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The Medieval Combat Sport or Buhurt is a form of combat sport, in which the combatants
fight each other in full armor. This is a study examining the performance and related factors
of a practitioner in the field of Medieval Combat Sport done at the LUT university. The
performance of a combatant acting as an attacker was studied during an experiment
simulating the Medieval Combat Sport duel. Motion analysis, Blood Lactate level, Heart
Rate measurements, and Rate of Perceived Exertion were chosen as the methods of study.
Another experiment was done by utilizing the bike Ergometer test, to have a better
understanding of the performance level of the participant in a more controlled condition.
Results regarding the performance showed signs of reduction through the duel. Kinematic
aspects related to the performance such as the velocity of the attacking body part decreased,
and the vertical position of the pelvis increased. Blood Lactate level and Heart Rate showed
an extreme exertion level. The study of acquired results indicated that the Medieval Combat
Sport is extremely demanding both aerobically and anaerobically. Maintaining the same
level of performance would be extremely difficult if not impossible for the combatant, and
this loss of performance may have great consequences both in the sport and on the health of
the practitioners.
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SYMBOLS AND ABBREVIATIONS

Roman characters

BFM Body Fat Mass [ko]

HR Heart Rate [beat/min]
LT Lactate Threshold [mmol/L]
P Average position of the pelvis [m]

SMM Skeletal Muscle Mass [ka]

\/ Average Velocity [m/s]

WL Workload [Watt]

Greek characters

w The absolute value of the average of the peak angular velocity [rad/s]

Dimensionless quantities

HR% The ratio of the Heart Rate at a particular moment to the Maximum Age-
related Heart Rate

Subscripts

ex At any given time during the exercise

MAR Maximum Age-Related value

Max The highest value achieved during the exercise

Res Reserve amount which is the difference between the maximum, and rest

value

rest The minimum heart rate which is acquired while the subject is at rest



Abbreviations

ACL

BMI

COM

DEx

FAD+

FADH

GRF

HMBIA

HRR

IMCF

IMU

MO

MCS

MC

oMC

PCa

R1

R2

Total
In the X direction
In the Y direction

In the Z direction

Anterior Cruciate Ligament

Body Mass Index

Center Of Mass

Data Exchange

Flavin Adenine Dinucleotide

Reduced Flavin Adenine Dinucleotide
Ground Reaction Force

Historical Medieval Battle Association
Heart Rate Recovery

International Medieval Combat Federation
Inertial Measurement Unit

Maximum Qutput

Medieval Combat Sport

Motion Capture

Optical Motion Capture

Power Calibration

Round One

Round Two



R3 Round Three
ROM Range Of Motion
RPE Rate of Perceived Exertion

SBx Sensor Box
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1 Introduction

Sport has always been more than just a form of entertainment. It has been used to prepare
mankind for many situations, and the level that a person can perform in a sports activity says
a lot about the person’s body and health condition. So, it has always been fascinating, to find
a way to study and improve performance in sports activities, either for the sake of
coemptions, or just improving general health condition. The traditional fields of study for
sports science include physiology, anatomy, sports biomechanics, psychology,
biochemistry, and biokinetics. Nowadays, the study of science and sport has helped scientists
to get a greater understanding of how the human body reacts to a variety of stimuli, such as
physical exercises, training, different environments, and many other aspects. Sports
biomechanics, often known as sport biomechanical analysis, is the study of sports physics.
(XSENS. 2022d.)

According to Kaharuddin, et al. (2017) biomechanics is an application of mechanical rules
to living structures, especially the human movement system. In another word, it is the
scientific study of the composition and functionality of biological systems. It includes the
mechanical study of forces acting on an item and how they affect its motion, form, size, and
structure. The study of the forces operating on the human body from the inside and outside
as well as the results of such actions can also be connected to it. Understanding the idea of
mechanical cause-and-effect relationships that control a living organism’'s motion is the
purpose of biomechanics in life. With the use of mechanical modeling, simulation, and
computation, sports biomechanics emphasizes the understanding of exhibitions of sporting
events. In sports, biomechanics aids in the analysis and enhancement of an athlete's

performance as well as the reduction of injury risk across all athletic events.

When combined, sports biomechanics isthe field of sports science known as "bio-
mechanical analysis™ which focuses on the mechanical aspects of human movement in
sports. It is centered on research into professional athletes and sports in general, often known
as sports physics. These research projects measure the kinematics of the human body to
better understand sports performance. (XSENS. 2022b.)

When it comes to scientifically studying a sport, there should be a way to evaluate the

performance in a scientific way. Every sport should place a high focus on the requirement
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to comprehend sports performance analysis and provide individualized treatment for players.
This performance measurement's major purpose is to quickly improve the athletes' and
coaches' access to results. In high-performance rehabilitation environments, the situation is
the same. Coaches will have far more control to maximize every training session if they can
link data to performance and symptoms and confirm or change the future load (Urry. 2020).
It becomes more important when it comes to professional sports. Athletes always look for a
way to improve their performance, and when striving for first place, it is crucial, especially
when margins are narrower and milliseconds count (Vicon. 2022b). From the power meters
used in cycling to the GPS trackers that are now practically universal in team sports, a lot of
technology has been employed in sports to better understand athlete performance (Vicon.
2022d). Athletes’ monitoring is one of the crucial components of the training process to
manage the balance between external and internal loads. By minimizing the risks of injury,

experts in the field may enhance performance. (Ruiz-Alias, et al. 2007.)

This study aims to measure the performance of the athletes performing in a form of combat
sport, which is called Medieval Combat Sport (MCS). MCS or Buhurt is a combat sport,
which involves combatants, fighting each other in full armor. The Sport itself will be

explained as follows.

1.1 Medieval Combat Sport

MCS or Buhurt which is also known as the historical medieval battles is a form of combat
sport in which the participants engage in fighting in full armor. The sport itself was coined
somewhere around 1990 in Russia. The idea behind it was that people who were interested
in history started to fight each other dressed in armor from a particular time in history (Wells.
2016). The sport found its way as a subsidiary of major events related to medieval culture.
Nowadays MCS acts as a popular form of combat sports under the supervision of the
Historical Medieval Battle Association or HMBIA. Also, IMCF, or International Medieval

Combat Federation is another organization that oversees supervising MCS competitions.

The sport itself is a form of mixed martial arts that involves full-contact armored combat.
An example of a fighter in medieval armor can be seen in Figure 1. Equipment for both
offense and defense are made specifically based on the respective combat equipment of the

medieval era. Depending on the category of the battle size and shape of the equipment might
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vary. Equipment which is used in MCS competitions should be completely similar to
historical counterparts. This similarity not only should be in terms of their material but also
the manufacturing methods. Pieces that do not follow these rules will be disqualified before
the battle. The edges of weapons should be rebated before the competition to avoid any

serious risk.

Figure 1. A MCS fighter in full armor (HMBIA.2022).

The armor in which fighters can participate in battles should have XIV-XVII century origins
that have received scholarly recognition. It should also be completely functional, made of
materials from that era such as steel, leather, textile, wadding, tow, and felt. Any modern
technologies such as straps, welded seams, plastic ties, synthetic materials, unintentional
heat tints, and modern athletic gear should be avoided for manufacturing aspects. Although
the participants can use protective equipment as underlayers, there should not be any visible
signs of them. The weight of the armor may reach even more than 15-20 kilograms. The

fighters must be fully functional while dressed in that excessive weight. (HMBIA. 2022.)
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The MCS battle can be classified into two major types of battles: group battles and individual
battles or duels. Group battles consist of two teams of fighters engaging in a battle. The
number of fighters in each group can vary from 5 to as many as possible. Usually, these
battles are done in Five against Five, 12 against 12, 30 against 30, and 150 against 150,
examples of them could be seen in Figure 2, Figure 3, Figure 4, and Figure 5. Depending on
the number of participants the size of the battle arena would be different. The group battles
are done in two rounds of 5 minutes of the fight. The combat goes on until one side wins two
rounds of victory. If after two rounds, the result ends in a draw, another round will be added
until one of the groups wins the battle. At the end of each round, the group with the most
active fighter will be the winner. There is no weight category for the group battles.

Figure 2. Group battle of MCS, Five against Five (HMBIA.2022).



Figure 4. Group battle of MCS, 30 against 30 (HMBIA.2022).
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Figure 5. Group battle of MCS, 150 against 150 (HMBIA.2022).

In individual battles or duels, only two fighters will participate. The duels are classified
based on the type of weapon and the permitted actions which are used in the battle. Based
on the type of weapon used they can be classified as Triathlon, Sword and Buckler, Sword
and Shield, and Polearm. The battle consists of three rounds of 90 seconds. The winner will
be decided based on the greatest number of accepted hits on the permitted zones. A triathlon
is a form of a duel in which participants must use different sets of weapons for each round,
consisting of the first round of Longsword, second round of Sword and Buckler, and third
round of Sword and Shield. Like group battles, duels are without weight categories.

Examples of these duels could be seen in Figure 6, Figure 7, and Figure 8.
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Figure 6. Duel of MCS, Longsword (HMBIA.2022).
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Figure 7. Duel of MCS, Sword, and Buckler (HMBIA.2022).
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Figure 8. Duel of MCS, Sword, and Shield (HMBIA.2022)

There is another MCS category which is called Pro-fight. Pro-fights are somehow similar to
duels with some major differences. There are weight classifications for pro-fight, and they

don’t suffer from many limitations in terms of permitted actions during the fights.

During all fights in MCS, regardless of classification, a team of supervisors consisting of a
knight marshal, line marshal, field marshal, and video supervisors is constantly monitoring

the match. The number of marshals varies based on the type and size of the match.

Regardless of the category and type of the match, MCS has shown to be extremely effort-
taking. Fighting for the duration of 90 seconds to 5 minutes with an excessive weight of 15-
20 kilograms or more in actions including both offensive and defensive seems to require so

much energy.

1.2 Objectives

This research aims to study the MCS or Buhurt in terms of performance measurement. It
seeks to find the parameter through which the performance of an athlete can be assessed,
and by measuring and analyzing them come to a better understanding of how demanding the

MCS might be. The objective is to assess the parameters defining the fatigue state and
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evaluate them during a set of performances to find out how soon an expert MCS athlete
reaches an exertion state during the MCS matches. The result will demonstrate how effort-

taking and demanding MCS is.
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2 Methods

When it comes to measuring the performance of an individual in a sports activity, there are
various methods to be utilized. While studying the performance of athletes, fatigue has
always played a major role in determining how well athletes can perform. In a study done
by Li, et al. (2021) on the effect of fatigue on the performance of basketball players, it
became well knowledge that fatigue impairs a player's performance. It suggested that fatigue
has negative effects on shooting and passing performance, and accuracy. So, fatigue and its
characteristic can play a useful role in determining how and when athletes can reach it, and
in what way it might affect their performance. By improving the athlete’s performance, it

might be possible to avoid or prolong reaching the fatigue state.

