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The effects of target distance on pivot hip, trunk, pelvis, and kicking leg kinematics in Taekwondo roundhouse kicks



JAE-WOONG KIM, MOON-SEOK KWON, SREE SUSHMA YENUGA, & YOUNG-HOO KWON Biomechanics Laboratory, Texas Woman’s University, Denton, TX, USA (Received 9 July 2009; revised 3 February 1010; accepted 26 February 2010)



Abstract The study purpose was to investigate the effects of target distance on pivot hip, trunk, pelvis, and kicking leg movements in Taekwondo roundhouse kick. Twelve male black-belt holders executed roundhouse kicks for three target distances (Normal, Short, and Long). Linear displacements of the pivot hip and orientation angles of the pelvis, trunk, right thigh, and right shank were obtained through a three-dimensional video motion analysis. Select displacements, distances, peak orientation angles, and angle ranges were compared among the conditions using one-way repeated measure ANOVA ( p , 0.05). Several orientation angle variables (posterior tilt range, peak right-tilted position, peak right-rotated position, peak left-rotated position, and left rotation range of the pelvis; peak hyperextended position and peak right-flexed position of the trunk; peak flexed position, flexion range and peak internal-rotated position of the hip) as well as the linear displacements of the pivot hip and the reach significantly changed in response to different target distances. It was concluded that the adjustment to different target distances was mainly accomplished through the pivot hip displacements, hip flexion, and pelvis left rotation. Target distance mainly affected the reach control function of the pelvis and the linear balance function of the trunk.
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Introduction Taekwondo is a popular martial art in which the outcome of a sparring match is determined by the points scored from punching and kicking. Points are awarded by the corner judges for solid and accurate attacks to the target areas on the opponent’s body. Kicks are the primary attacking skills in Taekwondo because the target area for kicking is larger (including the head), legs can reach farther than arms, and kicking transfers a greater impact to the opponent than punching. The roundhouse kick (Figure 1) is one of the most frequently used foot skills in Taekwondo sparring matches (Lee, 1983; Roh and Watkinson, 2002) because of its usefulness in attack and counter-attack, short execution time, and high chance to score. The key variables in the kinematic studies of the roundhouse kick have evolved from simple to more complicated kick elements: speed of the kicking toe and movement time (Bae, 1992; Liu et al., 2000; Shin, 2000; Pieter and Heijmans, 2003; Tang et al., 2007; Correspondence: Young-Hoo Kwon, Biomechanics Laboratory, Texas Woman’s University, PO Box 425647, Denton, TX 762045647 USA. E-mail: [email protected] ISSN 1476-3141 print/ISSN 1752-6116 online q 2010 Taylor & Francis DOI: 10.1080/14763141003799459
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Figure 1. The roundhouse kick: Start (A); Toeoff (B); Maximum Knee Flexion (C); and Impact (D).



Hermann et al., 2008; Falco et al., 2009), speed of the ankle, knee, and hip joints (Lan et al., 2000; Liu et al., 2000), and flexion/extension angle and angular velocity of the kicking leg joints (Shin et al., 1998; Yoon and Chae, 2008). Investigators also focused on the participant characteristics and mechanical factors that can potentially affect the kick execution: stance and foot angle (Bae, 1990; Baishiki, 1996; Lee and Yang, 1998), level of the subject (Shin and Choi, 2001; Hwang et al., 2004), with and without a target (Oh and Choi, 2004), kicking with the front or back foot (Kong et al., 2000; Li et al., 2005), skillfulness of the kick motion (Yoon and Chae, 2008), and comparison with other kicks (Lan et al., 2000; Shin and Jin, 2000). Most of these studies focused on the execution of kick in two different trial conditions of a given factor. Recently, some investigators have focused on the orientation angles of the leg segments (Kim and Kim, 1997; Shin and Choi, 2001; Choi et al., 2007). Orientation angles are calculated based on two adjacent local reference frames fixed to the moving segments and are useful in analyzing multi-axis joint motions in the trunk and leg joints. Computation of the orientation angles requires segmental reference frames defined by the markers attached to respective segments. Although the overall process of segmental reference frame definition and computation of the orientation angles makes an analysis more complex, orientation angles allow a precise and in-depth description of complex multi-segment body motions. One important factor which can potentially affect the execution and outcome of a roundhouse kick, but has not been given much attention to, is the target distance (Falco et al., 2009). In a sparring match both contenders use typical Taekwondo stances with their legs front and back along the direction of attack, and are frequently sliding or stepping forward and backward to avoid yielding a clean hit to the opponent. Kicks at optimal target distances are ideal in terms of scoring, but the target distance changes constantly during a match and short- or long-range roundhouse kicks are often used as a result. It is crucial for an athlete to be able to use modified roundhouse kicks in response to different target distances to compensate for any evasive moves of the opponent. In the roundhouse family of kicks, the body can essentially be divided into four parts: kicking leg, support leg, pelvis, and upper body. The kicking leg executes the kick while the support leg bears the weight of the whole body and provides a fulcrum (pivot hip). The pelvis serves as the convergence point of the other parts and the upper body serves an important role in terms of counter-movement and balance. Among these, the pelvis and the kicking leg are the main elements of kicking mobility. The linear velocity of the kicking foot is a combined effect of linear motion of the pivot hip, angular motion of the pelvis about the pivot hip, and angular motions of the kicking leg joints. The trunk counters the angular motion of the pelvis and kicking leg for both linear and angular equilibrium. The center of mass of the kicking foot travels linearly in a semicircular fashion to the target. A short or long target distance alters the motion path of the kicking foot and, thus, may affect the motion patterns



