12.0%, the contribution of whole-body movement was 9.6%, the contribution of trunk movement was 8.4%, the contribution of foot rotation was 2.9%, and the contribution of others was −7.3%.



In the roundhouse kick with PBS, the toe velocity was 14.87 m/s, the contribution rate of whole-body movement to reach the velocity was 8.7%, that of trunk movement was 7.8%, that of trunk rotation was 18.3%, that of thigh rotation was 36.5%, that of calf rotation was 36.8%, that of foot rotation was 2.5%, and that of others was −10.6%. In the angle-change types of footwork, the toe velocity at F0° was 13.66 m/s, the toe velocity at F22° was 13.72 m/s, the toe velocity at F45° was 14.06 m/s, the toe velocity at F67° was 15.64 m/s, and the toe velocity at F90° was 15.44 m/s. As the movement angle increased, the toe velocity increased. However, there was no statistically significant difference. The toe velocity by thigh rotation also increased to 3.60 m/s, 4.23 m/s, 4.68 m/s, 5.09 m/s, and 5.49 m/s with an increase in the angle, and the contribution rates also increased from 26.4% to 30.8%, 33.3%, 32.5%, and 35.5% as the backstep angle increased. Unlike the results of the kick without backstep, the contribution rate by calf rotation was higher than that of the thigh rotation, except for F90. The contribution rates of trunk rotation for PBS, F45°, F67°, and F90° were 17.8% to 18.5%, but those of F0° and F22° were 23.7% and 21.6%, respectively. The contribution rates of whole-body movement and trunk movement were similar at 7.8% to 9.9% for PBS, F45°, F67°, and F90°, but they were low at 3.3% to 5.8% for F0° and F22°.



Table 4 includes the contributions of the segments to the toe velocity in the impact event with distance-change types of footwork. The toe velocity of PB was 16.75 m/s, and to reach this velocity, the contribution rate of whole-body movement was 8.1%, the contribution of trunk movement was 7.5%, the contribution of trunk rotation was 19.5%, the contribution of thigh rotation was 37.9%, the contribution of calf rotation was 35.4%, the contribution of foot rotation was 1.6%, and the contribution of others was −10.0%. In the roundhouse kick with PB, thigh rotation contributed the most, followed by calf rotation, trunk rotation, and whole-body movement.



In distance-change types of footwork, there were statistically significant differences in velocity and the contribution rate of whole-body movement and trunk movement, such as with the angle-change types of footwork. However, there was no statistical difference in toe velocity.





4. Discussion


The purpose of this study was to quantitatively examine the effects of various footwork techniques often used in Taekwondo sparring matches on the biomechanical contributions of body segments to toe velocity during Taekwondo roundhouse kicks. In this study, the authors analyzed the contributions on the basis of both angle-change-type footwork and distance-change-type footwork in two events, the MKF event and the impact event, and found that the footwork affected toe velocity and contribution variables significantly.



First, in the minimum knee flexion event, the thigh rotation showed the most significant contribution in all types of footwork, followed by trunk rotation and whole-body movement. On the other hand, the contribution rate of calf rotation was −2.2 to 7.0%, and the contribution rate due to foot rotation was −3.0 to 2.8%, indicating a negative value and impairing toe velocity. This is because of the characteristics of the MKF event, which is converted from flexion to extension motion. During roundhouse kicks with angle-change types of footwork, the toe velocity increased with the angle, and there was a significant difference in the toe velocity. However, in the distance-change types of footwork, there was no statistical difference in the toe velocity caused by footwork.



Second, in the impact event during the roundhouse kick with PBS, the contribution rate to the toe velocity was the largest from calf rotation, followed by thigh rotation, trunk rotation, and whole-body movement. In addition, the contribution rate of calf rotation in the angle-change-type footwork was higher than that of thigh rotation, except for F90. Although there was no significant difference in the velocity of calf rotation, the contribution rate decreased as the angle increased, indicating that the type with a smaller backstep angle relies on knee extension motion to kick more.



The contribution rates of whole-body movement and trunk movement were similar for PBS, F45, F67, and F90, but those for F0 and F22 were lower than those of the others. This means that when the movement angle was small, it depended more on trunk rotation than on trunk movement, and as the movement angle increased, it depended on whole-body and trunk movement rather than trunk rotation.



