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ARTICLE INFO ABSTRACT
Keywords: Background: The Double Roundhouse Kick (DRK) is one of the major scoring tools and athletes
Competitive tackwondo employ the leg of the dominant side (DS) or the non-dominant side (NS) for always attacking in an

Double roundhouse kick
Dominant side
Non-dominant side
Symmetry index

alternating state. The purpose is to examine the discrepancies in the biomechanical characteristics
of the DS and NS of the leg of the DRK skills of sub-elite taekwondo athletes.

Methods: Using the Vicon, Kistler, and Daedo brand Electronic Body Protector (EBP), collection of
the DRK data (attack time, joint angle, joint angular velocity, joint moment, ground reaction
force, etc.) of 12 sub-elite tackwondo athletes (19.6 + 2.0 yr, 180 + 7.3 cm, 70 + 9.8 kg) with the
DS leg and NS leg. The measured data analyses via Visual3D, and statistical methods using
nonparametric tests paired with samples based on the Wilcoxon signed-rank test (The significance
level is set as significant for P<0.05, and very significant for P<0.01).

Results: (i) There is no statistically significant discrepancy between the DS and NS at the time of
hit (P>0.05) and shift of the center of gravity (P>0.05). (ii) Attacking leg (AL): the maximum
knee flexion angle (Knee-MFA) (P<0.05) and the peak linear velocity of attack of the foot in the
vertical hitting direction (P<0.01) on the DS was greater than that on the NS during the first hit
phase (P1). (iii) Supporting leg (SL): the peak hip extension moment (P<0.05) on the DS was
reported to be higher than that of the NS during the second hit phase (P2). (iv) Symmetry Index
(SD): In the P1, the vertical ground reaction force (vGRF) of the SL leads to SI = 10.19 %, and in
the P2, the vGRF of the SL results in SI = 18.48 %.

Conclusions: The DRK requires more and more symmetry between the DS and NS. The Knee-MFA
of the AL and the line of attack speed of the foot in the vertical striking direction of the SL
exhibited significant discrepancies. The DS has higher striking speed, athletes need to improve the
striking speed of the NS leg in training, achieving more scoring opportunities in the game. Both
the DS and NS revealed strong symmetry in the peak SI of the ground reaction force of the SL
stirrup; however, weak symmetry was attained in the peak SI of the vGRF of the SL landing
cushion.
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1. Introduction

The World Taekwondo (WT) introduced the use of EBPs in competitive taekwondo at the 2008 Beijing Olympics in the Olympic
Games to make competitions more spectator-friendly and fair [1]. The impact magnitude of a kick hitting the EBP must exceed a
specific threshold for each athlete’s weight category in new taeckwondo competitions to score instead of making a loud kicking sound to
score. The utilization of EBPs has placed higher demands on further enhancing the strength and accuracy of the athlete’s strikes;
further, sharp judgment, quick strikes, and precise strikes have become key factors in winning taekwondo competitions [2].

So, competitive taeckwondo, as a combat sport with direct physical contact and more intense confrontation, requires athletes to
perform kicks and strikes with optimal speed and appropriate force during the competition [1,2]. The DRK action based on the
horizontal kick action is the first in terms of speed and frequency of consecutive strikes, with technical characteristics such as technical
characteristics of the strong concealment, high striking power, fast striking speed, surprise, and fast articulation. The match statistics
data has revealed that the DRK is one of the major scoring tools, and the DRK is second only to the horizontal kick technique in terms of
the number of times it is employed in the match [3,4], but the success rate exceeds that of the horizontal kick, particularly in the
lightweight matches where the DRK is the highest technical score [5].