100 J.-W. Kim et al. of the pivot hip, trunk, pelvis, and the kicking leg joints. Therefore, the purpose of this study was to investigate the effects of target distance on movements of the pivot hip, trunk, pelvis, and kicking leg in Taekwondo roundhouse kicks. The research questions were: a) how the contribution profiles of the linear motion of the pivot hip and the angular motions of the pelvis and kicking leg joints to kick distance would change with three different target distances; b) how the patterns of orientation of the pelvis, trunk, and kicking leg joints would change with three different target distances. It was hypothesized that 1) athletes would achieve adjusted kick distances by controlling the linear motion of the pivot hip preferably rather than the angular motion of the pelvis and kicking leg, and 2) among the joint ranges of motion and peak joint positions, the target distance would mainly affect those responsible for reach control and linear balance along the direction of the kick. Methods Subjects Twelve male black-belt holders, including practitioners, instructors, and a former world champion, were recruited for this study. The mean body mass, height, leg length (ankle-tohip length), age, and skill level of the participants were 73.1 ^ 8.9 kg (59.0 to 87.5 kg), 175.6 ^ 7.8 cm (164.0 to 185.4 cm), 81.9 ^ 6.1 cm (69.0 to 88.6 cm), 27.2 ^ 4.0 years (18 to 33 years), and 2.75 ^ 1.8 dan (1 to 5 dan), respectively. Only the volunteers who had no serious muscular or joint/ligament problems within six months prior to the study were included. Ethics approval was secured from the Texas Woman’s University Institutional Review Board and informed consents were obtained from the participants prior to data collection. Trial conditions Three target distance conditions were used: Short, Normal, and Long. The target distance was defined as the horizontal distance between the big toe of the front (left) foot and center of the target. Each participant’s preferred target distance was used as the Normal target distance. The longest target distance that each participant could try without compromising kicking power or balance was used as the Long target distance. To ensure equal spacing among the distance conditions, the difference between the Long and Normal condition was used in computing the Short target distance. Thus, target distances varied from one participant to another. The mean target distances were 121.9 ^ 13.8 cm, 96.1 ^ 12.1 cm, and 70.1 ^ 13.3 cm or 148.8 ^ 10.6%, 117.1 ^ 9.9%, and 85.5 ^ 13.6% of the leg length (%LL) for the Long, Normal, and Short conditions, respectively. Each participant performed nine successful roundhouse kicks (three per target distance condition). The distance conditions were randomized but not the trials within a distance condition with all three successful kicks collected successively. Since all participants were right-footed, the left leg was used as the support leg while the right was used as the kicking leg in all trials. The right foot was placed at the rear of the body in a comfortable stance in the initial posture. A double-handed mitt target was leveled to participant’s abdomen while tilted down and rotated slightly for a comfortable contact between the kicking instep and target. A correct target distance was achieved by placing the target (mitt) at a pre-determined position in each distance condition while maintaining the foot position. For this, each subject was required to place his left big toe over a specific cross sign marked on the floor in the initial posture and a golf ball tied to a piece of string and suspended from the mitt was placed on one of the three cross signs marked on the floor showing the pre-determined target distances.
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Data collection A three-dimensional (3-D) video motion analysis was performed to quantify the motions of the pivot hip (left hip), pelvis, kicking leg (right leg), and trunk. Motion data were captured using eight video camcorders (Panasonic AG-DVC15 & AG-DVC20; picture rate ¼ 60 Hz; shutter speed ¼ 1/1,000 s). A calibration frame with 36 control points (1 m wide, 2 m high, and 2 m long) was used for camera calibration based on the Direct Linear Transformation (DLT) method (Abdel-Aziz and Karara, 1971). The calibration frame was aligned in such a way that the target direction was used as the Y (anteroposterior) axis of the global reference frame, while the Z (longitudinal) axis was aligned vertically upward. The X (mediolateral) axis was aligned left to right. A total of 30 reflective markers were placed on participant’s body and target: acromion processes, 7th cervical vertebra, iliac crests, anterior superior iliac spines (ASIS), greater trochanters of the femurs, mid-point of the posterior superior iliac spines (PSIS), lateral thighs, lateral epicondyles, medial epicondyles, lateral shanks, medial malleoli, lateral malleoli, tips of the 2nd toes (with reflective tapes wrapped around), heels, and the top, front, and back sides of the target (Figure 2). The lateral thigh and shank markers were placed on the lateral aspects of respective segments to form the frontal planes with the joint centers (hip, knee, and ankle). A static trial was collected first with the participant standing in the anatomical reference position. Medial markers (medial epicondyles and malleoli) were removed after the static trial was collected to prevent any interferences with kicking motion in the kicking trials. Each participant was first required to warm up sufficiently and then to kick the target several times as a part of the warm-up routine. To prevent accumulation of fatigue, sufficient zTR