Li, et al. (2021) suggested that to study the performance and fatigue-related characteristics
several measurements should be done. Blood lactate measurements, Heart rate (HR), and
kinematic parameters should be measured throughout the test, to study the relationship
between them and the performance of the athletes. When reaching fatigue, maintaining a
high level of skilled performance when feeling tired is crucial for players to succeed in a

game. It was proposed that fatigue leads to a change in body part positions and velocity.

According to Goodwin, et al. (2007) blood lactate concentration is of one the parameters that
are most frequently assessed both during clinical exercise testing and athlete performance
measurements. It is also proposed that the Lactate Threshold (LT), which is the Workload
(WL) beyond which an exponential increase in lactate production occurs, can indicate the
intensity of the exercise more accurately than the HR, and it can predict the performance in
a better way compared to the VO2max.

The relative biological pressures placed on a human organism during physical exertion are
characterized as an increase in internal load, which is suggested by an increase in metabolic
power. Due to its strong correlation with oxygen intake during continuous effort, which is
directly connected to energy expenditure, HR is one of the objective measurements of
internal load (Kessels, et al. 2021). Maximum HR is another method to measure
performance. Maximum HR is frequently used to recommend exercise intensities for
training and rehabilitation when a VO2max measurement is not available (Mazzoleni, et al.
2018).
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Based on a study by Kessels, et al. (2021) on the effect of additional load carriage during
military exercises, it is expected that higher load causes changes in muscle force levels which
increases energy consumption and altered movement patterns, including slowing down the
speed of movement. According to the study's findings, increased loads cause the trunk angle
and Range Of Motion (ROM) in the sagittal plane to decrease.

When it comes to combat sports the typical kind of performance analysis comprises a variety
of tests on martial artists' flexibility as well as lower body strength or aerobic endurance
(Wasik, et al. 2021). Also, one of the fundamental elements of determining a sports fighter's
level in a given sport is movement dynamics. In martial arts sports such as Boxing,
Kickboxing, Taekwondo, Fencing, and Karate appropriate accuracy and motion dynamics

are essential for efficient combat (Cynarski, et al. 2014).

As it can be understood aside from blood lactate measurements, and HR monitoring, motion
analysis can help athletes in the course of studying and improving their performance. It can
do this task through a variety of methods. Based on research by Canavan, et al. (2022) on
pitching in baseball, the motion analysis of several pitchers was studied. It was suggested
that the results, based on the findings of the biomechanical study, which may be carried out
in the team's own indoor or outdoor facility, pitching coaches can be given clear, concise,
and useful information to pass on to the pitchers. The results of the study can give each
athlete objective information on his or her worst and greatest accuracy quadrants as well as

the center of gravity path that best correlates with accuracy.

It is feasible to get incredibly precise information on how the body moves by utilizing
Motion Capture (MoCap), but it does not provide any particular information on how the
muscles are activating to do the tasks. However, by placing the sensors precisely over the
main muscles, it is feasible to examine their performance while doing a specific movement.
This enables the distinction between a skilled and untrained individual doing a certain
movement of a particular sport to be seen. In this manner, it is feasible to assess whether or

not someone has received effective training.

Hachaj et al. (2017) suggested that it is possible to create templates or in other words to

create a database of reference MoCap movies by comparing how well different elite athletes
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can do certain tactics. For coaches and players, this kind of knowledge base may be a crucial

source of information.

There are several studies in which motion analysis was used to study particular movements
of a combat sport, to develop a pattern and template on what is the proper way of performing

and what are the important factors in performing those movements.

In research by Kaharuddin, et al. (2017) the motion analysis on performing a set of Silat
movements was done, and it was aimed to explore and assess the influence of joint
displacement before and after execution. VencesBrito et al. (2011) did a study on a karate
group that demonstrated higher ballistic performance in the execution of the Choku-Zuki
punch, which can be seen in Figure 9. A study done by Cynarski et al. (2014) aimed to
present a MoCap-based mathematical modeling approach for combat sports and martial arts.
The project's objective was to assess the variations in the physical characteristics that were
captured between new fighters and acknowledged experts. It suggested that this method will

allow the instructors to explain these differences, which should help in deciding the course

of the next instruction.

Figure 9. Study on performance in the execution of the choku-zuki punch (VencesBrito, et
al. P 02. 2011).
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Grontman et al. (2020) did research on measuring sword fencing's accuracy in combat sports,
in which, the investigators collected MoCap data and examined the right cut pattern from
experts before comparing it to amateur fencers' actions. It was suggested that after reviewing

the findings, a method for enhancing the performance can be implemented.

When it comes to martial arts and combat sports, assessing velocity is necessary to evaluate
the performance of the striking motion when it makes effective contact with the target. The
goal of a martial arts practitioner is to always strike with high maximum velocity while
maintaining high precision. The relationship between accuracy and speed is quite stringent.
To strike both quickly and precisely, one must do their technique with a specific level of
competence. By providing strike velocity values, timing information, and body segment
locations through motions or striking force, the findings are extremely accurate and make it
easier to assess movement patterns and the efficacy of techniques used. These characteristics
are gathered when using MoCap techniques. It allows the researchers to confirm which
movement pattern is more efficient and broadens their understanding of a particular martial
art method that is being studied. To acquire a complete picture of the technique and to see
any potential flaws in the kinematic chain of movement, it is necessary to watch the athletes'

various body parts. (Wasik, et al. 2021.)

In terms of performance evaluation, motion analysis can also help with benchmarking.
Benchmarking is the practice of gathering information about a person who is healthy, and it
may be used as a guide if they become injured. This critical effort is completed in the months
and weeks before an injury even happens. According to physicians who have overseen
Anterior Cruciate Ligament (ACL) rehabilitation, this is what makes the process simpler. It
becomes important when it is realized that one of the most dreaded ailments among athletes
and medical professionals is ACL damage. It is an injury to avoid at all costs because of the
time lost, the difficulties in recuperation, and the possibility of reinjury (Vicon. 2022d). In
their comprehensive review and meta-analysis, Ardern et al. (2014) noted that, on average,
one in three patients did not regain their pre-injury function, and only 55% went back to

participating in competitive sports.

The chosen methods of measurement and assessments for this study are motion analysis,
blood lactate measurement, and HR monitoring. Also, the Rate of Perceived Exertion (RPE)
was chosen to help with the process. The principles behind these methods which are the

point of interest for this study will be explained thoroughly in the next sections.
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2.1 Motion Analysis

In the modern days, it is difficult to find a particular sport that does not benefit from the
implementation of motion analysis in some way. Analysis of human motions and movements
IS a hot topic that has received a lot of investigation recently. Biomechanics, athletics,
medicine, and rehabilitation are most interested in this matter. Numerous techniques may be
used to examine human movement, including kinetic modeling, kinematic analysis,

electromyography, gait and posture analysis, and pattern recognition (Hachaj, et al. 2017).

To comprehend the mechanical principles behind the human movement, it is crucial to
evaluate the forces exerted by particular muscles, ligaments, and internal joint contacts.
However, because intrusive procedures are required to quantify these parameters, computer
models of the musculoskeletal system have been created with the help of MoCap techniques.
These musculoskeletal models have made it possible for researchers to study a wide range
of subjects and estimate parameters that are challenging to assess non-invasively. (XSENS.
2022b.)

So, the first thing first is to define MoCap. According to Vicon (2022f), which is a pioneer
in producing MoCap devices, the practice of digitally capturing the movement of people or
things is known as MoCap. It is employed in robotics, ergonomics, sports, entertainment,
and medical applications. An example of MoCap being used for entertainment can be seen
in Figure 10. The technology was initially created in the field of life science for the purpose
of gait analysis. However, right now it is widely implemented by sports therapists, VFX
studios, neuroscientists, and the administration and verification of computer vision systems

and robots.
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Figure 10. MoCap is being used for entertainment (Game Development) Lionel Messi in
the XSENS suit for the game FIFA 2016 (XSENS. 2022b).

MoCap is widely recognized as a vital tool for biomechanics research, as well as for training,
sports injury recovery, and top-level athletic performance. The fact that an increasing
number of associations and governing bodies are working to standardize and categorize the
many sports performance analysis technologies accessible to players, coaches, and teams
indicates the significance of MoCap and other monitoring systems to sports science. This
technology helps in performance enhancement for athletes, injury prevention, and improved

return to play (Urry. 2020).

MoCap can be used in a variety of applications (Vicon. 2022f). A few of these applications
include:

e Clinical uses include examinations of limb mobility, posture, cerebral palsy, balance

and reaching, arthritis, as well as rehabilitation for amputees and stroke victims.

e In all forms of sports competition, including basketball, football, golf, baseball,

tennis, cricket, running, long jump, high jump, hurdles, weightlifting, and swimming.

e Studying animals such as dogs, horses, sheep, hawks, rodents, fish, and even bees,

and insects.
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One of the first applications which MoCap was used for, was gait analysis, which can be
seen in Figure 11. To pinpoint the underlying issues causing the patient's walking difficulties,
gait analysis watches how the lower limbs move. Early infancy's lack of complexity in
general motions is a significant indicator of future neurologically-based motor problems,
such as cerebral palsy (Berthouze, et al. 2011).
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Figure 11. MoCap technology is being utilized in the gait analysis (Vicon. 2022f).

MoCap can be used to study the amount of load that bone can support for the best healing
reaction. This way the symmetry of the patient's mobility can be improved, and the intensity
and volume of training may be increased to find the "sweet spot" for a favorable osteogenic
response without endangering the athlete (Vicon. 2021b). Also, the stability of a joint of the
athletes in their rehab can be studied, by monitoring the imbalance in muscle chains which

cause a significant amount of angular momentum (Vicon. 2021a).

With the help of a MoCap system, it is also possible to study the design of prosthetics. For
instance, in research on making prosthetic blades intended for running and forward
propulsion to examined how lateral movement affects the prosthesis. For example, to
observe the behavior while performing the side movement to determine whether or not

amputees might be able to play tennis with it. It was possible to adjust the stiffness of the



28

blade while observing its effect on the outcome. The results would all be taken into account
while creating the blades. (Vicon. 2022¢.)

In the case of studying animals’ movement, for example, using the MoCap data,
mathematical models are being developed to assist in better understanding how much stress

a racehorse can withstand safely and how long it will take for it to recover (Vicon. 2020).

When MoCap is used for sports engineering, it can help with studying the motion analysis
of athletes. These studies can offer opportunities such as (Vicon. 2022b):

¢ Defining specific objectives to improve the performance,

e Reducing the uncertainties, and risks and proving more precise tracking of the

athlete’s performance,

e It can provide benchmarks and metrics to evaluate rehab and recovery of the

sportsmen,
e Defining a training plan uniquely for each athlete,
e Trainers can find easily what is the most useful exercise, with proof and data,
e And many other things.

As can be seen in Figure 12, Figure 13, and Figure 14, MoCap technology can be used in

various sports to study the performance of athletes.
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Figure 13. MoCap in studying the performance measurements in Football (Vicon. 2022b).
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ACCEL. (G)

Figure 14. MoCap in studying the performance measurements in Australian Football
(Vicon. 2022b)

Aside from the mentioned factors, the athlete’s performance can be measured ahead to
provide the training and rehab team and also scientists with benchmarks. Benchmarking is
the practice of gathering information regarding the performance of a completely healthy

person.