The striking speed and the power of the attacking leg in taekwondo are crucial factors affecting athletic performance [6], while the
angular velocity variation of the ankle joint of the attacking leg has a noticeable impact on the power and speed of the strike [7], and
the knee joint extension and the hip joint movement are the crucial key and basis for the ankle joint to achieve maximum speed [8].
The angle and speed of the hip abduction angle of the supporting leg also directly influence the movement speed of the attacking leg,
[9] and the sensing characteristics of the EBP suggest that the effective score is related to the sensing threshold of the EBP [10]. Hence,
the speed, strength, and precision of the offense in competitive taekwondo competition in the presence of the tactical guidelines of
offense-oriented are directly related to the athletes’ motion characteristics of the lower limb hip, knee, and ankle joints [6-9,11-13].

Furthermore, in addition to the direct effect of sports technical movement characteristics on athletic performance, athletes could
experience structural and functional asymmetries between the left and right limbs due to long-term specialized training [14,15]. The
existence of asymmetry in muscle strength in the hip, knee, and ankle joints of both limbs of athletes as a potential influencing factor
constrains or limits athletic performance [16-22]. The variability in athletic performance due to left-right asymmetry in athletes is
actually a problem of lateral limb laterality. The lateralization of the limb is commonly influenced by the interaction of genetic and
environmental factors, but the formation and strengthening of lateralization are most affected by the late environment [19]. Explo-
rations of lower limb kicking skills have displayed that athletes customarily exploit the unilateral leg, which remarkably disrupts the
strength balance between the synergistic and antagonistic muscle groups of the extremities and reinforces the laterality of the lower
limb, which the vast majority of athletics require athletes to reduce such an influence [23,24].

Competitive taekwondo is a sport that focuses on continuous kicking and striking the opponent, and the DRK always has the AL and
SL in an alternating state. The major appearance of the attack is to break the opponent’s defense and deliver a precise and powerful
kick [25]. In training, coaches often require athletes to exploit their dominant leg as the main attack leg for intensive training, and the
muscular strength of body joints develops in the direction of irregularity and asymmetry. The increasing asymmetry of the left and
right-side hip, knee, and ankle joint activities of taekwondo athletes cause the limbs to be divided into DS and NS [26].

The DRK is based on the roundhouse kick action of two consecutive striking actions on the left and right sides and is a technical
action that fully utilizes the rotation of one’s hips and trunk in a supported state and exploits the swing of the three joints of the hips,
knees, and ankles to attack from the side [27]. Asymmetries in the right and left side of the athlete’s hip, knee, and ankle could also
directly affect athletic performance [27]; additionally, athletes who want to enhance their athletic performance must reduce the
complement of the DS to the NS [28].

The majority of the literature about the DRK today concerns the technical and tactical shifts necessitated by the new rules [29], the
biomechanical characteristics of individual techniques [30], and the impact of sports training on the kick itself [31,32], Few in-
vestigations have been devoted to the effect of lower limb asymmetry on the athletic performance in taeckwondo athletes. To further
clarify the characteristics of the DRK, which are easy to initiate, high striking power, and fast striking frequency, this exploration
collected kinematic and kinetic data of sub-elite tackwondo athletes’ DRK in the presence of the judgment score of striking EBP.
Inverse kinematic and kinetic calculations were performed by employing Visual3D motion biomechanics simulation software. One of
the main objectives was to perform a comparative analysis of lower extremity kinematic and kinetic characteristics of the DS and NS to
explore the discrepancies in the sports biomechanical characteristics of the DS and NS of the lower limbs in the DRK technical
movements of sub-elite taekwondo athletes under the impact of EBP determination scores. Such explorations will reveal some
biomechanical aspects of the joints on the DS and NSs of the lower extremity in the DRK and are aimed to provide theoretical support
for the scientific training and efficient competition of the DRK.

2. Materials and methods
2.1. Participants

GPower 3.1.9.7 is utilized to evaluate the predicted sample size. A correlation analysis using a larger effect size of d = 0.7 required
at least 11 participants at a significance level of @ = 0.05 and a statistical power (1-4) of 80 % [33,34]. The participants of this study

include 12 male athletes from the taekwondo specialized training team (19.6 + 2.0 years, 180 + 7.3 cm, 70 + 9.8 kg, and the average
training history is 3.8 & 2.0 years). All participants are at the national first level or above. All participants trained for more than three
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consecutive years, five days a week, 3 h per day. All participants did not undergo high-intensity training within 24 h before the test and
have reported no injuries in the past six months. Before the experiment, all participants understand the experimental process. This
study passed the ethical review of Wuhan Sports University (NO. 2020048).