xTR



yTR



zP xP



yP



zTH xTH



yTH



zSH xSH



ySH



zG xG yG



Figure 2. Marker locations and the reference frames (TR: trunk; P: pelvis; TH: thigh; SH: shank; G: global). The left leg markers were omitted for simplicity. Medial markers in gray were used in the static trial only and were removed in the dynamic trials. The black points are the joint centers (hip, knee, and ankle) and secondary points (mid-ASIS and mid-point of the acromion processes) computed from the positions of the markers.



102 J.-W. Kim et al. rests (2 min or longer) were allowed between the trials collected. In each trial, verbal instructions were given: ‘Ready’, ‘Set’, and ‘Go’. Participants were allowed to bounce on the floor until the word ‘Set’. Upon hearing the word ‘Go’, each participant performed a maximal effort kick with his right leg, while not allowing his left foot to slide forward. The trials showing sliding of the left foot were discarded. Live videos were captured directly to a workstation computer for subsequent processing and analysis using Kwon3D XP Motion Analysis Suite (Version 4.1, Visol, Seoul, Korea). Data reduction and processing Only one trial per condition was selected for marker tracking. Video data were digitized to track markers on the body using the Kwon3D software. The DLTalgorithm (Abdel-Aziz and Karara, 1971) was used in 3-D space reconstruction. The reconstructed marker coordinates were subject to digital filtering by a Butterworth 4th-order zero phase-lag low-pass filter with a cutoff frequency of 8 Hz. Positions of the joint centers were computed from the filtered coordinates of select markers. The location of the hip joint was calculated based on the method outlined originally by Tylkowski et al. (1982) and corrected by Bell et al. (1990). The knee and ankle joint positions were computed using the mid-point method outlined by Wilson et al. (2007) (Figure 2). Local reference frames were defined in the pelvis, trunk, right thigh, and right shank, respectively (Figure 2). The pelvis reference frame was computed from the coordinates of the pelvic markers (right ASIS, left ASIS, and mid-PSIS). The line vector drawn from the left ASIS to the right was used as the X (mediolateral) axis of the pelvis, whereas the superiorly directed line vector perpendicular to the plane formed by the pelvic markers was used as the Z (longitudinal) axis. In addition, the acromion process markers and mid-point of the ASIS markers were used to define the trunk reference frame. The line vector drawn from midpoint of the ASIS markers (mid-ASIS) to mid-point of the acromion markers was used as the Z (longitudinal) axis of the trunk frame. The anteriorly directed line vector perpendicular to the plane formed by the mid-ASIS point and the acromion markers was used as the Y (anteroposterior) axis of the trunk. In the right thigh, the line vector drawn from the right knee joint to the right hip joint was used as the Z (longitudinal) axis of the right thigh frame. The anteriorly directed line vector normal to the plane formed by the hip joint, knee joint, and lateral thigh marker was used as the Y (anteroposterior) axis of the right thigh reference frame. The right shank reference frame was defined in the same way using the ankle joint, knee joint, and lateral shank marker. Relative orientation angles of the reference frames were computed based on the attitude matrices of the reference frames. The XYZ rotation sequence was used for all frames. Pelvis orientation angles were computed relative to the global reference frame. The trunk and right thigh orientation angles were computed relative to the pelvis frame. The right shank orientation angle was computed against the right thigh (Table I). Data analysis To facilitate data analysis a group of meaningful events were defined: Start, Toeoff, Maximum Knee Flexion (MKF), and Impact (Figure 1). Among the events, Start (the beginning of the motion) was visually identified based on the velocities of the 7th cervical vertebra and acromion markers. This was the instant the trunk started rotating. Toeoff was defined as the instant the kicking foot toe left the ground. MKF was the time point at which the kicking leg showed maximum knee flexion. Impact was defined as the instant the kicking
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Negative Anterior-tilted Left-tilted Right-rotated Flexed Left-flexed Right-rotated Hyperextended Abducted External-rotated Flexed



Positive Posterior-tilted Right-tilted Left-rotated Hyperextended Right-flexed Left-rotated Flexed Adducted Internal-rotated Hyperextended



