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Abstract: Background: One of the elements of improving the striking power of combat sports athletes
is the ability to use their body mass in an efficient manner; this can improve movement technique
and thus increase combat effectiveness. Therefore, the aim of this study was to gain knowledge about
the influence of the effective mass obtained on the strength of turning and side kicks in the context of
lateralization. Material and methods: The study involved four adult tackwon-do ITF (International
Taekwon-do Federation) competitors. Acceleration and force data were obtained by mounting a
wireless IMU sensor manufactured by Noraxon, which was synchronized with a force plate. Results:
The median force pressure values amounted to 2661.53 N for the turning kick and 4596.15 N for
the side kick, with foot acceleration of 150.56 m/s? and 74.34 m/s?, respectively. The calculated
median effective mass for the turning kick was 20.12%, and for the side kick, it was 73.09% of the total
body mass. The conducted analysis indicates a lack of statistically significant differences between
the right and left leg in the obtained kinetic variable values (p > 0.05). Conclusions: Our research
suggests that the side kick achieves, on average, higher force values than the turning kick. The noted
correlation between the three variables informs us that the greater the effective mass, the greater the
force pressure and the smaller the foot acceleration, which is consistent with other studies. The lack
of lateralization in the limbs performing the kicks is consistent with another study.

Keywords: turning kick; side kick; roundhouse kick; tackwon-do; effective mass; strength kicks

1. Introduction

Strength is a fundamental element of many sports disciplines. It is a key factor
influencing efficiency, the ability to generate power, and overall athletic performance. Its
significance is noticeable in various sports contexts [1-4]. It depends on a number of
factors, including distance, speed, and the involvement of the right body segments in the
movement [1,2]. Determining the impact force for a uniformly shaped block of mass is
a simple product of the mass and its acceleration [3]. In such a situation, the effective
mass is simply equal to the mass of the whole body. However, the mass of a human
being is not homogeneous. It consists of many moving segments, which include bones,
muscles, tendons, ligaments, etc. Moreover, after an impact, they can deform, reducing
the force of the impact [4]. Therefore, one of the elements of improving the striking power
of combat sports athletes is their ability to use their body mass in an efficient manner;
this can improve movement technique and thus increase combat effectiveness [5,6]. This
mass is often referred to as “effective mass”. In the case of boxing, judo, or taekwon-do,
effective mass is a key element in combat. Boxers, for example, utilize their body mass by
shifting weight from one leg to the other, which allows them to generate greater striking
force [7]. In judo, effective mass is utilized for throws and incapacitating maneuvers.
Understanding how to use the opponent’s body mass and manipulate it is crucial in the
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techniques of throws [5]. In the case of kicks in taekwon-do, body mass is used to generate
force in the kicks. By properly utilizing body mass and hip rotation, the force of a kick
can be increased. It is suggested that the more body segments an athlete can engage in
a movement, the greater the potential effective use of mass [8]. Interestingly, there is no
linear correlation between effective mass and the total body mass of an athlete [9]. This
suggests that well-trained and experienced martial arts competitors can achieve a higher
effective mass through proper muscle contraction just before contact with the target [10].
Moreover, achieving the appropriate value of effective mass is crucial, as maximum speed
or acceleration alone cannot guarantee high force values behind a strike [11]. From physics,
we know that force is directly proportional to both mass and acceleration [12,13]. However,
the maximum striking force in combat sports depends on many factors, including the
distance, speed of the limb, and proper coordination of the kinematic chain during the
strike [14-16].

Technological advancements have significantly influenced biomechanical studies in
taekwon-do, particularly using load cells and force platforms, along with advanced motion
measurement systems featuring accelerometer arrays. This technology has been critical
in dissecting the dynamics of tackwon-do techniques, providing invaluable insights into
the forces and movements involved [17]. The application of force platforms in taekwon-do
biomechanics is essential for accurately measuring motion parameters and the forces ex-
erted during various taekwon-do moves, enhancing our understanding of the mechanics
behind these movements. This understanding is crucial for refining techniques and improv-
ing training methodologies. Accelerometers, or inertial measurement units (IMU), play
a pivotal role in measuring accelerations and velocity changes, thereby offering a deeper
analysis of taekwon-do’s dynamic movements [18]. In biomechanical research on taekwon-
do, combining force plates with motion analysis systems, such as stereophotogrammetric
methods with cameras or IMU units, is common. Synchronizing these devices is key to
minimizing measurement errors and accurately capturing all variables at specific moments
in taekwon-do techniques [19].