Third, as shown in Figure 6, as the Taekwondo round kick progresses from the minimum knee flexion event to the impact event, the contribution of thigh rotation is reduced, and the contribution of calf rotation is increased. This can be explained by the kinetic link theory proposed by Plagenhoef [28] and Bunn [29], that is, the deceleration of the thigh helps increase the velocity of the calf, and the deceleration of the calf contributes to the production of maximum toe velocity. This is also consistent with the results of Yoon’s study [30], which showed that hip flexion contributes to the velocity of the foot segment, and when the rotation velocity of the thigh is decelerated, the rotation velocity of the calf increases and contributes to the velocity of the foot segment.



In the study by Yoon [30], the contribution of body segments to the toe velocity of the roundhouse kick was 5.81% whole-body movement, 3.25% trunk movement, 10.11% trunk rotation, 27.28% thigh rotation, 29.29% calf rotation, and 1.43% foot rotation. The results of this previous study were different from the results of the current study. The difference is due to the difference in the form of the roundhouse kick. According to the Taekwondo textbook [31], the roundhouse kick is executed by ‘Bending the knee of the kicking leg while the weight is placed on the foot that is the front axle, and when turning the body, straighten the folded knee, and the foot rotates horizontally and strikes, and the support leg should stretch the knee and ankle so that the body rotates well’. In addition, it should be performed in the form of a shot slightly above the target. On the other hand, for the roundhouse kick in the case of a sparring match, the player should jump one step forward from the sparring posture, and the whole body should be thrown forward while the pelvis rotates [32].



The former (Taekwondo textbook) emphasizes the kick by the supporting foot and trunk rotation, while the latter emphasizes weight shift and hip rotation in the target direction. In the previous study, the contribution of whole-body movement was 5.81%, and that of trunk movement was 3.25%, and in this study, the contribution of whole-body movement was 9.6%, and that of trunk movement was 8.4%. The current study shows that the contributions of whole-body movement and trunk movement were higher than those in the previous study, so it is thought that the previous study used the roundhouse kick based on the former form, and the current study employed the roundhouse kick based on the latter form.



One limitation of the current study was that the footwork was predetermined and remained constant throughout the kick performance. Competitors in sparring constantly slide or step forward and backward and left to right to respond and execute the counterattack. Naturally, the footwork type might be modified throughout the kick’s execution, which requires the attacking competitor to adjust the footwork movement to compensate for the opposing contender’s movement. Future studies should use a more realistic footwork condition plan, such as executing a counterattack with side footwork following the actual systematic alteration of attacking.
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Figure 1. The locations of reflective markers. 






Figure 1. The locations of reflective markers.
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Figure 2. The roundhouse kick without backstep. 
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Figure 3. Angle-change types of footwork. 
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Figure 4. Distance-change types of footwork. 
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Figure 5. The events of the roundhouse kick. 
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Figure 6. Comparison of the contribution rates in MKF and impact events. 
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Table 1. The contributions of the roundhouse kick with angle-change types of footwork in MKF event. Units: m/s.






Table 1. The contributions of the roundhouse kick with angle-change types of footwork in MKF event. Units: m/s.





	