Joint/segment position



Decrease Anterior tilt Left tilt Right rotation Flexion Left flexion Right rotation Extension Abduction External rotation Flexion



Posterior tilt Right tilt Left rotation Extension Right flexion Left rotation Flexion Adduction Internal rotation Extension



Joint/segment motion Increase



Table I. Relative orientation angles and matching segment/joint positions and motions.
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104 J.-W. Kim et al. instep touched the target. Three phases were defined based on the events: Push (Start to Toeoff), Release (Toeoff to MKF), and Striking (MKF to Impact). The kick distance, the horizontal distance from the pivot hip position at Start to the target (target distance þ hip-to-foot distance at Start), was sectioned into three pivot hip displacements (Push, Release, and Striking) and the reach (left-hip-to-target distance at Impact). The pivot hip displacements and reach were normalized to leg length (ankle-tohip length). Orientation angles of the segments were ensemble-averaged to describe the generalized motion patterns of the pelvis, trunk, and leg. Time normalization was performed using the Start-to-Impact time as 100% and the means and standard deviations of the trials (N ¼ 12) were computed for every 1% time points. The anteroposterior (Y) distances and displacements of the pivot (left) hip and select peak orientation angles and angle ranges of the pelvis, trunk, right thigh, and right shank were extracted and used as dependent variables. One-way repeated ANOVA with the target distance being a within-subject factor was used to compare dependent variables among the distance conditions (Short, Normal, and Long). The Huynh-Feldt adjustment was performed to correct for violation of sphericity (Vincent, 1999). Post-hoc tests were conducted with the Bonferroni adjustment. Alpha was set at 0.05 in all statistical analyses. Results Linear motion of the pivot hip The mean kick distances (N ¼ 12) were 108.0 ^ 12.2 cm, 131.1 ^ 12.6 cm, and 154.1 ^ 10.1 cm for the Short, Normal, and Long conditions, which were equivalent to 131.7 ^ 10.3%LL, 160.1 ^ 10.7%LL, and 188.5 ^ 10.8%LL, respectively. All pivot hip displacements (Push, Release, and Striking) and the reach showed significant increases as the kick distance increased (Table II). Although the reach took a substantially larger portion of the kick distance than the pivot hip displacement (114.2 to 132.7 vs. 17.6 to 55.8%LL), the increase in the kick distance was mainly accomplished by increased pivot hip displacement (18.5%LL increase in the reach vs. 38.3%LL increase in the pivot hip displacement; Short to Long). Among the pivot hip displacements, the Push phase revealed the largest contribution to the kick distance followed by the Striking phase. The Push and Release phases, however, showed larger contributions to the increased kick distance (Short to Long) than the Striking phase (Table II). A larger increase was observed in the Release-phase pivot hip displacement between the Normal and Long conditions than between the Short and Normal conditions, whereas a relatively larger increase in the reach was observed between the Short and Normal condition (Table II). Among the displacement and distance factors, the reach showed the largest increase between the Short and the Normal condition, while the pivot hip displacements during the Push and Release phases and the reach scored similar increases between the Normal and the Long condition (Table II). Angular motions of the segments and joints Figure 3 shows the ensemble-averaged generalized motion patterns of the pelvis, trunk, right thigh (hip), and right shank (knee) in the Normal target distance condition (N ¼ 12). Other target distance conditions exhibited similar motion patterns but with varying peak orientation angles and angle ranges. Peak segment and joint positions are marked on the generalized patterns.
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Normal - short



Data are presented in M ^ SD format; %LL ¼ % of leg length. § Significantly different from the matching Short condition ( p , 0.05); # Significantly different from the matching Normal condition. *Kick distance ¼ left-hip-to-foot distance at Start þ target distance; Reach ¼ left-hip-to-target distance at Impact.
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Table II. Summary of the pivot hip motion data (N ¼ 12; in %LL).
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Figure 3. Generalized motion patterns (N ¼ 12) of the pelvis (A); trunk (B); right thigh (C); and the right shank (D) motions during the roundhouse kick in the Normal target distance condition. Abbreviations: PAT ¼ Pelvis peak anterior-tilted position; PPT ¼ pelvis peak posterior-tilted position; PRT ¼ pelvis peak right-tilted position; PLT ¼ pelvis peak left-tilted position; PRR ¼ pelvis peak right-rotated position; PLR ¼ pelvis peak left-rotated position; TE ¼ trunk peak hyperextended position; TRF ¼ trunk peak right-flexed position; TLR ¼ trunk peak left-rotated position; TRR ¼ trunk peak right-rotated position; HE ¼ peak hip hyperextended position; HF ¼ peak hip flexed position; HAB ¼ peak hip abducted position; HER ¼ peak hip external-rotated position; HIR ¼ peak hip internal-rotated position; KF ¼ peak knee flexed position.