The purpose of gathering the early data is to get a sense of what a player's "normal™ is. These
data can then be applied in the return to recovery procedure following an injury. For instance,
according to Vicon (2022d), there was a case of a player that had a natural asymmetry of
roughly 5%. She had an ankle injury, which naturally restricted the number of activities she
could engage in. When she was free to move, though, it was noticed that the asymmetry had
nearly completely disappeared. The benchmarking provided the information that it was not
a proper transformation. If there was no preliminary information, it would have been
assumed her gait was symmetrical after the accident. MoCap aids in monitoring the extent
of those fluctuations so that the drills may advance at the proper pace. Benchmarking can
help with monitoring the athletes before, and post-injury. Even though it might be
challenging to forecast an injury, benchmarking can assist to prevent a recurrence, and with
the right therapy, the incidence of recurrence can be almost zero. (Vicon. 2022d.)
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Mechanical, optical, magnetic, acoustic, and inertial trackers are just a few of the systems
for motion analysis that have been created over the years as a consequence of technological
advancement. Many people think of the human body as a network of rigid connections joined
by joints. Although they are not rigid structures, in reality, studies of human motion
frequently treat human body components as if they are (XSENS. 2022a).

The methods for MoCap can be divided into two main groups: those that need an optical line

of sight and those that do not (non-optical).

Optical systems employ video cameras and sophisticated software to detect motion. The
moving object(s) are captured in the scene by the cameras from several overlapping
viewpoints. The ability to accurately recognize motion increases with the number of angles
employed. The cameras should be calibrated in the room so that the software can accurately
determine where each camera should be located. It can also detect how items are moving in
each camera view. It is feasible to determine how an item travels across space by fusing this
information with the knowledge of the cameras' placements. Thus, rather than being
connected to one another, the movement of the items is estimated with respect to the room
or another fixed reference point, so the objects in space are then in an absolute position as a

result. (Damgrave, et al. 2009.)

The majority of optical systems need a fixed point on the subject's body to be tracked.
Makers are applied to the item to produce the spots. Multiple cameras are used by image-
based systems to track markers on the subject's body segments that are aligned with
particular bone features. The markers may be active (emitting light) or passive (reflective).
Reflective systems measure the light reflected off the markers using infrared LEDs set
around the camera lens and infrared pass filters over the lens. The infrared light emitted by
the LEDs mounted on the body segments is measured using optical devices based on pulsed
LEDs (Damgrave, et al. 2009). In the active ones, LED markers produce light that is detected
by specialized cameras. Thus, they require a battery or charger of some sort (Vicon. 2022f).

It is also feasible to follow natural objects with a camera without the use of markers, albeit
this method is often less precise. It frequently needs a lot of processing resources and is
heavily relied on computer vision algorithms for pattern recognition. Lasers or light beams

are used in structured light systems to produce a plane of light that sweeps over the picture.
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Instead of dynamic monitoring of human body movements, they are more suited for mapping
applications. (Damgrave, et al. 2009.)

According to the Vicon (2022f), the optical passive MoCap is the industry's most adaptable
and widely utilized approach. A setup of the Optical Motion Capture (OMC) system by

Vicon can be seen in Figure 15.
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Figure 15. A setup of the OMC system by Vicon (Vicon. 2022f).

As can be seen, the system includes parts such as a host PC and a part that connects the
cameras to the PC. The single communication channel between cameras and PC is provided
by a sync box. A third party such as a force plate can be attached to this device. There is a
wide range of equipment that may be mounted, including force plates, inertial sensors, eye
trackers, electromyography sensors, and more sophisticated devices (Vicon. 2022f). An
example of the cameras’ and markers’ location is illustrated in the setup which would be

seen in Figure 16.
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Figure 16. The setup for the motion analysis of specific taekwondo kicks (Wasik, et al. P 2.
2021).

The calibration affects the data's accuracy and repeatability of the test (Vicon. 2022f). Before
the operation, a calibration procedure is required to establish the positions of the cameras
with respect to one another and concerning a user-defined global coordinate system. In an
OMC system, spatial resolution is mostly influenced by calibration and camera quality. A
marker's spatial resolution is higher close to the camera than far from the camera since the
cameras have a certain resolution and field of vision. How successfully the MoCap system
handles transitions that occur when a marker becomes visible to a different set of cameras

depends on the calibration quality (Skogstad, et al. 2011).

The non-optical approaches detect motion based on the location of objects relative to one
another, in contrast to the OMC. This indicates that a part's movement is relative to the
location of the part to which it is attached. This has the benefit of allowing the monitored
subject to move freely in any area. With sensors attached to the subject's body and data
wirelessly sent to a computer, movements are detected. An example of the sensors’ locations

and arrangements could be seen in Figure 17. (Damgrave, et al. 2009.)
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Figure 17. In the non-optical approach, different body parts’ locations are evaluated with

respect to each other (Damgrave, et al. p 2. 2009).

A self-contained device called an Inertial Measurement Unit (IMU) offers raw, calibrated
sensor data on angular and linear motion. The device typically uses a trio of gyroscopes and
a triad of accelerometers to do this. An IMU, which outputs the integrated quantities of
angular velocity and acceleration in the sensor/body frame, can either be gimballed or
strapped down. (XSENS. 2022a.)

Three orthogonal accelerometers and three orthogonal rate-gyroscopes are frequently found
in an IMU device, which measures linear acceleration and angular velocity, respectively. It
is feasible to track a device's location and orientation by analyzing data from these devices.
(Woodman.2007.)

The ability of the body to maintain constant translational and rotational velocities when not
disturbed by forces or torque is used by inertial sensors. The vestibular system is a biological
3D inertial sensor that is housed in the inner ear, and both the head's linear acceleration and

rotational motion may be detected with the help of it. The stability of the eyes in relation to
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the surroundings and maintenance of balance depend on the vestibular system. (XSENS.
2022a.)

The inertial sensor or IMU made by Vicon could be seen in Figure 18. The name of this
particular IMU is the Blue Trident, consisting of a battery, a 9-axis IMU consisting of a £16g
low-g accelerometer, a Gyroscope, a Magnetometer, and a 3-axis IMU encompasses a £200g
high-g accelerometer. Based on Vicon’s claim (2022a), it is waterproof (IP68), and provides

the possibility to measure all underwater activities for up to 30 minutes, at a maximum depth

of 1.5 meters.

Figure 18. Vicon's IMU, the Blue Trident (Vicon. 2022a).

XSENS is another company that produces IMU units for motion analysis. Two major sets of
MoCap devices made by XSENS can be seen in Figure 19. They are MVN Awinda and
MVN Link.
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Figure 19. Two different MVN Awinda, and MVN Link (XSENS. 2022c).

XSENS MVN system is a structure of inertial motion trackers that provides an entire body
motion analysis possibility. The biomechanical model-based software MVN Analyze
provides 3D joint angles, the body's Center of Mass (COM), as well as spatial properties
such segment position and orientation, therefore could be used for improving sports
biomechanics. An example of the virtual graphic visual of the body’s movement, provided
by a XSENS’s product could be seen in Figure 20. The MVN Link system is suggested for
sports biomechanics. With a 240 Hz update rate, the MVN Link enables thorough data
analysis of highly dynamic motions. With a wireless range of up to 150 meters in the open
space, a full sports track is effectively covered. The battery life for the MVVN Link is claimed
to be 10 hours. XSENS calls the MVVN Awinda, its next-generation wireless motion tracker.
Each motion tracker may be firmly fastened to the body using full-body Velcro straps. The
motion trackers may be utilized everywhere for a wide range of applications, including
sports science. (XSENS. 2022d.)
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Figure 20. XSENS suits provide a graphic visual of the body's motion. The front's

direction-changing movement pattern, in a study on basketball players (Li, et al. p 4.
2021).

IMU sensors usually use Bluetooth to transmit their data. It is both a benefit and a setback.
Performing wirelessly gives better freedom of movement, but also, Bluetooth seems to cause

jittering in terms of transmitting data (Skogstad, et al. 2011).

Range, usability, installation time, cost, and, perhaps most importantly, accuracy all must be
considered when choosing the OMC system for a certain application. The most accurate
marker is active, followed by a passive marker that is less accurate, or capturing can be done
without any marking at all (as a result the accuracy is lower) (Damgrave, et al. 2009).

Mostly two MoCap methods of optical and inertial are used for studying motion analysis.

Each of these methods has its pro and cons.

The resolution and calibration of the camera sensor serve as the foundation for all MoCap
systems' accuracy. According to Vicon (2022f) the highest resolution optical motion camera
with the resolution of 16 Mega Pixels belongs to the Vicon company. Cameras are evaluated
based on features like pixel count, frame rate, and field of view, which show the size of the
region, which is wanted to be covered, the size of the markers followed during motion, as
well as the speed at which data is captured. Cameras are chosen based on the intended use
and the surrounding conditions, both within and outside the lab.

While using OMC, it is also important to take the number of cameras and the space for
measurement, which they provide. For example, A volume of 12 by 5 meters and a height
of 3 meters may be covered by 16 VICON's V5 cameras. Also, it should be kept in mind that
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for a marker to be rebuilt in three dimensions, it must be visible to at least two cameras.
(Vicon. 2022f.)

Optical occlusion can harm the results of OMC systems. (Skogstad, et al. 2011). Occlusion
(line of sight) issues arise whenever a necessary light channel is obstructed in optical
systems. So-called ghost markers may also be a result of reflections or interference from
other light sources (XSENS. 2022a).

On the other benefits of non-optical MoCap systems using IMU units, the suit's wireless
range is around 50 meters indoors and 150 meters outdoors. The system has no occlusion or
line of sight limitations because it lacks cameras or markers. Therefore, without first
prepping the environment, the suit may be worn indoors or outside. The setup time for the
suit is brief; the subject may put it on alone or with a little assistance to expedite the
procedure. It will take 5 to 10 minutes to complete this procedure. One sensor on the pelvis
is responsible for coordinating the movement of every other component on the body. The
entire body's movement is virtually referenced by this sensor. As a result, the suit is only
aware of the subject's posture and not how it is situated in relation to its surroundings. The
benefit of this approach is that the behavior and representation of the model are neither
influenced by nor connected to the surroundings. The main drawback is also the same thing:
the algorithm is unable to determine the model's placement or how it will interact with the

surroundings. (Damgrave, et al. 2009.)

The problem with Inertial sensors is drifting. Drifting happens, when for example a subject
is stationary, but the results show small movements in sensors. Drift and other mistakes can
be reduced by combining the data from the inertial sensors with those from assisting or
complementary sensors and by employing knowledge of their signal properties (XSENS.
2022a).

The inertial kinds of sensors have the primary benefit of being reasonably simple to utilize
outside of a standard laboratory context, such as a subject's home, place of employment, or
neighborhood (Saber-Sheikh, et al. 2010).