2.2. Definition of the dominant side

Due to the different intensity of training and the discrepancy characteristics of lower limb function, taeckwondo athletes’ lower
limbs form a dominant side and non-dominant side on the left and right sides, and the leg that is often employed to attack the opponent
is called the dominant side leg. In this investigation, two participants had the left leg on the dominant side, and ten participants had the
right leg on the dominant side.

2.3. Measurements and procedures

The markers pasting scheme refers to the Vicon’s own Plug-In Gait 39 points full body model. Based on the Vicon’s own Plug-In Gait
39 points full body model, according to the characteristics of the DRK, which essentially relies on the lower limbs for attacking, the
marker points of the upper limbs have been removed, and tracking points have been added to the hip, thighs, calves, and feet.

The participants were asked about their health and asked to sign an informed consent form. They were also told how the experiment
would work and what precautions to take. Before starting the experiment, all participants were asked to warm up for 5 min on a
treadmill at a speed of 6.5 km/h [35], and the participants performed stretching and predicted movement exercises. Before the formal
kick strike, the participant was asked to stand on the left and right sides of the feet on two independent force table plates for static
calibration of Vicon data. A plastic dummy wearing EBP was placed in front of the participant, the participants were given permission
to swiftly strike the dummy and the location of the target dummy, as well as to change the dummy’s height to correspond with the
standard height of the electronic guard at the subject’s striking. As soon as the participants is ready, the participant completed the first
(1st) and second (2nd) single-strike patterns of the DRK with the DS and NS initiation, respectively.

The first single-hit pattern initiated on the DS is called 1st-DS, the second single-hit pattern initiated on the DS is called 2nd-NS
(actually non-dominant leg strike), and the first hit single hit pattern initiated on the NS is called 1st-NS, and the second hit single
hit pattern initiated on the NS is called 2nd-DS (actually dominant leg strike). After each action, the same coach determined whether or
not the participant’s performance met the technical requirements for a DRK.

2.4. Instruments and evaluation index

2.4.1. Instruments

The kinematic parameters were acquired via a Vicon 3D motion capture system (T40, Vicon, UK, 200 Hz). The ground reaction
force of the SL was collected via a Kistler force plate (9260AA6, Switzerland, 1000 Hz). The WT-approved Daedo EBP (EBP-TK STRIKE,
Daedo International, Spain) is employed.

2.4.2. Data processing

The Vicon system was synchronized with the Kistler system via a digital signal converter to collect kinematic and kinetic data. In 3D
motion capture, there are many missing marker points. Vicon Nexus 2.9.1 matches the marker points acquired under static conditions
and connects them with the bone marker points in the Vicon model. At the same time, the missing marker points subjected to the
dynamics state were connected by complementary points, and finally, the data were exported to C3D format, and then the C3D data
were imported into Visual3D (C-Motion, Inc., Germantown, MD, USA), the kinematic(kinetic) data were processed with low-pass 10
(25) Hz filtering.
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Fig. 1. Event.
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2.4.3. Event division

To clearly analyze the athletic biomechanical characteristics of the DRK, the entire action could be divided into specific moments
[36]. Preparation moment (E1): the moment when the first striking leg leaves the ground. First hit moment (E2): the moment of the
first hit. Second hit moment (E3): the moment of the second hit. Recovery moment (E4): the moment of touching the ground after the
second striking leg has finished striking. P1: the moment of the E1 to E2. P2: the moment of the E2 to E3 (see Fig. 1).

2.4.4. Evaluation index
For the DRK assessment, the action completion time of two strikes, the Body center of gravity (COG), lower limb joint range of
motion (ROM) and speed, vGRF, the moment during the striking process and the SI were considered.