The turning kick and side kick are among the most commonly used in the taekwon-do
ITF (International Taekwon-do Federation, since we will be focusing on this martial art) [20].
The fundamental difference between these two techniques is the direction of the strike. In a
turning kick, the foot moves in an arc along the body’s axis, while in a side kick, the foot is
moved sideways towards the opponent [21,22].

Determining the effective mass in these strikes is important for training practice and
preparation for combat. Effective mass, a term often used interchangeably with “inertial
mass,” refers to the portion of an athlete’s body mass that effectively contributes to the
force of a strike. This mass is not a static measure, but is dynamically influenced by several
biomechanical factors, including muscle stiffness, co-contraction, and the kinetic chain
involved in the movement. A critical aspect of effective mass is its dependence on the
biomechanical alignment and muscular activation at the moment of impact. When a fighter
executes a strike, not all body mass contributes equally to the impact. The effective mass is
predominantly determined by the mass of the body segments in motion and their velocity,
but, significantly, it is also influenced by the stiffness of the muscles and joints involved [23].
Muscles that are actively contracted at the moment of impact can increase the effective
mass of the striking limb, thereby enhancing the force delivered [8]. Furthermore, the
concept of joint stiffness is integral to understanding effective mass. Increased joint stiffness
through muscle co-contraction can lead to a higher transfer of force. This biomechanical
strategy is often observed in skilled fighters, who can adeptly modulate their joint stiffness
to maximize the impact force. It is not only about the mass, but about how effectively
this mass is used in the context of a combat sport movement. The kinetic chain, which
refers to the sequence of movements in different body parts leading up to a strike, also
plays a critical role in the effective mass. Efficient kinetic chain sequencing can augment
the effective mass involved in a strike. For instance, a punch that properly harnesses the
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sequential movement from the legs through the torso to the arm and fist can deliver a more
potent force than a punch that relies solely on the arm’s movement.

The dynamics equations used to determine effective mass in combat sports [9,23,24]
are based on simple models of the principle of conservation of momentum. Measurements
of effective mass and estimates calculated from regression equations [25] confirm that
the studied athletes presented higher effective masses than their estimated hand masses,
confirming what has been suggested by other researchers [16]. Moreover, with such a
measurement, effective mass can vary depending on the mass of the object being struck. In-
vestigating momentum transfer in combat sports uncovers critical biomechanical dynamics
crucial for athletes” performance and safety. Lenetsky et al. [26] tackled the less studied
concept of effective mass in punch dynamics, showing that existing theoretical models do
not fully account for the complexities of real-world impacts. This gap highlights the need
for more nuanced research to improve training and reduce injuries. Therefore, we decided
to determine the effective mass differently than before, relying on the classical relationship
of Newton’s second principle of dynamics:

Force pressure

Effective mass = -
Foot acceleration

The appropriately chosen effective mass in tackwon-do is an extremely important
element of training, affecting the effectiveness of kicks. However, it requires an under-
standing of the biomechanics of movement and the recognition of the impact of various
variables. Therefore, the aim of these studies was to gain knowledge about the influence
of the obtained effective mass on the strength of the turning and side kick in the context
of lateralization. In this regard, the following research questions were posed: What is the
effective mass in the side and turning kicks, and which of these kicks achieve higher values
of this variable? Can we observe the phenomenon of lateralization, and how does the
correlation between effective mass, kick force, and foot acceleration shape up?

Answers to these questions can help coaches and competitors in optimizing training
and their potential to increase the effectiveness of kicks in practice. This could contribute to
the application of the unused technical potential of competitors.