According to Seaman, et al. (2012) in research on studying the swinging motion of the Golf
club by using both optic and inertial sensors, utilizing optical motion tracking is currently
the most precise method of tracking a golfer's swing, but the problem is, these monitoring

devices may be highly pricey, are not easily portable, and perform poorly in direct sunlight.
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On the other hand, IMU systems are inexpensive and tiny enough to be attached to a golf
club, and their energy usage is to a very minimal extent. The position and orientation of the
club in space may be ascertained using strapdown inertial navigation by using data for

acceleration and rate of rotation from them.

Another study was done by Thies, et al. (2007) on linear acceleration trajectories for an upper
limb "reach and grab™ task by using data from two distinct 3D accelerometers. The result of
the study suggests overall performance was comparable among inertial, and optic measuring
systems. It was concluded that for capturing segmental linear accelerations, accelerometer

devices like the IMU units are a suitable replacement for OMC systems.

The study for gait analysis was carried out by Cloete, et al. (2008) comparing two different
MoCap systems from both inertial MoCap and OMC systems. It was found out, despite
having poor precision in some measurements due to the relative motion between the skin
and the suit, the IMU offers rapid and simple viewing of gait metrics in any scenario. The
IMU system’s wireless capabilities, capacity to capture continuous data for several gait
cycles, rapid set-up time (much shorter than the OMC's), and comparatively cheaper cost are

some of its key advantages.

Skogstad, et al. (2011) suggest that OMC devices are better than IMU units if great positional
accuracy is necessary, but if acceleration values are more crucial, IMU offers less noisy data

with no occlusion issues.

In terms of wearing the equipment, IMU suits are more reliable than optic markers, because
there won’t be the problem of markers detachment during the test. And also, it is possible to
wear them beneath another wearing, but they might cause discomfort to the test subject over

time. (Damgrave, et al. 2009.)

It has been determined that inertial sensors are accurate enough for clinical evaluation.
Although 3D kinematics data processing and interpretation are still difficult tasks, inertial

sensors are affordable and simple to use. (Saber-Sheikh, et al. 2010.)

It is possible to create two complimentary data sets by utilizing both OMC and IMU
techniques. This way it is possible to examine all of the kinematics or the movements of the
joints and segments as they go around the bend and in a straight line. Additionally, the
inertial measurement devices will provide information about the acceleration characteristics
of those segments. (XSENS. 2022a.)
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To offer comprehensive information, force plates and/or electromyography are frequently
coupled (XSENS.2022b). In a study on boxing movement done by Stanley, et al. (2018) it
was tried to measure the lead and rear leg vertical impulse, rear leg net propulsive, and lead
leg net barking, variations in the lead and rear leg resultant Ground Reaction Force (GRF),
and its directional application, peak fist velocities and delivery times, and relationships
between kinematic aspects such as peak elbow angular velocity, peak shoulder angular
velocity, and punch delivery time for various punch types. GRF and inertial sensors were
implemented to measure the data for different techniques of punching in amateur boxing,

through which the velocity, and delivery time of each strike, and GRF of each leg were

studied. The setup can be seen in Figure 21.

Figure 21. MoCap was used in combination with GRF to study various punching types
(Stanley, et al. p 6. 2018).
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The importance of MoCap devices was discussed, but there is another ring in the chain of
motion analysis study which has an important role. There should be software to help study
the acquired data set from the MoCap devices. The software serves as both the primary
processing tool for all 2D and 3D data as well as the primary interface with the devices and
other parts. MoCap data presentation and capture is a very taxing process for a PC. The
computation required to show graphic information in 3D and analyze data in real-time for

HD reference films is significant. (Vicon. 2022f.)

Each Company presents its own set of software for processing the raw data from the devices.
But afterward, other known software can be implemented to further process the data.
MATLAB, Python, Visual3d, and LabView are a few examples of software that can be used
to process the data, acquired from the MoCap device. This software provides so many
possibilities for future studies. The creation of a human digital twin is one of the most

ambitious future goals in the MoCap and analysis field (Vicon. 2022c).

2.2 Blood Lactate Measurement

Exercise considerably increases the body's energy requirements, particularly for the skeletal
muscles. The energy required by forces, also known as the direct energy supply material for
muscle contraction, is produced by the breakdown of adenosine triphosphate. The human
body's whole mechanism for supplying energy during activity may be classified into two
categories: aerobic metabolism and anaerobic metabolism (Han, et al. 2021). For muscles to
work effectively, there must be enough energy. During periods of rest or low activity, the
body regenerates predominantly through aerobic metabolism. Energy is progressively
provided by anaerobic metabolism at greater degrees of muscle exercise without the need
for oxygen which results in the production of lactate. As long as the lactate created is
removed as rapidly as it is produced, effort levels can be raised (steady state). But eventually,
depending on the person's fitness level, the level of lactate in the blood and muscles will start
to rise, and as a result, lactate production will exceed lactate clearance (SensLab.2015a). By
using the blood lactate concentration, it is possible to estimate anaerobic performance
(Nitzsche, et al. 2018). According to Billat (1996), an understating of the generation and
removal of the lactate, which is governed by the relative Kkinetics of glycolysis, lactate

dehydrogenase, and mitochondrial respiration could be roughly achieved by this approach.
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This can be significant for sports like martial arts, gymnastics, and strength sports like
CrossFit or weightlifting that primarily rely on anaerobic energy metabolism (Nitzsche, et
al. 2018).

One of the most frequent measurements made during clinical exercise testing and athlete
performance evaluations is the blood lactate level. During a regular stress test, a pathology
with an increased blood lactate level may be assessed (Penumalla. 2016). According to Van
Hall (2010), the first to discover that blood lactate levels rose with exercise but fell back
down after 10 to 20 minutes of continuous activity was Ole Bang, who concluded that "The
elimination of lactate during the early anaerobic muscular activity is ongoing throughout the
steady state as an auxiliary process™ (perhaps part of the lactate is burnt up in the oxidative

processes in the working muscle).

Goodwin et al. (2007) also suggested that when measuring athlete performance and doing
clinical exercise testing, blood lactate concentration is one of the criteria that is most
routinely measured. In addition to being a "typical™ physiological reaction to the effort, an
increased blood lactate concentration may also be a sign of ischemia or hypoxemia.
Unaffected by oxygen tension, the blood lactate concentration is considered a rapidly
combusted fuel that is transported throughout the body and provides a strong signal for

angiogenesis (Ferguson, et al. 2018).

The most commonly utilized to measure the lactate level in the blood is the invasive method
which is presently primarily carried out utilizing blood sample analyzers (Chien, et al. 2022).
In this method, a sample of blood is taken, and the value of the lactate is measured. It is
stressed that lactate readings vary depending on the location of the blood sample. Earlobes
and fingertips are the most frequently used sample locations because they produce
arterialized capillary blood (Billat. 1996). An example of how common devices for

measuring blood lactate work is illustrated in Figure 22.
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Figure 22. Schematic of how portable blood lactate measurement device works (SensLab.
P 20. 2015b).

The process could be explained in several steps. Electron transport from lactate to the LOD's
prosthetic groups Flavin Adenine Dinucleotide (FAD+) occurs during lactate oxidation. The
mediator causes a reversible electron shuttle between Reduced Flavin Adenine Dinucleotide
(FADH) and the working electrode's surface. The mediator oxidation process, in which
electron flow versus a reference electrode produces signal current, is the last phase.
(SensLab.2015b.)

One misunderstanding concerning lactate is that it makes the blood more acidic, which leads
to fatigue. The process of producing lactate is advantageous since it lessens the acidity of
the muscle cells. As was already discussed, lactate is a crucial fuel for the muscles. It may
either be created in one muscle cell and used as fuel in another, or it can be released from
the muscle and changed into glucose in the liver, which is then used as an energy source.
Therefore, lactate synthesis aids in delaying fatigue rather than causing it. (Penumalla.
2016.)

Even though there is disagreement regarding the physiological causes of blood lactate
accumulation and, more significantly, the fact that blood lactate levels do not correspond to
the production of lactate in working skeletal muscles, most exercise laboratories regularly

use this information to evaluate the metabolic profiles of their athletes (Billat. 1996).

While the research population's usual range of lactate blood levels during exercise is 1-10
mmol/L (Hagar, A, et al. 2020), the way that blood lactate level varies during exercise is a

matter of interest. Blood lactate concentration starts to rise curvilinearly at some point
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throughout the measurements of exercises (Davis, et al. 2007). It can be explained by the
fact that longer-duration dynamic exercise causes two phases of metabolic response. A load
that can operate for an extended period of time in a steady state, and a load that requires
more net lactate synthesis and buildup to sustain power output. The buildup of lactate
restricts the performance time from 30 seconds to roughly 15 minutes, or maybe less,
depending on the amount of extra lactate generation required. The phrase "anaerobic
threshold” or "Lactate Threshold™ (LT), refers to the transitional condition between these
two metabolic states. In other words, there is a change from a primarily oxidative energy

source to an extra glycolytic energy source (Billat. 1996).

According to Billat (1996), the term individual anaerobic threshold or LT, which was coined
by Stegmann, indicates the metabolic rate at which blood lactate is eliminated from the body
during exercise at a rate that is both maximum and equal to the rate at which the lactate

defuses into the body.

Mainly there are three methods to calculate the LT. First, the Inspection method, which
determines the LT by examining the connection between blood lactate and WL at the time
when a systematic rise in blood lactate concentration begins. The second method known as
the 0.5 mmol/L method, discovers the LT by identifying the work rate right before an
increase of more than 0.5 mmol/L in blood lactate concentration. The log-log technique is
the last one, which determines the LT as the work rate at the point where two linear lines
cross on a plot of log lactate against the log work rate and the residual sum of squares for
both lines summed together is at its lowest value (Davis, J, A, et al. 2007). Aside from these
three methods for determining the LT, there is another suggestion, which proposes that the
beginning of blood lactate build-up can be seen as occurring at a fixed blood lactate level of
4 mmol/L. As LT may vary across people from as low as 1.4 mmol/L to as high as 7.5
mmol/L, adopting a single constant LT value as the average for all participants might be
highly deceptive (Goodwin, et al. 2007).

For the majority of sick and non-diseased human subjects alike, the LT of a particular person
may be utilized to properly assess and prescribe exercise intensity. This data further
demonstrates the value of utilizing LT when recommending exercise intensities and lends
credence to the notion that LT is a more accurate predictor of endurance performance than
VO2max (Goodwin, et al. 2007).
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Based on the discussed ideas, many authors suggest that LT and blood lactate measurement
should be utilized to assess the performance of athletes or prescribe the intensity of the
exercises. Pilotto et al. (2019) suggested that athletes can be trained, and their performance
can be tracked by using LT values. Quittmann et al. (2020) proposed measurements of lactate
response and sprint performance characteristics show a tight association. According to Billat
(1996), coaches can utilize blood lactate measures to predict workout performance despite
the intricacy of lactate metabolic management. Based on research done by Goodwin et al.
(2007) clinical exercise testing frequently uses blood lactate analysis for exercise
prescription and evaluations of the outcomes of treatment and physical training. Also, Han
et al. (2021) suggested when developing systematic training programs for martial arts,

detailed lactate measurement data should be taken into account.