	
Whole-Body Movement

	
Trunk

Movement

	
Trunk

Rotation

	
Thigh

Rotation

	
Calf Rotation

	
Foot Rotation

	
Others

	
Toe

Velocity






	
Kick w/o

Backstep

	
1.30 ± 0.20

12.4%

	
0.68 ± 0.21

6.5%

	
2.54 ± 1.20

24.3%

	
5.63 ± 0.76

53.9%

	
0.26 ± 1.32

2.5%

	
0.02 ± 0.31

0.2%

	
0.03 ± 1.24

0.3%

	
10.45 ± 1.69

100.0%




	
PBS Kick #2

	
1.28 ± 0.15

12.9%

	
0.67 ± 0.23

6.8%

	
2.97 ± 0.95

29.9%

	
5.43 ± 0.47

54.9%

	
−0.22 ± 1.08

−2.2%

	
−0.04 ± 0.37

−0.5%

	
−0.19 ± 1.10

−1.9%

	
9.90 ± 1.60

100.0%




	
F0° #3

	
0.85 #2 ± 0.13

10.5%

	
0.42 ± 0.18

5.2%

	
1.46 #2 ± 0.49

18.1%

	
5.18 ± 0.90

64.4%

	
−0.04 ± 0.76

-0.5%

	
0.06 ± 0.62

0.8%

	
0.12 ± 1.02

1.5%

	
8.05 ± 0.95

100.0%




	
F22° #4

	
0.91 #2 ± 0.18

10.1%

	
0.41 ± 0.20

4.6%

	
1.51 #2 ± 0.48

16.7%

	
5.32 ± 1.17

58.8%

	
0.39 ± 1.03

4.3%

	
0.16 ± 0.51

1.8%

	
0.34 ± 1.16

3.8%

	
9.05 ± 1.84

100.0%




	
F45° #5

	
1.12 ± 0.28

11.8%

	
0.69 ± 0.20

7.3%

	
2.05 ± 0.83

21.6%

	
5.47 ± 0.78

57.7%

	
0.17 ± 1.15

1.7%

	
0.04 ± 0.65

0.5%

	
−0.06 ± 1.35

−0.6%

	
9.47 ± 1.10

100.0%




	
F67° #6

	
1.27 #3,4 ± 0.21

12.9%

	
0.69 ± 0.19

7.0%

	
2.26 ± 1.29

22.9%

	
5.48 ± 1.08

55.7%

	
−0.01 ± 0.63

−0.1%

	
0.20 ± 0.40

2.0%

	
−0.05 ± 1.05

−0.5%

	
9.85 ± 1.23

100.0%




	
F90° #7

	
1.35 #3,4 ± 0.22

12.4%

	
0.73 ± 0.28

6.7%

	
2.51 ± 1.06

23.1%

	
5.54 ± 0.47

51.0%

	
0.76 ± 1.48

7.0%

	
−0.05 ± 0.33

−0.5%

	
0.03 ± 1.39

0.3%

	
10.87 #3 ± 1.79

100.0%




	
f

	
Velocity

	
10.685

1.349

	
4.602

1.280

	
4.233

1.770

	
0.230

1.199

	
1.115

0.661

	
0.437

0.345

	
0.236

0.197

	
4.183




	
Contribution rate




	
sig.

	
Velocity

	
0.000 ***

0.258

	
0.001 ***

0.286

	
0.003 **

0.135

	
0.948

0.322

	
0.363

0.654

	
0.821

0.883

	
0.945

0.962

	
0.003 **




	
Contribution

rate








In the table, the notation “#n” indicates a significant difference (p < 0.05) between the corresponding types. ***: p < 0.001, **: p < 0.01.
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Table 2. The contributions of the roundhouse kick with distance-change types of footwork in MKF event. Units: m/s.
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Whole-Body Movement