2. Materials and Methods
2.1. Participants

Four male taekwon-do ITF (International Taekwon-do Federation) trainees (age:
28.5 & 6.5 years; body mass: 77.5 £ 6.1 kg; height: 180.0 £1.4 cm) participated in this
study. The conditions for inclusion in the study group were being male, 18 years old or
older, holding a 1st Dan (black belt) or higher, and active participation in sports competition
at the national level for at least 4 years.

2.2. Equipment

To assess the impact force, a force plate was used as the target. It was padded with a
training shield to protect the participants from hitting the force plate directly and mounted
onto a stable structure (AMTI, model MC12-2K, 2000 series, Watertown, MA, USA). The
force plate dimensions were 305 mm x 406 mm x 79 mm. The force plate was synchronized
in time and space to Noraxon (MR 3.18, Scotssdale, AZ, United States). Acceleration data
were obtained by mounting a wireless IMU sensor, Ultium, manufactured by Noraxon,
which was synchronized with the force plate. The sampling rate of the IMU sensors
was 2000 Hz. The sensors were equipped with acceleration-only attachments, allowing
for measurements up to 4000 g. The sensor was attached to a side of the foot, near the
lateral malleolus.

2.3. Protocol

Data were collected at the Center for Human Movement Analysis, Jan Dlugosz Univer-
sity of Humanities and Sciences, Czestochowa [27]. Participants performed a self-selected
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10 min warm-up. After the warm-up, participants performed side kicks (yop chagi) to
the target five times with their right leg, starting in sport stance. In taeckwon-do, the turn-
ing kick is described as focusing on the kinetic and kinematic aspects. Kinematically, it
involves a rapid rotation of the body around the vertical axis, initiated by hip rotation and
followed by a sequential movement of the body segments, leading to the extension of the
leg towards the target. The kicking leg’s motion includes flexion at the knee followed by a
rapid extension. Kinetically, this kick generates significant angular momentum and force.
The force is transferred from the ground through the supporting leg, while the hip, knee,
and ankle joints of the kicking leg contribute to the speed and power of the kick [28].

After a one-minute rest, the participants performed a turning kick (dollyo chagi)
five times from sport stance to the target with their right leg. In biomechanics, the “yop
chagi” or side kick in taekwon-do is a complex movement involving several key biomechan-
ical principles. It starts with the practitioner rotating their body and lifting the knee of the
kicking leg towards the target, aligning the hip. The kick is executed by rapidly extending
the leg, with the foot ideally making contact using the heel or the blade of the foot. This
motion primarily involves the muscles of the hip, thigh, and lower leg. Kinematically, it
is about the coordination and alignment of body segments to maximize force and reach.
Kinetically, it involves generating force through the leg muscles, transferring it through the
body to the target [29].

Then, the same procedure was repeated for the left leg for all participants. Participants
were asked to kick with maximum effort to achieve the highest impact force they could,
with no time constraints to execute the kicks (Figure 1).

turning
 kick

i [
:l “ era & )
on the fdot essure

force

Figure 1. Visualization of kick and overall setup environment, including force plate covered with
training shield and acceleration sensor attached to the foot: (A) positioning of the athlete according to
the type of kick to the target of the strike; and (B) the setup of the force plate, padded with a training
shield and mounted to a stable vertical structure, with the participant performing a turning kick.

Data acquisition entailed recording five strikes for each technique per participant.
Initially, the data were exported from the measurement software (Noraxon MR 3.18 with
Myomotion module) into the Excel (Microsoft 365 version, WA, United States) *.slk format
and subsequently converted to the *.xlsx format for enhanced processing. The maximum
force was ascertained using a Python (version 3.12) script, utilizing the scipy library and
the findpeaks function to identify the peak force values. The script was launched through
Jupyter Lab (version 4.0.11) and executed for each Excel file separately. After collecting
the data, i.e., the values of maximum force pressure on the platform and changes in foot
acceleration, they were exported to Excel (Microsoft Office Professional Plus 2010) for
organization according to the type of kick and the left or right leg. In this way, data for
80 measurement positions (4 people x 5 trials x 2 types of kicks x 2 legs) were collected.