(1) Completion time: the first hit time, the second hit time, and the total hit time is the completion time from E1 to E2, E2 to E3, and
E1 to E3, respectively [36].

(2) ROM: the maximum range of angles and amplitudes (°) of hip and knee flexion and extension. Defined as a positive direction for
hip flexion and knee extension; defined as a negative direction for hip abduction and knee flexion [19,20].

(4) Lower limb angular velocity of motion (VOM): the maximum angular velocity (rad/s) of hip, knee, and ankle joints. Define the
angular velocity of hip flexion and knee extension as a positive direction; define the angular velocity of hip abduction and knee
flexion as a negative direction [35,36].

(5) Kinetics: normalized maximum vGRF after weight, i.e., GRF (BW), maximum hip-knee-ankle moment (N-m/kg), and maximum
power (W/kg) [37].

(6) SI: the maximum ground reaction force (GRFmax) of the SL during the support period is chosen as a major basis to evaluate the
symmetry of the lower limbs on both sides [19]. The equation is shown in (1):

DS — NS
SI= || % 100% 1)
> (DS + NS)

where SI = 0 indicates symmetry on both sides, SI < 10 % represents strong symmetry on both sides with a strongly symmetrical area,
and SI>10 % is associated with the fact that the larger the value, the lower the symmetry on both sides, representing a weakly
symmetrical area [19,35,38].

2.5. Data analysis

Statistical software was utilized for analysis based on Origin 2022. The kinematic and kinetic index parameters solved for par-
ticipants’ DS and NS DRK were expressed as the mean + standard deviation (SD). Data were tested for normal distribution, with some
data excluded from normality employing the nonparametric tests paired sample. Wilcoxon signed-rank test methodology was utilized
to evaluate the discrepancies between the DS and NS of the leg; further, the significance level is set as significant for P <0.05, and very
significant for P<0.01.
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Fig. 2. Effects of the attack time and COG on the DRK: (a) attack time, (b) COG shift
((*) significant discrepancy P<0.05, (**) very significant discrepancy, P<0.01).



L. Liu et al. Heliyon 9 (2023) 20843

3. Results
3.1. Action completion time and COG movement characteristics

Fig. 2(a) demonstrates the discrepancies between the dominant and non-dominant sides in terms of various attack time intervals,
including first hit time, second hit time, and total hit time. The obtained results indicate that there is no statistically significant
discrepancy (P>0.05). In the present investigation, the COG shift in the P2 is chosen. Fig. 2(b) presents the discrepancies between the
dominant and non-dominant sides in the left and right (X-axis), front and back (Y-axis), and up and down (Z-axis) directions of the
attack. The depicted results reveal that there is no statistically significant discrepancy (P>0.05).

3.2. Kinematic and kinetic characteristics of the hip joint

As illustrated in Fig. 3(a), in the sagittal plane during the P1, in the maximum angle of the hip flexion (Hip-MFA), flexion range of
motion (Hip-FOM), and maximum flexion angular velocity (Hip-MFAV) of the attacking leg, the discrepancies in the maximum flexion
moment (Hip-MFM) and the maximum extension moment (Hip-MEM) of the supporting leg, there is no statistically significant
discrepancy (P>0.05) when comparing the dominant side with the non-dominant side.

During the P2, in the maximum angle of flexion (Hip-MFA), flexion range of motion (Hip-FOM), and maximum flexion angular
velocity (Hip-MFAV) of the attacking leg, the maximum flexion moment (Hip-MFM) of the supporting leg, there is no statistically
significant discrepancy (P>0.05) between the dominant and non-dominant sides. The maximum support leg extension moment (Hip-
MEM) on the dominant side was greater than that on the non-dominant side (P <0.05).