	
Trunk

Movement

	
Trunk

Rotation

	
Thigh

Rotation

	
Calf

Rotation

	
Foot Rotation

	
Others

	
Toe

Velocity






	
PB #2

	
1.16 ± 0.21

11.8%

	
0.61 ± 0.24

6.2%

	
2.60 ± 1.04

26.5%

	
5.58 ± 1.14

56.7%

	
0.04 ± 1.10

0.4%

	
−0.01 ± 0.43

−0.1%

	
−0.15 ± 1.08

−1.5%

	
9.83 ± 1.15

100.0%




	
LB #3

	
1.24 ± 0.09

12.0%

	
0.68 ± 0.10

6.6%

	
2.27 ± 0.71

22.1%

	
5.78 ± 0.98

56.2%

	
0.46 ± 0.65

4.5%

	
0.29 ± 0.52

2.8%

	
−0.43 ± 0.99

−4.2%

	
10.28 ± 1.15

100.0%




	
CBS #4

	
1.36 ± 0.14

13.4%

	
0.76 ± 0.18

7.5%

	
2.58 ± 0.96

25.6%

	
5.28 ± 0.89

52.3%

	
0.67 ± 0.85

6.7%

	
−0.30 ± 0.97

−3.0%

	
−0.26 ± 0.82

−2.6%

	
10.10 ± 0.80

100.0%




	
SB #5

	
1.02 #10 ± 0.17

10.3%

	
0.50 ± 0.20

5.0%

	
2.48 ± 0.82

24.9%

	
5.67 ± 0.84

56.9%

	
0.38 ± 1.13

3.8%

	
0.00 ± 0.38

0.0%

	
−0.08 ± 0.63

−0.8%

	
9.96 ± 0.98

100.0%




	
DSB #6

	
1.31 #11 ± 0.21

12.5%

	
0.82 #11 ± 0.31

7.8%

	
2.19 ± 0.96

20.9%

	
5.56 ± 0.78

53.1%

	
0.62 ± 1.34

5.9%

	
−0.19 ± 0.64

−1.8%

	
0.16 ± 1.45

1.5%

	
10.49 ± 1.87

100.0%




	
f

	
Velocity

	
5.837

2.314

	
3.575

2.381

	
0.418

0.387

	
0.382

0.613

	
0.580

0.609

	
1.252

1.176

	
0.449

0.272

	
0.430






	
Contribution rate




	
sig.

	
Velocity

	
0.001 ***

0.072

	
0.013 *

0.066

	
0.794

0.816

	
0.821

0.656

	
0.679

0.659

	
0.303

0.334

	
0.773

0.895

	
0.786




	
Contribution

rate








The notation ‘#n’ indicates a significant difference (p < 0.05) between the corresponding types. ***: p < 0.001, *: p < 0.05.
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Table 3. The contributions of the roundhouse kick with angle-change types of footwork in impact event. Unit: m/s.
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Whole-Body Movement