The code was composed of uploading data with pandas, converting raw data from
milligs to m/s?, and peak detection. As data were collected for five strikes per file, the
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code detected events (strikes) around the maximum value of force for a specific strike,
then detected the values of acceleration of each marker at the time value of maximum
force. Code is provided in the github repository (https:/ /github.com/Dareczin/tkd_force_
acceleration_detection).

2.4. Statistical Analysis

After analyzing the data, they were exported to Statistica 13 software (TIBCO software,
Santa Clara, CA, United States). Due to the lack of normal distribution of the data, as
verified by the Shapiro-Wilk test, further analyses of differences between groups were
conducted using the Mann-Whitney U test. Descriptive statistics were based on the median
and the upper and lower quartiles, and additionally, the mean and standard deviation
were given. Statistical significance was set at a level of p < 0.05. The sample size, estimated
using G*Power software (version 3.1.9.2; Kiel University, Kiel, Germany) [30], returned a
minimum of 70 measurement positions for « = 0.05, effect size f = 0.9, and 3 = 0.95.

3. Results

In Table 1, the registered force pressure and foot acceleration, as well as the calculated
values of effective mass in kg and % of total mass, are compiled according to the type of kick
and whether the right or left leg was used. The median force pressure values amounted
to 2661.53 N for the turning kick and 4596.15 N for the side kick, with foot acceleration
of 150.56 m/s? and 74.34 m/s?, respectively. The calculated median effective mass for the
turning kick was 20.12%, and for the side kick, it was 73.09% of the total body mass. The
conducted analysis indicated a lack of statistically significant differences between the right
and left leg in the obtained kinetic variable values (p > 0.05). Figure 2 presents the medians
of force pressure (side kick: F = 4596.15 N and turning kick: F= 2661.53 N; Z = —5.25;
p < 0.001) and the calculated values of the competitors” effective mass for the turning kick
at 14.69 kg (20.12%) and for the side kick at 54.56 kg (73%) (Z = —7.43; p < 0.001). Table 2
includes a summary of the Spearman correlation coefficients of the analyzed variables. It
shows that the side kick positively correlated with effective mass (r = 0.84; p < 0.05) and
force pressure (r = 0.59; p < 0.05), while the turning kick negatively correlated with foot
acceleration (r = —0.84; p < 0.05). Furthermore, the greater the effective mass, the greater
the force pressure (r = —0.74; p < 0.05) and the smaller the foot acceleration (r = —0.87;
p <0.05).

Table 1. Average values of selected kinetic indicators during the execution of turning kicks and side
kicks with the left and right leg.

Kick Type Indicator Leg Mean SD Median éf;:teife Qlill:fteiie VA p
Right 2820.28 50621 2793905 2432915 3078.750
1296  0.19%4
Force pressure [N] Left 2475.59 623.09 2602770  2353.070 2733.020
Total 2636.93 62854 2661535 2413320 2913.720 -
Right 170.38 45.23 150.064 137.946 201.576
- 0214  0.830
Foot ?;fiﬁﬁa“"n Left 180.96 62.40 152.966 120.845 225.101
Total 176.01 54.72 150.566 127.860 217.252 -
Turning kick
urning e Right 17.59 6.14 16.324 13.459 18.923
‘ 1120 0262
Effective mass [kg] Left 15.46 6.79 13.237 11.816 20911
Total 16.46 6.51 14.696 12.404 19.054 -
Right 22.80 8.76 20.832 16.560 25.390
0.843 0398
Effective mass [%] Left 20.17 10.01 16.518 14.020 29.044