2.3 Rate of Perceived Exertion, and Heart Rate Measurement

RPE is a method in which the test subjects give a self-evaluation of their level of exertion.
Djaoui, et al. (2017) suggested that training load and fatigue could be measured subjectively
using tools like the RPE. The scale which is popularly used for the assessment of RPE during
an exercise is called the Borg scale. Borg created this scale such that the perceptual ratings
rose linearly with power output and HR, in the exercise on a bike ergometer (Billat. 1996).
The RPE would rise as a positively accelerating function, according to a psychophysical
scale created by Borg et al. (1987). Billat (1996) suggested that this scale might be utilized

for both training and pacing during a race.

Another method widely used to monitor the condition and performance level of athletes is
the HR analysis. Djaoui, et al. (2017) suggest that monitoring factors such as HR would
provide coaches with information about the individual training load, allowing modifications
to be made to the training program, preventing overtraining, optimizing fitness and
performance, and lowering the likelihood of injury and sickness. It has been proven that HR

is connected with exercise VO2max and metabolic thresholds.

While studying HR, there are several ways to evaluate it throughout the test (Djaoui, et al.
2017):

HR., : which is the HR at any given time during the exercise.
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HRpmax : Which is the highest value achieved for the HR during the exercise.
HR et : the minimum HR which is acquired while the subject is at rest.
There is also the Reserve HR or HRg.s Which can be calculated this way:
HRRes = HRpax — HRpest 1)

From which the HR .4 is the highest value of the HR from the exercise, and HR.; is the
lowest HR acquired from the calmest state of the subject. On top of the mentioned factors,
there is another component that is used to evaluate the heart rate in a more general way based
on the age factor. The calculated Maximum Age-Related Heart Rate (HRpag) is a heart rate
value measured based on the age of every person with the help of Karvonen Formula
(Ipekoglu, G, et al. 2018). In this formula the Maximum Age-Related Heart Rate of each

individual is assessed this way:
HRMAR =220 — Age (2)

Where, the HRyg is the Maximum Age-Related HR, 220 is a constant, and Age is the age
of the subject. This value will help especially while designing the exercise in the laboratories.
To have a better understanding of the heart rate during the exercise, the ratio of HR. to the

HRyagr from the Karvonen Formula can be utilized in the following format:

HR% = —=% 100 (3)

HRmAR

Where, the HRyag is acquired from the Karvonen formula (Eq.2), and HR, is the HR of
the subject during the exercise at the desired given time. While RPE offers a way to manage
the experiment's pace and gauge performance, the researchers can still reach their objective

by using the HR to gauge the subjects' level of effort.

2.4 The Experiment

Before anything, the whole purpose and procedure of the research were explained to the
presented parties. It was tried to make everything clear. Papers regarding legal aspects,
which had been accepted by the university’s ethical committee, were given to the
participants. The papers included two consent forms and information sheets. The participants

were asked to read both the consent forms and the information sheets thoroughly and at the
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end sign the bottom of every page to make sure that everything is clear. In the end, one of
the consent forms was given to the participants and the other consent form and the
information sheets were taken to be archived at the Laboratory of Machine Design of LUT

university.

The experiment was done on two separate days. in one day, the main experiment for the
MCS performance measurements was done to measure the data related to how the
participants can perform in the sport itself. The other experiment was the Ergometer test.
The idea behind it was, what is the fitness level of the participant in general so it would be
possible to have references to compare the results from the MCS experiment with it. The
tests had to be done on two separate days, in order to make sure that they have the least effect
possible on each other. Also, they had to be done in the period of a week at most, so it could

be guaranteed the participant’s body state stayed the same.

2.4.1 The Medieval Combat Sport Experiment

The test started at 8:00 in the morning at the Sports Hall of the LAB of applied science of
the LUT university.

Two participants came to act as the attacker and the other to act as the defender. There were
three other persons, two members of the laboratory of the biomechanics of LUT LAB to do
the measurements, and the junior research assistant who was in charge of setting up the

experiment and arranging the matters.

Before starting anything, the HR straps were attached to the body of the participants. this
matter was done because it was needed to start capturing the HR before any serious
stimulation. The HR device used for this study was Firstbeat Bodyguard 2 Heart Rate
Monitor. Then the participants were asked to sit in a relaxed position and try to avoid any

movement to reach the calmest state, which could be seen in Figure 23.
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Figure 23. Participants in their calmest state.

After 5 minutes the monitoring began. The next step was to measure the blood lactate of the
participant in their calmest state, which is shown in Figure 24. The device used for the blood
lactate measurement was Senslab Lactate Scout-meter. The first approach was to measure
both the HR and the blood lactate levels of both the attacker and the defender. Unfortunately,
since there was only one person available to measure the blood lactate level and each
measurement took roughly around 30-45 seconds, it was found that measuring both
participants simultaneously throughout the experiment would be impossible. So, it was
decided to just stick to the attacker and measure everything for the attacker, since the main
focus of the study was motion analysis and only the attacker was supposed to wear the

device.
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Figure 24. Measuring the blood lactate level.

After measuring the blood lactate level of the attacker for his calmest state, then the next
course of action was wearing the XSENS suit since the whole procedure was time-
consuming, Figure 25.
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Figure 25. The process of wearing the suit was almost effort-taking and time-consuming.

The attacker in the XSENS is represented in Figure 26. The person responsible for the motion
analysis tried to make sure that everything stayed in place while helping the attacker to wear
the suit. After that, it was tried to calibrate the suit. Based on the previous test it had been
found that calibrating the suit after wearing the whole armor would be impossible. Due to
the magnetometer, which is utilized inside each sensor of the suit, wearing a whole armor
made from metal makes the calibration out of question. The XSENS MVN Link suit with
23 IMU sensors was used for this study, and it was worn by the attacker. Also, an extra
sensor was attached to the end of the right-hand sleeves, to be fastened to the sword. The
suit was calibrated, and everything seemed to work out fine.
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Figure 26. The attacker after wearing the XSENS Suit.

After that first stage of the experiment was initiated. The participants were asked to do a
predetermined protocol for warmup. This warmup routine included 5 minutes of jugging to
completely warm up the body and elevate both the temperature and the HR, followed by 5
minutes of dynamic stretching to prepare the muscles for the heavy subsequent activity, and
5 minutes of participants’ movement of choice for preparing themselves for the actual fight.
After the warmup, the blood lactate level was measured once more. Also, it was tried to
approach the attacker’s state through the Borg RPE scale. At the end of the warmup, the

attacker was asked about his perceived rate of exertion.
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The next stage was wearing the actual Armor. It consisted of two steps, wearing the close-
like outfit representing outfits from the medieval era, and then assembling the metal armor
on top of it. The metal armor would be assembled on the outfit with the help of laces and
knots. The weight of the armor was the real problem. Based on the assembled part the
armor’s weight was approximately about 35 kilograms. Figure 27 shows the attacker dressed

fully in armor.

Figure 27. The armors weight could even reach 35 kilograms because of the metallic parts.

After that, the blood lactate was measured once more. A drop in the lactate level was
observable, which was completely predictable due to the gap caused by the fact that wearing

the armor was so time-consuming.
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A set of drills has been designed to mimic the actual prefight for the MCS test. Unfortunately,
due to lack of repeatability, having a real fight was not possible, but the drill was designed
in a way that it could simulate the same condition of the pro-fight for the attacker. The drill
consisted of four movements which were quite common in the MCS battles and duels. Those

movements included:
1) Sword hit to the head.
2) Sword hit to the leg.
3) Shield hit to the head.
4) Front kick to the abdominal area.

Movements and their sequences had already been explained to the participants. The
participants were asked to get familiar with the drill by performing it during a short test.

They were asked to just perform the drill easily without any exertion.

Before these processes, a small problem had been acquired. Unfortunately, after wearing the
armor a drift started to show in the visual graphic of the sword. It was decided to do the
calibration once more. The attacker was stripped of the most metallic parts and the
calibration was done once more. Only after making sure that no drift was visible, then it was

decided to proceed further with the actual test.

After this, they were asked to perform the drill 3 times with 3 minutes of resting time in
between. It was desired that the attacker demonstrates a full-blown attack for each
movement, without any rush and at his most preferable state. This was done to retrieve the
Maximum Output (MO) of the attacker for each movement. It was believed that data related

to these optimum attacks can provide a benchmark for the result of upcoming tests.

For the main test of performance, it was tried to simulate the actual pro-fight as much as
possible. Because of this, the test was done in three rounds. Each round lasted for 90 seconds,
and between each round, a resting time of 45 seconds was allocated to the participants.
During the test, the motion analysis and HR monitoring were consistently done by the person
in charge. At the end of each round in the resting time, the blood lactate was measured to
see the change in the lactate level. Also, the Borg RPE scale was used throughout the

experiment. After each state, the attacker was asked about his exertion level.
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Heart rate and blood lactate measurements were continued after the main test to monitor the
state of the body. When it was made sure that the body is coming down from the elevated

state, then it was decided to finish the measurement, and end the experiment.

2.4.2 The Ergometer Test

The experiment for the ergometer took place at 10 in the morning on Friday 12" of August
in the laboratory of the biomechanics of the LUT Lab of applied science. The participant
was asked to refrain from any harsh physical activity at least 24 hours before. The whole
process was explained thoroughly, and it was made sure that the test subject was completely

familiar with the whole procedure of the experiment.

The experiment started with performing the anthropometric measurements. First, the height
and the weight of the subject were measured, then the Body Mass Index (BMI) was measured
by the BMI device. The device for this case was Inbody 770, made by the Inbody company.
For the next step, the participant was asked to lie down on a couch to reach a calm state,
which could be observed in Figure 28. Senslab Lactate Scout-meter, which was used for the
MCS test, was utilized again for lactate measurement. This was done to acquire the lowest
blood lactate level of the subject while removing any source of stimulation. The blood
pressure was also measured during this stage. Blood pressure did not have any direct relation
with the purpose of this study, but it was measured and monitored due to ensure the safety

of the test subject.
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Figure 28. Measuring the blood lactate level of the subject at his calmest state.

Before initiating the main experiment, the HR strap was attached to the chest of the
participant. The HR measurement device which was used for this test was Polar WearLink
31 Coded. The next measurement device was the device for the VO2 measurement, which
was done by the Jaeger Oxycon Mobile device made by CareFusion. Mask with different
sizes was tried to ensure that no leakage was possible. The vest strap for the VO2
measurement was attached to the subject. The purpose of this strap was to hold the devices

for measurement. The VO2 device consisted of 5 sections:
1) A facial mask that was attached to the subject’s face

2) A turbine which was attached to the mask and transferred the data to the Sensor Box
(SBx)

3) The SBx which was placed on the back of the subject with the help of the vest strap

and analyze the data and connected to the Data Exchange (DEX) unit

4) The DEXx unit which was also placed on the back of the vest strap, took the data from
the SBx and transmit it to the Power Calibration (PCa) unit which acted as a receiver

5) The PCa transfers the data to the computer to be shown and saved.