	
Trunk

Movement

	
Trunk

Rotation

	
Thigh

Rotation

	
Calf

Rotation

	
Foot

Rotation

	
Others

	
Toe

Velocity






	
Kick W/O

Backstep

	
1.48 ± 0.29

9.6%

	
1.30 ± 0.28

8.4%

	
1.86 ± 0.70

12.0%

	
6.18 ± 1.94

39.8%

	
5.38 ± 0.87

34.6%

	
0.45 ± 0.54

2.9%

	
−1.13 ± 1.63

−7.3%

	
15.52 ± 2.16

100.0%




	
PBS Kick #2

	
1.29 ± 0.29

8.7%

	
1.17 ± 0.26

7.8%

	
2.72 ± 1.12

18.3%

	
5.43 ± 1.36

36.5%

	
5.47 ± 1.58

36.8%

	
0.37 ± 0.64

2.5%

	
−1.57 ± 1.69

−10.6%

	
14.87 ± 2.18

100.0%




	
F0° #3

	
0.70 #2 ± 0.22

5.1% #2

	
0.45 #2 ± 0.18

3.3% #2

	
3.23 ± 1.53

23.7%

	
3.60 ± 2.02

26.4%

	
6.22 ± 0.92

45.5%

	
−0.20 ± 1.01

−1.5%

	
−0.35 ± 1.57

−2.5%

	
13.66 ± 2.38

100.0%




	
F22° #4

	
0.80 #2 ± 0.25

5.8%

	
0.66 #2 ± 0.25

4.8%

	
2.96 ± 1.41

21.6%

	
4.23 ± 1.48

30.8%

	
6.28 ± 0.95

45.8%

	
0.21 ± 1.21

1.5%

	
−1.42 ± 2.11

−10.3%

	
13.72 ± 2.32

100.0%




	
F45° #5

	
1.14 ± 0.40

8.1%

	
1.13 #3 ± 0.31

8.0% #3

	
2.52 ± 1.19

17.9%

	
4.68 ± 1.35

33.3%

	
6.30 ± 2.11

44.8%

	
0.01 ± 0.54

0.1%

	
−1.72 ± 1.45

−12.2%

	
14.06 ± 2.40

100.0%




	
F67° #6

	
1.40 #3,4 ± 0.36

8.9% #3

	
1.24 #3,4 ± 0.33

7.9% #3

	
2.78 ± 1.35

17.8%

	
5.09 ± 1.75

32.5%

	
6.31 ± 1.13

40.3%

	
0.01 ± 0.75

0.1%

	
−1.19 ± 1.75

−7.6%

	
15.64 ± 2.19

100.0%




	
F90° #7

	
1.53 #3,4 ± 0.32

9.9% #3,4

	
1.40 #3,4 ± 0.29

9.1% #3,4

	
2.86 ± 0.92

18.5%

	
5.49 ± 1.92

35.5%

	
4.94 ± 1.12

32.0%

	
0.38 ± 0.45

2.5%

	
−1.15 ± 1.11

−7.5%

	
15.44 #3,4,5 ± 1.21

100.0%




	
f

	
Velocity

	
11.273

6.725

	
17.794

9.156

	
0.363

0.681

	
1.948

1.360

	
1.794

3.316

	
0.806

0.713

	
0.877

0.821

	
4.159




	
Contribution rate




	
sig.

	
Velocity

	
0.000 ***

0.000 ***

	
0.000 ***

0.000 ***

	
0.872

0.640

	
0.101

0.254

	
0.130

0.011 *

	
0.551

0.617

	
0.503

0.540

	
0.003 **




	
Contribution

rate








The notation ‘#n’ indicates a significant difference (p < 0.05) between the corresponding types. ***: p < 0.001, **: p < 0.01.
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Table 4. The contributions of the roundhouse kick with distance-change types of footwork in impact event. Unit: m/s.
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Whole-Body Movement

	
Trunk

Movement

	
Trunk

Rotation

	
Thigh

Rotation

	
Calf Rotation

	
Foot Rotation

	
Others

	
Toe

Velocity






	
PB #2

	
1.35 ± 0.32

8.1%

	
1.26 ± 0.26

7.5%

	
3.26 ± 1.06

19.5%

	
6.35 ± 1.55

37.9%

	
5.94 ± 1.67

35.4%

	
0.26 ± 0.57

1.6%

	
−1.68 ± 1.62

−10.0%

	
16.75 ± 2.06

100.0%




	
LB #3

	
1.29 ± 0.14

8.5%

	
1.15 ± 0.18

7.6%

	
2.44 ± 0.94

16.1%

	
6.99 ± 1.99

46.2%

	
5.66 ± 1.17

37.4%

	
0.28 ± 0.64

1.8%

	
−2.68 ± 1.96

−17.7%

	
15.12 ± 2.04

100.0%




	
CBS #4

	
1.46 ± 0.26

9.8%

	
1.30 ± 0.29

8.8%

	
2.85 ± 1.19

19.3%

	
5.30 ± 1.68

35.8%

	
4.22 ± 1.96

28.5%

	
0.79 ± 0.93

5.3%

	
−1.10 ± 2.22

−7.4%

	
14.81 ± 1.56

100.0%




	
SB #5

	
0.95 #8,10 ± 0.20

6.6% #10

	
0.81 #8,10 ± 0.27

5.6% #10

	
2.36 ± 0.77

16.4%

	
5.37 ± 1.21

37.2%

	
5.01 ± 0.85

34.7%

	
0.34 ± 0.30

2.3%

	
−0.41 ± 1.36

−2.8%

	
14.43 ± 2.02

100.0%




	
DSB #6

	
1.56 #11 ± 0.30

10.1% #11

	
1.42 #11 ± 0.24

9.2% #11

	
2.63 ± 0.75

17.0%

	
5.94 ± 1.73

38.4%

	
5.65 ± 0.94

36.5%

	
0.45 ± 0.62

2.9%

	
−2.17 ± 1.84

−14.0%

	
15.47 ± 2.00

100.0%




	
f

	
Velocity

	
8.446

6.234

	
8.741

4.789

	
1.437

0.788

	
1.835

1.490

	
2.464

1.830

	
1.130

1.245

	
2.384

1.949

	
2.095




	
Contribution rate




	
sig.

	
Velocity

	
0.000 ***

0.000 ***

	
0.000 ***

0.003 **

	
0.237

0.539

	
0.139

0.221

	
0.059

0.140

	
0.354

0.306

	
0.065

0.119

	
0.097




	
Contribution

rate








The notation ‘#n’ indicates a significant difference (p < 0.05) between the corresponding types. ***: p < 0.001, **: p < 0.01.
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