Total 21.40 9.43 20.126 14.562 25.749 -
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Table 1. Cont.
Kick Type Indicator Le Mean SD Median Lower Upper z p
yP 8 Quartile Quartile
Right 4551.55 1363.99 4321.310 3449.290 5820.810
0.131 0.895
Force pressure [N] Left 4319.84 1390.00 4828.220 3213.875 5525.125
Total 4438.52 1364.45 4596.155 3449.290 5562.930 -
Right 68.93 24.69 79.489 54.156 89.214
. 0.307 0.758
FOOt[iClC/eslfsr?“"“ Left 7258 20.54 71.934 50.911 89.311
Side kick Total 70.71 22.55 74.337 53.163 89.214 -
Right 77.72 46.75 52.473 45.851 80.360
—0.014 0.988
Effective mass [kg] Left 60.66 18.43 54.561 45.762 75.318
Total 69.40 36.45 54.561 45.851 76.906 -
Right 101.96 67.22 66.538 52.736 103.292
—0.540 0.588
Effective mass [%] Left 78.89 22.52 74.752 61.841 93.164
Total 90.71 51.34 73.097 56.088 94.765 -
Statistical significance: p < 0.05.
7000 180
160 ¢ = Median 25%—75% L]
6000  ° Median L 26%-75% . T Range © Outlier
L Range ° Outlier 140 |
=" 5000 < =—7.43; p<0.001
o =-5.25; [i<0.001 o E 120 ¢
2 4000 ° © |
% g 100
S 3000 2 o .
3 n 3 :
= D 6ot
$ 2000 5
B 40} T
1000 LA 3o 5 | B.
0 0
Turning kick Side kick Turning kick Side kick
Kick type Kick type
Figure 2. Force pressure (A) and effective mass (B) for turning kick and side kick.
Table 2. Spearman correlation matrix.
. Foot .
Indicator Leg Force Pressure . Effective Mass  Body Mass
Acceleration
Kick type 0.00 0.59* —0.84 % 0.84* 0.01
Leg -0.11 —0.03 —0.04 —-0.12
Force pressure -0.37 % 0.74* 0.15
Foot acceleration —0.87 % 0.22*
Effective mass —0.13

* Statistical significance: p < 0.05.

4. Discussion

From the conducted analyses, it emerged that the average force of the side kick was
4596 N, significantly greater than the turning kick’s force of 2661 N. Other studies have
suggested that the turning kick achieves a force ranging from 1800 N [31] to 6400 N [32].
Unfortunately, there are not many studies recording the force of kicks in taekwon-do. In
the review of Vagner et al. [33], the reported values of roundhouse kicks were much lower,
ranging from 1200-1800 N. A study by Thibordeeand and Prasartwuth [34] had even lower
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values of up to 200 N. A study of side kicks by Lee et al. [35] also obtained lower values of
around 1300 N. Differences in the study designs can be attributed to various factors, such as
the chosen targets, their size, the distance of participants from these targets, and the height
of the targets. These elements must be considered when comparing force values across
different studies. The challenges in reproducing these studies arise from the variability in
technique execution; the non-standardization of distances; and the heterogeneous nature of
the equipment, like shields or dummies, in some of the mentioned studies. As the study of
this subject is more or less 15 years old with the current setup capabilities, our study used a
fixed column that did not move. This might be a reason why we obtained higher values of
force compared to other studies, considering the lack of force loss upon impact.

These factors contribute to the difficulty of establishing a single, objective indicator of
total force values as a reliable predictor of performance across different assessment facilities.
However, these very settings, which complicate direct force measurement, might also be
seen as variables influencing the acceleration and velocity of a kick, with the target acting
as a dependent variable. In this context, the concept of “effective mass” could provide a
viable approach to determining a benchmark for assessing the effectiveness of a kick. By
focusing on the kinetic aspects of the movement, such as the speed and momentum of
the kick in relation to the target, a more consistent and objective measure of performance
could be established, potentially offering a more accurate representation of an athlete’s skill
and effectiveness.