Different parts of the VO2 device can be seen in Figure 29, Figure 30, and Figure 31.

Figure 29. The facial mask is without any leakage.

Figure 30. The turbine, which was attached to the mask.

56
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Figure 31. The SBx unit (on the left), and DEX unit (on the right) were attached with the
help of a vest strap to the back of the test subject.

The next step was preparing the ergometers test setup. For this study, a bicycle ergometer
was used to measure, and the model was Ergoline Ergoselect 200K. At first, the participant
was asked to sit on the ergometer, and the ergometer’s seat and handle were adjusted to his
comfortable position. This procedure is shown in Figure 32. At this stage, the process was

introduced to the subject in detail once again.
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Figure 32. The bicycle ergometer was adjusted, so the participant could feel comfortable

with the setup.

The ergometer test was done in a way that the WL had to increase every 3 minutes. At first,
the WL or the intensity of exercise was low and then it rose to 25 Watt. The lactate level was
measured two minutes after each time the intensity was increased, Figure 33. During the test,
the Borg RPE was used to have a grasp of the subject’s understanding of his state. A scale
was attached to the top of the ergometer, so the subject could adjust his perceived rate of
exertion himself without asking, Figure 34. Throughout the ergometer test, the subject was

asked to avoid talking, to make sure that nothing interrupt the functionality of the turbine.
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As said before blood pressure monitoring was implemented in this experiment for the sake
of ensuring the subject’s safety. So, throughout the ergometer test, it was monitored all the
time.
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Figure 33. The blood lactate level was measured 2 minutes after every WL increase.



60

Figure 34. The Borg RPE scale was used to find out about the subject's perceived exertion.

Also, the blood pressure was monitored all the time.

The experiment was continued till the HRyar Of the subject was achieved. The participant
was 31 years old, so his by using the Karvonen formula (Eq.2), HRyag Was: 220 — 31= 189
BPM. After reaching this state, the WL was not increased any more. The experiment was
continued till the end of that state, the blood lactate was measured and after that, it was
stopped. The blood lactate measurements were carried out for the next five minutes to ensure
that it is decreasing. At this moment the subject was called off the bicycle and VO2 and heart

rate straps were taken off him.
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3 Results

The results were acquired from two different sets of experiments. The main experiment,
which was the study of the MCS itself, encompassed motion analysis, blood lactate
measurements, and HR monitoring. The other experiment was the Lab test which included
the Ergometer test and monitoring the blood lactate level, HR, and VO2. The lab test was
done to find out about the fitness level and fullest potential of the participant, and the results
acquired from that are used to provide some kind of reference and benchmark to compare
the results from the main test. Since it was not possible to use the VO2 measurement during
the MCS test (because the subject had to wear a helmet, and also the sensitivity of the VO2
device), the VO2 results from the Ergometer test were exempted from the results of this

research. The outcomes of this study can be classified into three major groups:
e The results of anthropometric measurements,
e RPE results,
e The MoCap results,
e The blood lactate results,
e The HR monitoring results.

Four stages were chosen as the main phases of this study, Maximum Output rounds (MO)
which consisted of three rounds, Round One of the duel (R1), Round Two of the duel (R2),
and Round Three of the duel (R3). The findings will be explained as follows.

3.1 Anthropometric measurements

The height, weight, and BMI measurements of the participant were done prior to the test.
The subject was a 31-year-old male with a height of 179.6 cm. The total body weight of the
subject was 89.5 kg of which 41.5 kg was Skeletal Muscle Mass (SMM), and 16.2 kg was
Body Fat Mass (BFM). There was a slight difference in the lean body mass between the right

and left side for both legs and arms, which was explainable because the participant’s
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dominant side was his right side. The total score that reflects the evaluation of body

composition was 90 out of 100.

3.2 Rate of Perceived Exertion results

During the experiment, the RPE was used to have an understanding of the participant of his
own level of exertion. The scale which was used for this experiment was the Borg scale and

the results are shown in Table 1.

Table 1. Result from the RPE measurements for each phase of the MCS experiment.

Scoring . Thefirst | "¢ | The third
Level of Exertion Warmup Maximum round of second round of
Output round of
the duel the duel
the duel
6 No Exertion
7 Extremely Light Warmup
8 Extremely Light
9 Very Light MO
10 Very Light
11 Light
12 Light
13 Somewhat Hard
14 Somewhat Hard
15 Hard (Heavy) R1
16 Hard (Heavy)
17 Very Hard
18 Very Hard
19 Extremely Hard R2
20 Maximal Exertion R3

3.3 The Motion Capture results

For studying motion analysis, an IMU MoCap device was used. The MoCap device used for
this experiment was XSENS MVN Link, with a sample rate of 240Hz. It consisted of a suit
that can be worn by the participant. 23 IMU sensors were attached to the suit which could
provide information on the movements of the body. Aside from those 23 sensors, another
extra IMU sensor was attached to the sword. This sensor got its connection from the right
sleeves of the suit and was attached to the sword with adhesive tape. Unfortunately, after the
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third round of the main duel, that sensor started to show some minor drifting. The probable
cause of this drift might be the direct attachment of the IMU sensor to a metal object, and
interruption in the performance of the magnetic sensor. Because of this drifting, it was
decided to remove the results of that particular sensor from the experiment's final analysis
and just use it for illustration. The main 23 sensors and the way they were situated can be

seen in Figure 35.
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Figure 35. Position of the 24 IMU sensors attached to the suit.

Data produced by the IMU sensors on the suit was transmitted to the computer via Bluetooth
connection and there with the help of the exclusive software developed by XSENS, the
information was analyzed to generate different forms of output. One of these outputs was a
graphic visualization of real-world movement in a virtual environment. This graphic

visualization can be seen in Figure 36.
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MVN System 1

Figure 36. MoCap provides an identical graphic visualization of real-world behavior.

The graphic visualization exactly followed the behavior of the attacker who wore the suit in
the real world. As it was mentioned in the method section, the drill for this experiment

consisted of 4 main movements:
1) Sword hit to the head
2) Sword hit the leg
3) Shield hit to the head
4) Front kick to the abdominal area

In Figure 37 these four different movements are depicted. IMU sensors were able to track
these movements and transmit information related to them to the software, and as could be
observed in Figure 38, the graphic visualization behaved in the same manner as the attacker

in the real world.



65

Figure 37. The combination of four movements was used. The video of the experiment was

recorded via a GoPro camera and was used to investigate the movements.

MVN System 1 MVN System 1 MVN System 1 MVN System 1

' L/ 0 L/

Figure 38. Graphic visualization of the attacker during the four movements of the drill. In

the order from left to right: Sword swing to the head, Sword swing to the leg, Shield hook,
and Front Kick.

Aside from visual aspects, these sensors provided numerical data about the movement of

their respective body part. The information provided by these sensors includes:
- Segment Orientation — Quaternions,
- Segment Orientation — Euler,
- Segment Position,
- Segment Velocity,
- Segment Acceleration,

- Segment Angular Velocity,
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- Segment Angular Acceleration,
- Joint Angles ZXY,

- Joint Angles XZY,

- Ergonomic Joint Angles ZXY,
- Ergonomic Joint Angles XZY,
- And COM.

The MVN software generated the results in the form of excel files. For each section of the
experiment, a separate excel file was generated with different sheets for each of the

categories of the information which was mentioned above.

The main focus of this study was the kinematic analysis of the MCS. For this purpose, it was
tried to put the participant in a situation similar to an actual duel to study how the situation
can cause exertion, and how this exertion can affect the kinematic variable related to the
movement of the attacker. For this purpose, five different IMU sensors were chosen to

analyze. These sensors were:
1) Right Hand
2) Left Hand
3) Right Foot
4) Right Upper Leg
5) Pelvis

It was not possible to analyze all the sensors and bring the results in this report. So, it was
tried to pick the sensors which can demonstrate the kinematic aspects of the movement in
the best way possible. The Right Hand, The Left Hand, and The Right Foot were chosen
because they were the closest sensors to the location of the impact for each of the four
movements. The right upper leg was picked because it was extremely involved in the process
of the fourth movement. Also, the Pelvis sensor was chosen since it demonstrates the overall

situation of the body in space.

Data from excel files were imported to MATLAB software for making the plot and studying

the changes. Since the focus was on the kinematic aspects, the main interest of this research
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was in studying the velocity of the aforementioned sensors. The attacking movement which
encompassed the drills for this experiment was mainly involved hitting the opponent. So,
studying the impact and its characteristic should be the main focus. At the time of impact, a
major change in the velocity happened. Because of this, the diagram of the velocity of each
sensor aside from the right upper leg, and the pelvis were plotted against time, to observe
the change in speed during different steps. These plots for the first, second, and third rounds
of the MO test, are presented. The diagram for the velocity of the right hand during the first
MO round is demonstrated in Figure 39.
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Figure 39. The velocity of the Right Hand during the first round of the MO drill.

Based on the orientation of the reference system the body of the defender was located in a
way that the first and second strikes would start in a rotatory way and reaches their highest
speed in the Y direction before hitting the body. As can be seen during the first MO round
the highest peaks of the velocity of the right hand happened two times in the Y direction.
Velocity in the X (V) and Z (V,) directions also contributed to the total velocity, but the
amounts belonging to velocity in the Y direction (Vy) were much higher. From the diagram,
it can be seen that for the first peak, the velocity in the Z direction is positive before the drop,
and for the second peak the velocity in the Z direction is negative before it rises. This can be
explained through the orientation of the first two strikes. The first one which was the
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swinging to the head was in an ascending manner and the second one which was the
swinging to the leg was in a descending manner. Based on the drop in the velocity diagram

the time of impact for the first two swings can be found.

The velocity of the sensor for the left hand in the three main directions during the second

MO round was depicted in Figure 40.
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Figure 40. Velocity of the Left Hand during the second round of the MO drill.

The movement for the third strike which was the Shield hit to the head was close to a hook
move. The attacker tried to hit the front side of the defender’s head in a format of thrusting
movement. Based on the orientation of the attackers the hand started its movement in an
ascending way to reach the highest velocity and hit the head to drive it back and upward.
The main contributor to this attack is the velocity in the X direction since the purpose of the
movement is to hit the head backward. As can be seen from the diagram the peak velocity
belongs to V, before a sudden drop. Since the movement was ascending the velocity in the
Z direction, V, also played an important role before reaching the maximum velocity. The

time of impact could be found based on these sudden drops.

Figure 41 demonstrated the velocity of the sensor for the right leg in the three main directions
during the third MO drill.
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Figure 41. The velocity of the Right Foot during the third MO drill.

During the fourth strike which was the front kick, the right leg moved in an ascending way
to reach the abdominal height following a thrusting movement to kick the opponent
backward. The direction of the kick was along the X direction and the ascending movement
was in the Z direction. As can be seen from the figure the velocity of the right leg starts to
increase in both the X and Z directions at a certain point. The V, for the right leg reached its
peak which was also followed by a peak in the V,. After that a drop in both diagrams

happened. Based on the velocity diagram the time of impact can also be discovered.