In the frontal plane, Fig. 3(b) shows the discrepancies in maximum outward angle (Hip-MOA), outward range of motion (Hip-
OROM), and maximum abduction angular velocity (Hip-MOAV) of the hip joint of the attacking leg in the P1 and P2, the maximum
outward moment (Hip-MOM) and the maximum inward moment (Hip-MIM) of the supporting leg, the demonstrated results indicated
that there is no statistically significant discrepancy between the dominant and non-dominant sides (P>0.05).

3.3. Knee joint kinematic and kinetic characteristics

As demonstrated in Fig. 4(a), in the sagittal plane during the P1, the maximum angle of knee flexion of the attacking leg (Knee-
MFA) on the dominant side was greater than that on the non-dominant side (P <0.05). Further, the discrepancy between the maximum
flexion angular velocity (Knee-MFAV), the maximum flexion moment of the supporting leg (Knee-MFM) on the dominant side and that
of the non-dominant side indicated that there is no statistically significant discrepancy (P>0.05). Concerning the P2, the discrepancies
in the maximum angle of knee flexion (Knee -MFA) and the maximum flexion angular velocity (Knee-MFAV) of the attacking leg, the
maximum flexion moment (Knee-MFM) of the supporting leg revealed that there is no statistically significant discrepancy (P>0.05)
through comparing the dominant side with the non-dominant side.

According to the plotted results in Fig. 4(b) for the sagittal plane during the phases P1 and P2, in the extension range of motion
(Knee-EROM) and the maximum extension angular velocity (Knee-MEAV) of the knee joint of the attacking leg, the maximum
extension moment (Knee-MEM) of the supporting leg, no statistically significant discrepancy (P>0.05) between the dominant side and
the non-dominant side was observed.
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Fig. 3. Biomechanical characteristics of the hip joint on the DRK: (a) hip flexion/extension, (b) hip outward/inward (note: maximum flexion angle
(MFA); flexion range of motion (FROM); maximum flexion angular velocity (MFAV); maximum flexion moment (MFM); maximum extension
moment (MEM); maximum outward angle (MOA); outward range of motion (OROM); maximum outward angular velocity (MOAV); maximum
outward moment (MOM); maximum inward moment (MIM); (*) significant discrepancy, P<0.05; (**) very significant discrepancy, P<0.01).
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Fig. 4. Biomechanical characteristics of the knee joint on the DRK: (a) knee flexion, (b) knee extension (maximum flexion angle (MFA); maximum
flexion angular velocity (MFAV); maximum flexion moment (MFM); extension range of motion (EROM); maximum extension angular velocity
(MEAV); maximum extension moment (MEM); (*) significant discrepancy P<0.05, (**) very significant discrepancy, P<0.01).

3.4. Kinematic and kinetic characteristics of foot and ankle joints

Fig. 5(a) displays the discrepancies between the maximum dorsiflexion moment (Ankle-MDM) around the frontal axis, maximum
external flip moment (Ankle-MEFM) around the sagittal axis, and maximum internal rotation moment (Ankle-MIRM) around the
vertical axis of the supported leg ankle joint in the P2. The demonstrated results revealed that no statistically significant discrepancy
(P>0.05) is detectable when comparing the dominant side with the non-dominant side. The kinetic characteristics of the ankle joint of
the support leg were not examined during the P1 due to the limitations of the Kistler force plate position and the target dummy
position.

The depicted results for phase P1 in Fig. 5(b) indicated that the maximum foot velocity of the attacking leg on the X-axis on the
dominant side was greater than that on the non-dominant side (P<0.01). Further, the discrepancy between the dominant and non-
dominant sides of the maximum foot velocity of the attacking leg on the Y-axis and Z-axis indicated that there is no statistically
significant discrepancy (P>0.05). Concerning the maximum foot velocity of the attacking leg on the X-axis, Y-axis, and Z-axis, no
statistically significant discrepancy between the dominant side and the non-dominant side (P>0.05), in phase P2 is detectable.