In the pelvis, the peak anterior-tilted position (PAT in Figure 3A) was observed around mid-point of the kicking phase showing a transition from a minor anterior tilt (Start to PAT) to a more rapid posterior tilt (PAT to Impact). The pelvis also exhibited a left tilt in the second half of the kicking phase (PRT to PLT) and a major left rotation throughout the entire kicking motion (PLR to PRR). The left rotation in the transverse plane was identified as the main motion component followed by the posterior tilt in the sagittal plane, and the left tilt in the frontal plane in the pelvis. In terms of the pelvis motion, significant ( p , 0.05) differences were observed among the target distance conditions in the posterior tilt range, peak right-tilted position (Short , Normal & Long), peak right-rotated position (Short , Normal), peak left-rotated position (Short & Normal , Long), and left rotation range (Short , Long) (Table III). The Short condition was characterized by a significantly smaller peak right-tilted position and peak right-rotated position than the Normal condition. The Long condition revealed significantly larger peak left-rotated position than the Normal condition and larger peak right-tilted position and left rotation range. In general, the pelvis motion components exhibited
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Table III. Summary of the pelvis motion data (N ¼ 12; in degrees). Target distance condition Variable Peak anterior-tilted position Peak posterior-tilted position Posterior tilt range Peak right-tilted position Peak left-tilted position Left tilt range Peak right-rotated position Peak left-rotated position Left rotation range



Short



Normal



Long



16.5 ^ 5.4 40.9 ^ 6.9 57.3 ^ 7.8 9.9 ^ 4.9 16.8 ^ 9.9 26.7 ^ 12.2 54.0 ^ 9.7 65.8 ^ 9.7 119.9 ^ 16.9



18.0 ^ 6.1 41.9 ^ 5.7 59.9 ^ 6.0 11.8 ^ 5.6§ 16.4 ^ 6.5 28.2 ^ 9.9 57.9 ^ 10.6§ 69.9 ^ 11.3 127.8 ^ 14.9



18.1 ^ 4.9 46.8 ^ 10.0 64.9 ^ 9.5 11.3 ^ 6.0§ 16.4 ^ 8.0 27.7 ^ 12.7 55.8 ^ 9.9 80.1 ^ 16.0§# 135.9 ^ 18.2§



p



0.029 ,0.001



0.011 0.005 0.005



Data are presented in M ^ SD format.; § Significantly different from the matching Short condition ( p , 0.05); # Significantly different from the matching Normal condition.



a tendency to increase as the target distance increased. Among the variables, the left rotation was characterized by the largest increase as a function of target distance in the pelvis. The trunk consistently showed hyperextended positions throughout the kicking phase with an initial extension phase until Toeoff (Start to TE) followed by a flexion phase after Toeoff (TE to Impact) (Figure 3B). It was also characterized by consistent right-flexed positions throughout the kicking phase. Only right flexion was observed in the frontal plane. The peak left-rotated position was observed near Toeoff (TLR) showing an initial left rotation phase (Start to TLR) followed by a right rotation phase (TLR to Impact). Among the trunk motions, right rotation was identified as the main motion component in the trunk. In terms of the trunk motion, significant ( p , 0.05) differences were observed in the peak hyperextended position (Short & Normal , Long) and peak right-flexed position (Short & Normal . Long) (Table IV). The Long condition was characterized by a larger mean peak hyperextended position and a smaller mean peak right-flexed position than the other conditions. The peak hyperextended position revealed an increasing trend while the peak right-flexed position showed a decreasing trend as the target distance increased. The trunk rotation variables exhibited no significant difference among the target distance conditions. The hip joint showed a gentle flexion during the initial 40% of the kicking motion, then an extension until the peak hyperextended position (HE), and finally a rapid flexion (HE to HF) until Impact (Figure 3C). The hip joint remained abducted throughout the kicking phase Table IV. Summary of the trunk motion data (N ¼ 12; in degrees). Target distance condition Variable Peak hyperextended position Peak right-flexed position Peak left-rotated position Peak right-rotated position Right rotation range



Short



Normal



Long



p



28.1 ^ 5.8 24.3 ^ 5.2 22.6 ^ 10.6 31.0 ^ 11.2 53.5 ^ 10.3



28.9 ^ 5.8 19.9 ^ 5.3 25.2 ^ 7.0 30.4 ^ 11.6 55.6 ^ 11.8



32.4 ^ 4.5§# 11.2 ^ 7.5§# 26.0 ^ 8.2 33.7 ^ 11.5 59.7 ^ 10.2



0.001 ,0.001



Data are presented in M ^ SD format.; § Significantly different from the matching Short condition ( p , 0.05); # Significantly different from the matching Normal condition.