3.3.1 Statistical Analysis

The kinematic aspects of this research were illustrated with help of the bar charts. In each
bar chart, there were four different sections, Maximum Output (MO), Round One of the duel
(R1), Round Two of the duel (R2), and Round Three of the duel (R3). Each movement was
performed only once for each MO round. For the duel rounds, the set of movements was
performed at least 17 times. For the MO rounds, and all the duel rounds the average values,

Standard Deviation, and 95% Confidence Interval were calculated with the help of Microsoft
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Excel. Standard deviation was used to refine the data. The reported values for each
movement for the MO rounds were the average of values for three repetitions of that
movement, one for each round. For the duel rounds, the average value of at least 17
repetitions of that movement was calculated and reported as final. This average value
resulted from the average of different repetition refinements with the help of standard
deviation. In the figures, the average values for each movement in each round with a 95%

confidence interval have been illustrated.

3.3.2 Change in Kinematic aspects

As mentioned, the main focus of this research is studying the motion of the movements and
the kinematic aspects related to them. For this purpose, the velocity of three sensors, the
angular velocity of one sensor, and the position of another sensor were chosen to be
inspected. These variables include:

e The velocity of the right hand during the first strike,

e The velocity of the right hand during the second strike,

e The velocity of the left hand during the third strike,

e The velocity of the right foot during the fourth strike,

e The angular velocity of the right upper leg during the fourth strike,
e And the position of the pelvis throughout the experiment.

For this purpose, the diagram for the velocity of each sensor for each round was depicted.
From the diagrams, the velocity peaks were found, and the times of impact were calculated.
The number of repetitions for each round was discovered from those diagrams. These

numbers are as follows:
- 17 times during the first round of the duel
- 18 times during the second round of the duel

- 19 times during the third round of the duel
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The velocity of impact in all three directions for each of these repetitions was calculated.
The fluctuated data were removed with the help of the standard deviation and the changes

in velocity for every strike were depicted in the following set of diagrams.

For the first strike, velocity in the Y direction or V;, played the major role and had the major
share in the Total Velocity (Vr). The Average V;, and Vy for the three MO tries and the other
three duel rounds are illustrated in Figure 42. As could be seen, the size of V, is almost close
to the size of V.. Both V,, and Vi are higher for the MO state. The numbers are Vy, = 5.5625
(m/s), and Vp = 6.5245 (m/s). After that, as the main duel rounds went on, these numbers
decreased steadily. For R1, the number decreased dramatically to V, = 4.0083 (m/s), and Vr

= 4.3349 (m/s). After that, this decrease followed steadily, and in R2 they dropped to 3.851

(m/s) for Vy, and 4.2404 (m/s) for V. This trend continued in R3 and the numbers went down

to V, = 3.3369 (m/s), and V = 4.0244 (m/s).
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Figure 42. The average velocity of the first strike in the Y direction, the average of the
Total Velocity for the MO, R1, R2, and R3.

The second strike was similar to the first one. This strike was also done by the right hand,
and the main contributor to the total velocity was the velocity in the Y direction or V,,. Same

as the first strike, the average Vy, and Vi for the three MO rounds and the other three duel
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rounds could be seen in Figure 43. Although the contribution has decreased still V,, made the
most of the size of the Vir. For this strike also the average amount of V;, and V. for the MO
were far greater than the respective amount for the other three duels. The average Vy and V.

for the MO rounds were 5.5347 (m/s), and 6.352(m/s). After that in R1, these numbers
suddenly decreased to V, = 3.9441 (m/s), and Vi = 4.406 (m/s). The amount of V;, and Vr

continued to decrease gradually in R2 and became 3.5567 (m/s) for Vy, and 4.2756 (m/s) for
V. This tendency carried on in R3 and Vy, and Vp went down to 3.4824 (m/s), and 4.1753
(m/s).
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Figure 43. The average velocity of the second strike in the Y direction, the average of the

Total Velocity for the MO, R1, R2, and R3.

The third strike was different from the two previous ones. In this strike, the attacker tried to
hit the opponent in the head with the shield. Since the shield was being held by the left hand
the sensor of the focus for this strike was the left hand sensor. The attack involved an
ascending movement which resulted in movement in the Z direction and while ascending
the hand gained velocity in both X and Y directions. Since the main goal of this strike was
to hit the head back and upward, the velocities of the left hand in the X and Z directions have

been the variables of interest for this strike. The average velocity in the X direction (V), the
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average velocity in the Z direction (V,), and the average total velocity (V) are illustrated in
Figure 44. In this strike value of V, makes the most of the V;. Same as the two previous
strikes there was a considerable drop in the amount of V, and Vi in the first round of the duel
compared to the MO rounds. The average Vy and V¢ for MO rounds were 4.5253, and 6.1522
m/s, which decreased to 3.6721, and 4.5055 m/s for the first round of the duel. After that,
the amounts for V, and V; stayed almost the same throughout the other duel rounds. On the
other hand, the V,, experienced a slight downfall in the transition from MO rounds to duel
rounds. The amount of V,, for MO was 1.2503 m/s, which fell to 1.2225 m/s for the first duel
round, and after that, it continued to downslide to 1.0072 m/s for the second round, and 0.821

m/s for the third round.
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Figure 44. The average velocity of the third strike in X and Z directions, and the average
Total Velocity for the MO, R1, R2, and R3.

For the fourth and final strike of the drill, the situation was somehow similar to the third
strike. This attack, which was a front kick with the right foot, involved bringing up the leg
and hitting the opponent in the abdominal area. The movement encompassed a combination
of bringing the leg up and thrusting it forward. At the time of impact, the attacker tried to
drive back the defender with his leg which moved in a forward and upward pattern. Based
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on this the V, V,, and V; of the movement were chosen to study. Figure 45 shows the average
V., V,, and V; of MO rounds, R1, R2, and R3. From the figure, the decrease in these variables
could be seen from left to right. The highest values for these variables belonged to the MO
rounds with V, =5.6008 m/s, V, = 4.0399, and V; = 6.9591 m/s. These numbers decreased
dramatically for the R1 for V, = 4.4808 m/s, and V; = 5.8803. After that, the decreasing
trend slightly continued for V, for R2 and R3. Values of the V, for R2 and R3 were 4.35009,
and 4.2685 m/s. V1 on the other hand stayed almost the same for R2 with 5.8044 m/s and
suddenly dropped to 4.88 m/s for R3. This drop was mostly caused by the change in the V,
amount. V,, which almost kept its size during the first and second rounds with numbers of
3.9305 m/s for R1, and 3.9039 m/s for R2, instantly dropped to 1.827 m/s for R3.

T
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Il Total Velocity
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Figure 45.Average velocity of the Fourth strike in Y and Z direction, and average of Total
Velocity for the MO, R1, R2, and R3.

After the important velocity of each strike comes the absolute value for the average peak
angular velocities of the upper leg in the fourth movement. The fourth movement or the front
kick was a compound multi-joint movement that involves the participation of several body
parts. One of these body parts was the upper leg. This section provided the necessary

momentum for the leg to reach its final speed. For this reason, the sensor for the right upper
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leg was chosen. The variable of focus, in this case, was the peak angular velocities in the Y
direction because based on the orientation of the reference system it provided the speed in
the X-Z plane. The absolute value of average peak angular velocities in the Y direction or
wy, for the MO, R1, R2, and R3 could be seen in Figure 46. It should be noted that the peak
wy, is in the negative direction of the Y axis. For the sake of consistency of the diagrams, it
was decided to just bring the absolute values for the average peak angular velocity. The
highest amount of w, belonged to the MO and is 7.1840 rad/s. Then the amount for w,
suddenly dropped to 5.96206 rad/s for the R1. From then on this pattern kept continuing and
w,, decreased to 5.74752 rad/s for R2, and 5.53908 rad/s for R3.
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Figure 46. The absolute value of the average of the peak angular velocities of the right

upper leg, w,, during the fourth strike in the Y direction for the MO, R1, R2, and R3.

Another variable that was studied was the average location of the pelvis along the Z-axis.
The pelvis sensor was located in the center of the body and gave a general idea about how
the body was situated in space. The variable of interest from the locations along the three
main axes was the location along the Z axis since it held information about the stance of the

subject. The average position of the pelvis along the Z axis or P, was studied for the MO
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rounds, and R1, R2, and R3 of the duel rounds, and the results can be seen in Figure 47. For
the MO rounds, the participant was not mindful of his stance and tried to represent his best
performance in each of the four-movement. After that, since the goal was to simulate an
actual duel the participant maintained a guard stance. The P, value for the MO rounds was
the highest number of all which is 1.06859 m. This number suddenly decreased to 1.05261
m for the R1. After that, it followed a rising pattern and increased to 1.05644 m for R2, and
1.05825 m for R3.
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Figure 47. Average Location of the Pelvis along the Z axis during each test.

3.4 The Blood Lactate results

The blood lactate level was measured both during the day of the MCS test, and the day of
the Ergometer test. Since it was not possible to measure the blood lactate level during each
round on the MCS test, the provided values belong just to resting periods between each phase

and round. These numbers can be seen in Table 2.
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Table 2. Blood lactate level at the end of each phase of the MCS experiment

Phase Blood lactate level (mmol/L)
1 Before Warmup 1.0
2 After Warmup 1.60
3 After the first duel round 4.70
4 After the second duel round 6.90
5 After the third duel round 8.20
6 After 1 min of recovery 7.70
7 After 3 min recovery 7.20
8 After 5 min recovery 5.80

The blood lactate level value had its lowest value during the calm period which was 1
mmol/L. This value slightly increased to 1.6 mmol/L after warmup. In the transition to actual
duel rounds, the blood lactate level started to go up suddenly and reached 4.70 mmol/L. This
trend continued and for the second duel round the value for blood lactate became 6.90
mmol/L, and after the third round, the blood lactate level rose to its highest value of 8.20
mmol/L. Henceforth the measurement was continued for 5 minutes afterward to make sure

that changes were collected.

For the Ergometer test, the blood lactate level was measured after each increase in the WL.
The results for the respective change of blood lactate level for the WL could be seen in Table
3.

Table 3. Blood lactate level at the end of each WL.