3.5. Vertical ground reaction force and symmetry index

Asillustrated in Fig. 6(a), in the direction of the vertical axis (Z-axis) of the lab coordinate system, the GRF .4 of the support leg in
phases P1 and P2, there is no statistically significant discrepancy (P>0.05) between the dominant and non-dominant sides. Fig. 6(b)
provides the maximum vertical ground reaction force symmetry index ((Eq. (1))) in phase P1. The demonstrated results indicate that
the maximum ground reaction force symmetry index in the vertical direction (SI-GRF-1st) of the support leg was 10.19 % + 4.8~10 %.
Additionally, in phase P2, the maximum ground reaction force symmetry index in the vertical direction (SI-GRF-2nd) of the support leg
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Fig. 5. Biomechanical characteristics of the ankle joint on the DRK: (a) ankle joint moment, (b) striking speed (maximum ankle dorsiflexion
moment (Ankle-MDM); maximum external flip moment (MEFM); maximum internal rotation moment (MIRM); (*) significant discrepancy, P <0.05;
(**) very significant discrepancy P<0.01).
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Fig. 6. Peak vertical GRF and SI characteristics: (a) vertical ground reaction force, (b) symmetry index ((*) significant discrepancy, P<0.05; (**)
very significant discrepancy, P<0.01).

was estimated to be 18.84 % 4 14.2 >10 %.
4. Discussion
4.1. Completion time and COG offset

The DRK technique of taekwondo is classified according to the kinematic characteristics of taekwondo kicks as swing kicks and
attacking kicks, where the AL commonly employs the maximum swing to enhance the speed of the foot at impact [39], based on left
and right leg roundhouse kick movements with high speed and continuity. Further, in Wasik’s exploration, it was emphasized that the
strike time of a single cross-kick would be 0.25 s [40], which is similar to the results of the present study. The depicted results in Fig. 2
(a) indicated that the DRK did not exhibit statistical discrepancies in the first, second, and total hit time, and the values were very
similar in magnitude. It implies that the discrepancies between the DS and NS of the DRK in terms of hitting time on both sides were
small.

In another study, it was pointed out that the COG offset in the X-axis could signify the stability of the body during movement [41].
In general, the smaller movement of the COG in the left and right directions relative to the hitting target, the better the stability is, and
maintaining the body balance provides the conditions for the AL to play the maximum hitting effect. In P1, the participant’s body
balance was well controlled, while in the P2 after taking off, the participant’s COG began to lose balance, and the stability of the body
after completing the second hit would be crucial for the later attack and defense; hence, the COG shift data in the P2 was selected for
the laterality analysis. In the P2, no statistically significant discrepancy between the DS and NS in the offset of the COG in the left and
right (X-axis), front and back (Y-axis), and up and down (Z-axis) of the hitting target during the DRK action was observed. It indicates
that the discrepancies between the DS and NS for the stability of the COG when hitting the target with the DRK were trivial.

4.2. Lower limb joint angle and ROM

The DRK is essentially based on the roundhouse kick action of the left and right sides to perform two successive rapid striking
actions of the roundhouse kick actions in the process of torso rotation twice. The first rotation is to provide space for the action of the
attacking leg, and the second rotation for the attacking leg is responsible for the striking speed. After the attacking leg leaves the
ground, the lower leg is folded towards the thigh: the hip joint is abducted, the knee joint is flexed, and at the moment of striking: the
knee joint is quickly extended and the hip joint is flexed. The DRK is characterized by the full use of its own hip joint, the rotation of the
trunk, and the sequential completion of the striking action according to the sequence of movement of the hip, knee, and ankle joints
[27].