108 J.-W. Kim et al. with a rapid abduction observed after Toeoff. An external rotation gently continued in the first half (Start to HER) followed by an internal rotation until Toeoff. Minor external and internal rotations repeated between Toeoff and Impact. The flexion in the sagittal plane was identified as the largest motion component followed by the abduction in the frontal plane, and the internal rotation in the transverse plane in the hip. In terms of the hip joint motions of the kicking leg, significant ( p , 0.05) differences were observed in the peak flexed position (Short & Normal . Long), flexion range (Short & Normal . Long), and peak internal-rotated position (Short & Normal . Long) (Table V). The Long distance condition consistently revealed smaller values than the other conditions in these variables. A decreasing trend was observed as the target distance increases in the hip joint motion components which exhibited significant factor effects. The knee remained flexed throughout the kick (Figure 3D). Rapid knee flexion started right before Toeoff and continued until MKF. A rapid extension was observed from MKF to Impact. No significant difference in the knee flexed position was observed among the target distance conditions. Discussion and implications While the reach revealed a substantially larger contribution to kick distance (86.7%, 78.5%, and 70.4% of the kick distance for the Short, Normal, and the Long conditions, respectively) than the pivot hip displacement (13.4%, 21.5%, and 29.6%, respectively), increased kick distance was achieved mainly through increased pivot hip displacement (Table II). Approximately 67.3% of the increase in kick distance from the Short to the Long condition came from increased pivot hip displacement and 32.6% of the increase was explained by increased reach. While the reach is solely determined by the orientations of the pelvis and kicking leg joints at Impact, the horizontal (anteroposterior) displacements of the pivot hip are a function of both the momentum developed during the Push phase and the body posture (orientations of the body segments) during the kick. Since forward sliding of the lead (left) foot was not allowed in this study and balanced landing after the impact is an important fundamental requirement of the roundhouse kick (in order not to allow an easy counterattack), it is reasonable to speculate that the increases in pivot hip displacements were mainly caused by the body posture during the kick, not by the horizontal momentum of the body. One factor that can affect the pivot hip displacement is the pivot foot rotation (Figure 4). Table V. Summary of the right hip and knee motion data (N ¼ 12; in degrees). Target distance condition Variable Hip Peak hyperextended position Peak flexed position Flexion range Peak abducted position Peak external-rotated position Peak internal-rotated position Knee Peak flexed position



Short



Normal



Long



7.3 ^ 9.4 51.0 ^ 12.3 58.3 ^ 15.8 37.8 ^ 10.0 15.3 ^ 17.9 34.7 ^ 18.4



10.8 ^ 7.2 40.0 ^ 17.5 50.8 ^ 18.7 45.1 ^ 8.5 11.9 ^ 13.9 31.4 ^ 22.3



10.6 ^ 7.7 20.0 ^ 19.3§# 30.6 ^ 17.5§# 41.2 ^ 8.4 18.3 ^ 12.3 18.1 ^ 15.1§#



105.3 ^ 11.8 §



107.9 ^ 8.9



p



,0.001 0.001



0.018



106.8 ^ 7.2



Data are presented in M ^ SD format.; Significantly different from the matching Short condition ( p , 0.05); # Significantly different from the matching Normal condition.
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PLR = 65.8° TRF = 24.3° HF = 51.0° HIR = 34.7°
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KD = HD + R 131.7 = 17.6 + 114.2 (%LL) 100.0 = 13.4 + 86.7 (%)



PLR = 69.9° TRF = 19.9° HF = 40.0° HIR = 31.4°
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160.1 = 34.5 + 125.7 (%LL) 100.0 = 21.5 + 78.5 (%)
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Figure 4. Exemplary motion sequences of a subject performing roundhouse kicks in three target distance conditions: Short, Normal, and Long. Body postures at different events are shown: Start (A); Toeoff (B); Maximum Knee Flexion (C); and Impact (D). The mean (N ¼ 12) peak angular positions and distance parameters are presented (PLR ¼ peak left-rotated position of the pelvis; TRF ¼ peak right-flexed position of the trunk; HF ¼ peak flexed position of the kicking hip; HIR ¼ peak internal rotated position of the hip; KD ¼ kick distance; HD ¼ pivot hip displacement; R ¼ reach; %LL ¼ %leg length). The Long condition is characterized by a flatter trunk position at Impact and notably more pivot foot and pelvis rotations at Maximum Knee Flexion and Impact.



Although sliding of the support foot was not allowed in this study, rotation of the support foot with the forefoot being the pivot point was not restricted. The Long condition was characterized by a notably more left-rotated foot positions at MKF and Impact than the other target distance conditions (Figure 4). Among the kick phases, the Push phase showed the largest relative contribution to pivot hip displacement (67.0%, 56.2%, and 48.6% of the total displacement for the Short, Normal, and Long conditions, respectively) with a decreasing trend as the kick distance increased, whereas the Release phase showed the smallest relative contribution (3.4%, 16.2%, and 24.9%, respectively) but with an increasing trend as the kick distance increased.