The estimated effective mass of the competitors for the side kick was 73%, and for
the turning kick, 20% of the total body mass of the competitors. However, this requires
confirmation. Our measurements indicate that the analyzed kicks positively correlate
with effective mass and force pressure. This is consistent with current knowledge and
the available scientific literature on sports and taekwon-do, where a relationship has been
found in the ability of athletes to increase striking force as a result of increasing body
mass [36-38]. However, it has been noted that beginner competitors mainly use their
body mass to generate large striking forces, overestimating its significance [15]. This
suggests that the level of athlete advancement may influence the ability to balance the
center of gravity and the specific movement technique to achieve greater striking force.
Consequently, perhaps the technical skills of competitors could be recognized based on the
relationship between kick force and effective mass. Additionally, it has been noted that the
starting position and body alignment relative to the target also influence the force of the
kick [39], which was not considered in our measurements. In considering the differences
between linear and circular motion in martial arts, the distinction between the turning
kick and the side kick is crucial. The turning kick involves a whip-like motion with body
rotation around the supporting leg, generating force through the rotational action of the
core muscles and the kicking leg. For effective force transfer in the sagittal plane of the
opponent, a martial artist typically approaches at an angle ranging from 45 to 90 degrees,
which affects the possibility of transferring body mass effectively. Conversely, the side kick
is characterized by its linear motion and direct approach toward the target, allowing for a
more straightforward transfer of body mass towards the opponent or target. However, the
choice of technique is not solely determined by force. Technical and tactical considerations,
such as the duration of the kick, its executability under specific combat conditions, and the
duration of contact with the target, also play significant roles in deciding which technique
to employ next. From a utilitarian perspective, this study suggests that the side kick tends
to be stronger, utilizing a higher percentage of body mass, and thus requires a lower level
of skill for effective execution. This makes it a recommended technique in emergency
situations, like breaking through doors or barriers for escape, due to its straightforward
application and potent force transfer.

Generally, our studies show a correlation between three variables, informing us that
a greater effective mass results in greater force pressure and lower foot acceleration. No
significant differences were noted between the right and left leg in the average values
of force, acceleration, or effective mass while performing both turning kicks and side
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kicks. Perhaps the effect of lateralization will reveal itself with a larger research group.
However, this is consistent with studies showing that, among ITF taekwon-do competitors,
no significant differences can be observed between maximum speed and movement time
during the execution of selected kicks with the right or left leg [40].

It was registered that the foot acceleration was greater for the turning kick. This
correlation was also demonstrated by the calculated correlation coefficients. Therefore, it
can be assumed that the studied kicks have different kinetic specifics. The side kick is slower
to execute, but achieves greater striking force as opposed to the turning kick [41,42]. Studies
show that in combat sports, competitors most often use the turning kick in fights [20,43].
This indicates that high striking force alone is not the only determinant of effectiveness in
combat. However, in a situation where one does not need to worry about the opponent’s
reaction and the value of generated force is the main priority, utilizing the side kick may be
a better solution.

Certainly, a limitation of the results is the small size of the study group. Despite these
limitations, it is undeniable that this study expands the knowledge about the biomechanical
dependencies of executing kicks in martial arts, and fills the gaps concerning research
on effective mass in taekwon-do. Of course, in the pursuit of perfection, further research
is necessary to determine the value of the effective mass of different strikes and, more
precisely, its impact on taekwon-do competitors in real combat, which will help us to
understand how variables influence moments of high performance. It represents a certain
segment of the issue; the results and considerations presented here can serve as a reference
point for other researchers and may pave the way for further exploration.

5. Conclusions

This study has uncovered significant insights into the biomechanics of taekwon-do
kicks, particularly focusing on the side (dollyo chagi) and turning (yop chagi) kicks. Our
key findings include that the median force pressure values for the turning kick and side
kick are 2661.53 N and 4596.15 N, respectively, with foot acceleration at 150.56 m/s? for
the turning kick and 74.34 m/ s2 for the side kick. The calculated median effective mass
was 20.12% of the total body mass for the turning kick and 73.09% for the side kick. These
results demonstrate a substantial difference in the force generated between the two kicks,
highlighting the impact of effective mass and acceleration on kicking force.

The practical implications of these results for taekwon-do athletes and coaches are
substantial. They suggest that training regimes could be optimized by focusing on tech-
niques that enhance effective mass and acceleration to maximize the force of kicks. This
could lead to more effective strategies in both training and competition.

In conclusion, this research significantly contributes to the understanding of physical
dynamics in martial arts, offering valuable insights for both theoretical knowledge and
practical application in sports science and martial arts training.
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