In swing kicks, the striking speed is one of the competition-winning factors and is directly related to the muscle force generated by
the quadriceps during knee extension, and the muscle force magnitude mostly depends on the knee flexion-extension angle [42]. In
order to better reflect the kinematic characteristics of the attack phase of the DRK, the kinematics of the knee and hip joints were
selected for the present scrutiny. More accurately, the peak kinematic parameters of the knee and hip joints were chosen for laterality
analysis. Through comparing the biomechanical parameters of the hip and knee joints on the DS and NS in Fig. 3(a), 4(a) and 5(b),
these three plotted results indicate that the main factor affecting the strike speed during the DRK action when striking the target is the
flexion angle of the knee joint [43]. The hip and knee joints of the attacking leg no exhibited noticeable discrepancies between the
dominant side and the non-dominant side in other indexes; however. The data provided in Figs. 5 and 6 also revealed that the hip and
knee joints of the AL do not exhibit noticeable discrepancies between the DS and NS in other indexes; however, the hip and knee joints
of the DS had a greater range of motion, reflecting the better motion performance of the DS during the striking process.
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4.3. Lower limb joint angular velocity and foot velocity

The DRK action requires fast, powerful, and accurate strikes, and the maximum speed is obtained at the end of the AL through the
interplay of all joints and segments of the whole body [42]. The DRK-whipping action is basically the rotation of the human torso and
the corresponding segments of the lower limbs around their respective axes. The effectiveness of the striking is determined by various
contraction forms and characteristics of the muscle groups involved in the action based on various action stages and sequences [27].

The angular velocity of the joint chiefly describes how fast the segments at the ends of the joint rotate around the joint, and the
magnitude of the completion speed is influenced by the acceleration and speed reduction of each segment [44]. The larger the angular
velocity of each joint of the AL, the shorter the time for each segment to complete the corresponding movement. Figs. 3 and 4 illustrate
the Hip-MFAV, Hip-MOAV of the AL, Knee-MFAV, and Knee-MEAV in phase P1. The achieved results indicate that there is no sta-
tistically significant discrepancy between the DS and NS. In other words, there is no significant discrepancy between the hip and knee
joints in the maximum angular velocity between the dominant side and the non-dominant sides of the attacking leg of the sub-elite
taekwondo athletes in completing the movement speed in the case of the EBP guard score.

90 % of the points are scored by kicks [43] and players need fast kicks to succeed [45-47]. Furthermore, in order to generate
sufficient kinetic energy for the strike to score on the EBP, the striking leg requires a high linear velocity [48,49]. The linear velocity of
the leg, in turn, is a direct result of the interaction between the muscle moments and the angular momentum of the leg joint. During
kicking, the angular momentum of the segments and joints of the leg is determined by the angular velocity of these segments [50].

According to Fig. 5(b), the X-axis designates that the attacking leg approaches the hitting target vertically from the left and right
directions, the Y-axis represents that the hitting leg approaches the hitting target from the front and back directions, and the Z-axis
describes that the attacking leg approaches the hitting target from the top and bottom directions. During phase P1, the peak hitting
speed of the attacking leg on the dominant side was greater than that on the non-dominant side in the X-axis direction; further, in the
P2, the discrepancy between the dominant side results and those of the non-dominant side indicates that no statistically significant
discrepancy in the X-axis direction was detectable. This issue reveals that during the two strikes of the DRK, there is laterality between
the DS and NS during the P1 in terms of the speed of striking the target vertically. This conclusion is consistent with the characteristics
presented in Fig. 4(a) in this study, where the Knee-MFA of the AL on the DS was greater than that on the NS. The higher the Knee-MFA
of the AL, the smaller the rotational inertia of the torso in the second rotation phase, and the higher the linear speed achieved by the
foot based on the transmission characteristics of the swing movement in the segment movement. When using the NS leg to attack,
players should magnify the Knee-MFA of the AL and build up the strength training of the muscles related to knee extension to achieve
faster-striking speed and create more scoring opportunities.