110 J.-W. Kim et al. The relative contribution of the Striking phase remained mostly unchanged (29.5%, 27.2%, and 26.5% for the Short, Normal, and Long conditions, respectively). About 40.1% and 34.8% of the total increase in pivot hip displacement from the Short to the Long condition, however, actually came from the Push and Release phases, respectively. These findings clearly show that, in increasing the kick distance, the participants relied more on the pivot hip displacement than the reach, and the displacements during the Push and Release phases than the Striking phase. It was speculated that the gradually increasing contribution of the pivot hip displacement during the Push and Release phases as the target distance increased was associated with the pivot foot rotation (Figure 4). Among the main angular motion components identified—left rotation, posterior tilt, and left tilt of the pelvis, right rotation of the trunk, flexion, abduction, and internal rotation of the hip, and flexion of the knee—only the posterior tilt (PAT to PPT in Figure 3A) and left rotation (PRR to PLR) of the pelvis, and the flexion range (HE to HF in Figure 3C) of the hip revealed significant changes as the target distance changed. The pelvis posterior tilt and left rotation gradually increased as the target distance increased, whereas the hip flexion gradually decreased. The hip flexion range was characterized by the largest change (27.78 from Short to Long) and the pelvis left rotation and posterior tilt scored mean changes of 16.08 and 7.68, respectively (Tables III and IV). Adjustment to various target distances was accomplished mainly by the adjustments in hip flexion and pelvis rotation. The Long condition was characterized by notably more left-rotated positions at MKF and Impact (Figure 4). It was speculated that the increased left rotation was directly associated with the increased pivot foot rotation. The left rotation of the pelvis started from the beginning of the Push phase and initiation of the posterior tilt of the pelvis preceded that of the hip flexion revealing a sequencing of the motions (Figure 3). Along with the changes in the pelvis and hip ranges of motion, peak right tilted-position (PRT in Figure 3A), peak right-rotated position (PRR), and peak left-rotated position (PLR) of the pelvis, peak hyperextended position (TE in Figure 3B) and peak right-flexed position (TRF) of the trunk, and peak flexed position (HF in Figure 3C) and peak internal-rotated position (HIR) of the hip revealed significant responses to the change in the target distance. Among these, peak left-rotated position of the pelvis and the peak hyperextended position of the trunk showed gradually increasing patterns, whereas the peak flexed position and peak internal-rotated position of the hip and the peak right-flexed position of the trunk revealed gradually decreasing trends. The peak right-rotated position and the peak right-tilted position of the pelvis, however, were characterized by inconsistent changes with the Normal condition showing the largest mean values. The pelvis showed a larger peak left-rotated position while the trunk showed a larger peak hyperextended position but a smaller right-flexed position as the target distance increased. The hip joint provided consistently smaller peak flexed position and peak internal-rotated position as the target distance increased. Among the peak position variables, the peak flexed position of the hip revealed the largest mean change (-31.08 from Short to Long) followed by the peak internal-rotated position of the hip (-16.68), the peak left-rotated position of the pelvis (14.38), and the peak right-flexed position of the trunk (-13.18). In the roundhouse family of kicks, the pelvis can serve two important roles: a) providing sufficient range of motion to the hip joint through the posterior and left tilts during the Release and Striking phases, and b) controlling the reach through the left rotation. The hip joint socket is inferiorly tilted and anteverted about 388 and 18.58, respectively in men (Norkin and Levangie, 1992) and the anterior and leftward motion of the kicking leg naturally involves the posterior and left tilts of the pelvis. This coupling of anterior leg motion and pelvis tilts can also be observed in ballet movements such as grand rond de jambe
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en l’air where the pelvis serves as the convergence point of the gesture leg and the support leg (Wilson et al., 2004; Wilson et al., 2007). A fixed target height, however, was used for each participant in this study and no significant change in the peak posterior and left tilt position was observed across the target distances. The pelvis peak left-rotated position, however, increased as the target distance increased (65.88, 69.98, and 80.18 for the Short, Normal, and Long conditions, respectively) (Figure 4) and the angle between the mediolateral (X) axis of the pelvis and the target direction decreased accordingly, suggesting that the target distance mainly affected the reach control function of the pelvis through the pelvis rotation. The trunk rotated with the pelvis in the first half of the Push phase (the rotated position of the trunk ¼ , 08; Figure 3B), but developed left rotation (torsion) in the second half (positive trunk rotation angle). Consequently, the execution phase (Release and Striking) was characterized by a symmetric rotational position pattern of the trunk with respect to the pelvis (Figure 3B). The left rotation of the trunk over the pelvis in the late Push phase has been understood as a counter-movement to the pelvis rotation (Hwang et al., 2004). The initial left rotation during the Push phase followed by a right rotation of the trunk is important in terms of angular balance. This torsional trunk rotation provides angular balance and allows the kicker to maintain a desired ending position with the trunk facing toward the opponent. When the pelvis is in a left-rotated position, the forward/backward lean of the trunk toward the target is controlled mainly by a lateral tilt of the trunk. The peak right-flexed position of the trunk ranged from 24.38 (Short) to 11.28 (Long) in this study while the peak left-tilted position of the pelvis remained consistent (, 16.58) across target distances. This means that the trunk was leaned more away from the target in the Long condition to achieve a linear counter-balance to the increased linear motion of the kicking leg and pelvis toward the target (Figure 4). The fact that the peak rotated position of the trunk revealed no significant response to the target distance while the peak right-tilted position did suggest that target distance mainly affected the linear balance function of the trunk along the direction of kick. Although some investigators have computed the orientation angles of the trunk and kicking leg joints in the roundhouse kick (Kim and Kim, 1997; Shin and Choi, 2001; Choi et al., 2007), most studies used the trunk reference frame and the thigh reference frame in computing the hip orientation angles and described the trunk orientation with respect to the global frame (Kim and Kim, 1997; Shin and Choi, 2001), thus leaving the knee flexion/extension angle as the only variable that can be compared with the current study. Kim and Kim (1997) reported a mean peak knee flexion angle of 122.7 ^ 7.68 (N ¼ 8), whereas Shin and Choi (2001) reported mean peak knee flexion angles of 110.2 ^ 4.38 and 111.5 ^ 3.18 for a novice (N ¼ 6) and a skilled (N ¼ 6) subject group, respectively. The values reported in the previous studies were slightly larger than that from this study (105.3 to 107.98). Choi et al. (2007) divided the trunk into two segments (upper and lower) and described the orientations of the lower and upper trunk separately, but only the angle-toangle coordination plots with no actual orientation angle data were presented. Thus, a direct comparison with the current study was not possible. One limitation of the current study is that the target distance was pre-determined and remained unaltered during the execution of the kick. In a sparring match, both contenders are constantly sliding or stepping forward and backward to avoid yielding a clean hit to the opponent. As a result, the target distance can change during the execution of the kick, which requires the attacking athlete to adjust his/her kicking motion to compensate for the opponent’s move. Future studies need to employ a more sophisticated and realistic



112 J.-W. Kim et al. target condition scheme such as systematic alteration of target distance during execution of the kick. The findings of the study provide several important implications for practitioners. First, athletes must develop the ability to control (increase/decrease) the amount of pivot hip displacement generated during the Push and Release phases in response to a target distance as it is an important component of kick distance control. Caution must be exercised in generating pivot hip displacement during the Push and Release phases so that the pivot hip motion should not result in an unbalanced forward landing of the entire body, giving the opponent an opportunity to counter-attack. The pivot foot rotation plays an important role in generating the pivot foot displacement during these phases while maintaining balance. Second, athletes must develop the ability to control the amount of pelvis rotation and hip flexion during the Striking phase to generate an appropriate kicking foot reach for a maximal impact on the target. Athletes must be able to maintain linear balance along the direction of kick by controlling the amount of trunk lateral flexion in this process. The amount of pivot hip displacement generated during the Striking phase is also a function of the trunk motion introduced during this phase. Third, for a successful kick on the scoring area, athletes may need to develop the ability to compensate an insufficient increase (or decrease) in pivot hip displacement during the Push and Release phases by increases (or decreases) in the pivot hip displacement during the Striking phase and the foot reach. As a balanced landing after the kick without excessive forward motion is a requirement of the roundhouse family of kicks, the pelvis and hip motion during the Striking phase must be coupled with the trunk motion for the linear balance along the direction of the kick. For this, roundhouse kicks to a pre-determined target location may be practiced with different combinations of Push-Release phase hip displacement and Striking phase pivot displacement-foot reach. This ability may become particularly important when the target moves during the execution of the kick. Conclusion The purpose of this study was to investigate the effects of target distance on the movements of the pivot hip, trunk, pelvis, and the kicking leg in the Taekwondo roundhouse kick. Ensemble-average patterns of the orientation angles of the pelvis, trunk, and kicking leg joints were obtained. A set of standards for an in-depth 3-D kinematic analysis (local reference frames and orientation angles) for the Taekwondo roundhouse kick was established, and events and phases for a quantitative analysis were also identified. It was concluded from the findings that: (1) The increase in the kick distance was achieved mainly by increasing the horizontal displacement of the pivot hip toward the target particularly during the Push and Release phases. (2) Among the joint motions, the target distance mainly affected the hip flexion and pelvis left rotation. (3) Among the peak positions, the target distance mainly affected the peak left-rotated position of the pelvis, the peak right-flexed position of the trunk, and the peak flexed position and peak internal-rotated position of the hip. (4) The target distance mainly affected the reach control function of the pelvis and the linear balance function of the trunk through the left rotation of the pelvis and peak right-flexed position of the trunk, respectively.
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