4.4. Joint moment, GRF,q, and SI

Strengthening the ankle muscles is an effective approach to developing a dynamic balance of the limb in taekwondo athletes [51]
and joint moments essentially depend on the magnitude of force generated by the contraction of the muscles or muscle groups
associated with the joint [52]. Further, the maximum joint moment indicates the maximum value of moment output generated by the
muscle groups during the corresponding movement of the joint, while the produced moment is related to the speed of movement of the
segments at both ends of the joint [53], and as the speed of movement grows, the generated moment reduces [41,54]. The maximum
joint moment of the AL could be employed as an indicator of striking power [55], and the maximum moment of knee flexion and
extension of the AL has a higher impact on the strength of the strike throughout the DRK. The ability of muscles to generate force is
most important to maintain body balance [56]. The DRK requires both attacking legs to complete two strikes within a short period, and
the body is non-supporting after completing the first strike. At the same time, the flexion and extension moment of the knee joint plays
a pivotal role in suppressing the body’s COG and maintaining body balance.

The Ankle-MDM, MEFM, and MIRM on the DS are compared with those of the NS during the P2. No statistically significant
discrepancy between the results obtained for the two sides mentioned above indicates that in the DRK procedure, which is a continuous
exchange of striking legs, the DS and NS did not exhibit laterality due to the influence of long-term training of the athletes. It also
reveals that the DRK requires symmetry for both sides. Hip-MEM of the SL on the DS was larger than that on the NS in the P2, which
occurred now when the AL turned into the SL and landed after the first strike. Ankle dorsiflexion and knee flexion with hip extension
after touchdown to keep the center of gravity stable and cushion the impact of the ground. Although the knee and ankle joints did not
exhibit statistical discrepancies between the DS and NS in phase P2, the maximum moment magnitude of the DS was smaller than that
of the NS, indicating that in controlling the COG and suppressing the ground impact, the hip joint of the dominant leg had a better
performance, which relieved the impact moment of the knee and ankle joints in the vertical direction.

The ability of muscles to generate force is the most important to maintain body balance [56]. During phase P1, the peak vGRF of the
SL associated with the DS is greater than that of the NS. This indicates that the SL provides a better ground force for the attack in phase
P1. In phase P2, the GRFp,ox of the SL is smaller than that of the NS, and this phase is the conversion phase of the striking leg effect, and
the second hit is completed during the vacating process when the attacking leg of the first hit turns into the supporting leg which has
not completely landed on the ground, and the supporting leg mainly completes the cushioning of ground impact in this period. This
indicates that the DS SL has a better ground impact cushioning effect during the striking leg conversion. However, for the maximum
vertical ground impact force of the two strikes, there is no statistically significant discrepancy.

The symmetry index is mostly employed to quantify the discrepancy between the two sides of the limbs [57]. The larger SIindicates
the greater variability between the two sides, and the discrepancy between the two sides of the SL is quantitatively assessed based on
the GRF o index [35]. In the P1, the DS and NS showed strong symmetry. P2 is essentially followed by completing the first air strike,
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the support leg for the landing buffer ground impact process, and this process supports the leg GRFpax, the SI = 18.84 % > 10 %. The
DS and NS showed a weak symmetry, revealing that the laterality of the SL was small when providing the ground force in the P1, while
in the P2, the DS and NS exhibited some laterality when the SL withstood the ground impact.

This study is not without limitations. The following deficiencies could be detectable from the present scrutiny: only data from two
aerial strikes were selected for analysis, and no data analysis was conducted for the initiation and ending phases, mainly because the
distance and amplitude of the subject’s strikes were affected to some extent by the force measuring table and the experimental dummy.
Meanwhile, the potential impact of various states (such as non-dominant and dominant legs) on sports injuries can be further analyzed;
for this purpose, musculoskeletal finite element modeling can be employed to analyze the stress and strain effects on the human body,
revealing potential sports injury situations [58-60].

5. Conclusion

The DRK requires more and more symmetry between the DS and NS. There exist discrepancies between the Knee-MFA of the AL and
the line of attack speed of the foot in the vertical striking direction of the SL. Striking speed is the most critical factor in scoring and the
DS leg has higher striking speed, athletes need to improve the striking speed of the NS leg in training. The DS and NS exhibited stronger
symmetry in the symmetry index of the GRF,x of the SL stirrup; however, weak symmetry was attained in the peak SI of the vGRF of
the SL landing cushion.
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