WL (W) Time (s) Blood lactate level (mmol/L)

1 0 3:11 1

2 50 6:23 1.2
3 75 9:06 13
4 100 12:47 15
5 125 15:39 4.7
6 150 18:11 2.9
7 175 21:29 3.6
8 200 24:17 5.7
9 225 27:04 8.3
10 250 30:01 10.1
11 275 33:21 11.9
12 80 35:31 14.4
13 80 37:57 10.3

With the gradual increase in the WL level which happened every 3 minutes, the blood lactate

level also started to rise. Like the MCS test, the blood lactate value for the calm state was 1
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mmol/L. The increase in the WL was continued till the person reached his HRy;ag, Which
based on the Karvonen Formula (Eq.2) was 220 — 31 = 189 beats/min, and this happened at
the WL of 275 W. After that the WL was decreased to 80 W and the change in the blood
lactate level was observed for awhile. The blood lactate level which was achieved for the
WL of 275 W was 10.1. Although the WL decreased afterward, the blood lactate level
continued to go up and reached its highest value of 14.4 which was expected. From this
point, the blood lactate level started to go down and when it decreased to 10.3, it was made
sure that it would not go up again. It should be mentioned that a fluctuation happened in
blood lactate level at a WL of 125 W. This fluctuation was just an error that may be caused
by impurity in the blood due to the presence of sweat and should be neglected. The change
in blood lactate level based on WL for the Ergometer test compared to the blood lactate level
of the MCS test can be seen in Figure 48.
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Figure 48. The blood lactate - WL diagram during the Ergometer test. The lactate level
during each round of the MCS experiment can be seen for the comparison.

3.5 The Heart Rate results

The resulting HRyar from the Karvonen Formula (see Eq. (2)) for the subject is:

HRyar = 220 — age = 220 — 31 = 189 beats/min
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Like the blood lactate level measurement, the HR measurement was also done for the MCS

and the Ergometer test.

The HR-Time diagram for the MCS test was plotted and can be seen in Figure 49.
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Figure 49. HR diagram throughout the MCS test.

Like the blood lactate level measurement, the HR measurement for the MCS test can be
divided into several stages. These stages were separated and the maximum and minimum
HR for each of them were collected, and the stages and their numbers can be observed in

Table 4.

Table 4. Maximum and Minimum HR for the warmup set, and three rounds of the duel.

Phase Maximum HR (beats/min) Minimum HR (beats/min)
1 Warmup 154 64
2 R1 180 117
3 R2 188 144
4 R3 193 159

After applying the formula for HR% (Eq.3) to the above values, the result will be as shown

in Table 5.
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Table 5. HR% for the Maximum and Minimum values from the warmup set, and three

rounds of the duel.

Phase Maximum HR% Minimum HR%
1 Warmup 81.5 33.9
2 R1 95.2 61.9
3 R2 99.5 76.2
4 R3 102.1 84.1

The HRp.x Was 193 beats/min, acquired at the end of R3 of the duel. HR ¢, that measured
during the rest and calm stage before the warmup is 64 beats/min. From there Reserve HR

can be calculated by the help of (Eq.1) as:
HRRes = HRyax — HRpest = 193 — 64 = 129 beats/min

As can be seen from table (4), for each round there is a minimum and a maximum level. For
each state, the minimum HR happened at the beginning of the stage and the maximum HR
was achieved at the end of the respective stage. Here the focus would be on the maximum
HR because it is a number showing how much each stage could elevate the body. The
average HR during the R1, R2, and R3 were 158.9, 176.1, and 182.6 beats/min. The HR%
for these values would be 84 for R1, 93.2 for R2, and 96.6 for R3.

In the next step, the HR- Ttime diagram for the Ergometer test was plotted, which could be

seen in Figure 50.
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Figure 50. The diagram of HR during the Ergometer test. Horizontal lines are the
maximum HR (beats/min) during each phase of the MCS test. The vertical lines illustrate

the change in the WL in Watt during the Ergometer test.

The changes in the WL are shown by the vertical dashed lines, each representative of one
WL state. The results for the Maximum Heart rate of each stage of the MCS test have also

been illustrated for making the comparison.
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4 Discussion

This study aimed to examine the performance of a participant who was deeply involved in
the MCS or in another name Buhurt, and to gain an understanding of how vigorous the sport
is itself. It was done through a simple duel of MCS and comparing it to the results from the
Ergometer test which acted as a reference for the participant performance. To the best of our
knowledge, this was the first time any scientific study was being done on this particular
sport. In this research, the researcher obtained MoCap, blood lactate, and HR data from
different tests. The output variables of this study were variables specifically related to the
kinematic aspect, blood Lactate concentration, HR, and RPE results which were in

correlation with each other.

Based on the results from the ergometer test (Figure 48) the blood lactate level increased
slowly in the beginning till the WL of 175 W, and after that, it suddenly started to increase
exponentially till reached the highest value after the WL of 275 W. This is aligned with the
Goodwins’ suggestion that blood lactate rises gradually initially and then more quickly as
the activity gets more intense in response to increasing, incremental exercise (Goodwin, et
al. 2007). Increasing the blood lactate means that the blood lactate production surpasses its
removal (Billat. 1996). With the rate of diffusion from the muscle matching the rate of
removal from the blood, there are very minor variations in blood lactate at the beginning of
the incremental exercise. When workout intensity reaches a certain level, lactate levels start
to climb quickly. This phenomenon can be explained through the usage of available energy
sources during the first few minutes of exercise, which prevented lactate from forming. Since
the glycogen is broken down without the presence of oxygen, lactate is subsequently

produced (Penumalla. 2016).

The peak value for the blood lactate was achieved during the Ergometer test which was 14.4
mmol/L (Table 3). This value was reached two minutes after reducing the WL to 80 W due
to reaching the HRyar. According to Goodwin et al. (2007), It usually takes three to eight
minutes after exercise for blood lactate to reach its maximal value, although it continues to
be elevated for more than 60 minutes. Under these conditions, increased blood lactate is a

common physiological reaction to vigorous exercise and is not always a sign of disease.
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In the blood lactate - WL diagram (Figure 48), at the WL of 125W, a fluctuation happens,
and suddenly the value for the blood lactate reaches 4.7 mmol/L. The probable cause for this
fluctuation might be the presence of sweat or other contamination in the blood sample.
Unfortunately, the presence of this fluctuation makes the process of finding the LT a little
bit problematic. The value of the blood lactate in the previous WL was 1.5 mmol/L, and for
the next WL after the fluctuation, it was 2.9 mmol/L. So the difference was 1.4 mmol/L
which was 0.4 mmol/L more than twice 0.5 mmol/L. So if the 0.5 mmol/L methods would
be chosen for finding the threshold, the LT has to happen either at the WL of 125 W or 150
W. By implementing the inspection method the WL at which the threshold happens is
determined to be 150 W, which is in accordance with the approximate value for the LT
determined by the 0.5 mmol/L methods. This is in agreement with Davis et al’s findings
which suggested that for the work rate at the LT, all three detection techniques produced
virtually equal mean values, and none of these mean values significantly differed from the
others (Davis, et al. 2007).

The importance of the LT for this study was to define a reference to compare the values for
the blood lactate level of each phase of the MCS test. Even without determining the LT from
the figure, it could be seen that the blood lactate values for all three rounds of the duels are
located in the higher section of the diagram. The values for R1, R2, and R3 were 4.7, 6.9,
and 8.2 mmol/L, all of which were higher than the LT which is considered to be 2.9 mmol/L.

The blood lactate starts at 1 mmol/L, for the resting period, then for the elevated states in
the MCS test, it reaches 4.7, 6.9, and 8.2 mmol/L. The values of BL for all these states are
in agreement with the findings suggested by Chien et al. according to Chien et al. (2022)
blood lactate varies in a defined range for the human body under normal conditions, and it

is as what could be seen in the Table 6.

Table 6. Lactate level under normal conditions for different states (Chien, et al. 2022).

Lactate Status Normal Lactate No Exercise Hyperlactatemia Execive
Exercise
Detecting value [mmol/L] 05-22 1-2 4 10

Compared to the Ergometer test, in the MCS test, the blood lactate level increased with a
sudden burst, and after the first duel, the value for the blood lactate reached above the LT.
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Han et al. (2021) explained this through that anaerobic glycolysis provides 75%-80% of the
energy metabolism needed in competitive martial arts routines, with aerobic metabolism
contributing the remaining 20%—-25%. Based on martial arts sports, and similar combat
sports the loads which are caused by the sudden explosive movements that demand

immediate execive energy which should be provided by the help of lactate.

In both tests at the end of the test, the lactate level started to gradually decrease. It can be
explained by excessive lactate removal which is caused by the organism's buffer systems
(Penumalla, S. 2016). Billat (1996) suggests that blood lactate clearance in trained people is
significantly more than in untrained people for a given blood lactate level. It is possible to
improve the clearance rate through the implementation of active recovery which can be
achieved by doing mild aerobic exercise (Richardson. 1993). This idea could not be tested
during this research because during the rest time, the subject needed to stay stationary to get
the blood sample, but it can be used during the actual duel to help the combatant improve

their lactate removal.

The resulted lactate level highly varies depending on the individual’s training status, exercise
volume, and intensity (Penumalla. 2016). These acquired results from the blood lactate can
be used to assess performance, and further implemented to develop training regimens for the
individual, although to achieve this controlling the athlete's diet and workout regimen is
necessary (Pilotto, et al. 2019; Billat. 1996).

The value for the HR at the beginning of the exercise was 64 beats/min, which was called
the HR at rest state or HR.s. According to Djaoui et al. (2017), low HR .o Suggests

stronger parasympathetic control.

In the MCS test after the warmup routine, a dramatic raise in the HR., was detected (Figure
49). It can be explained that due the warmup routine was highly affiliated with explosive
aerobic exercises. The subject was asked to increase his HR to improve blood circulation to
avoid any injury. The resulting drop in the HR between the end of the warmup and the
initiation of the first round of the duel (R1) can be described as the result of the gap between
the warmup and the test. Although the subject was involved in the act of familiarization with
the routine, and three MO tries, it can be interpreted that they were not that demanding to

raise the HR level or even maintain it at the same level as the warmup.



85

During the three rounds of the duel, there is a certain surge in the HR. It can be noticed that
the HR ., never decreased to less than 144 beats/min, which is the HR 4 at the beginning of
the R2. Penumalla (2016) suggested that this increase in cardiac output is the result of the

blood being forced into the veins during exercise.

By comparing the HR results from the MCS and the Ergometer test it is possible to grasp an
understanding of the demands of the MCS based on the WL of the ergometer. The average
HR¢y during the R1, R2, and R3 were 158.9, 176.1, and 182.6 beats/min. by looking at
Figure 50, it is possible to find out the WL at which these values were acquired. The required
average HR., of R1 happened almost at the end of the WL of 175 W. By doing the same
process for the average HR, of R2, it is possible to observe that the respective HR happened
at the end of 225 W for the WL. And finally, for the R3, the average HR, can be found
during the WL of 250 W.

The average HR. throughout the 3 rounds of the duel was 170.3 beat/min, and HR% for
this average was 90.1. This is a good indication of the high physical demand of routine on
the body. This finding is in agreement with the result of the study done by Andersen, et al
on female football games, which suggested the average HR of 85% of the HRag indicates
the strong physical requirements of the sport. it was also proposed that the high value for
HR represents the physical demands of the activity (Andersen, et al. 2012). Djaoui et al.
(2017) suggested that HR ., given as HR% is an effective indicator of a person's relative

exercise intensity.

The interesting finding during this study was that at the end of the R3 the maximum HR,
HR .« 1S achieved which was 193 beats/min (Figure 49). This value was higher than the
HRpmar acquired through the Karvonen Formula (Eq.2). Based on the HR results, the subject
couldn’t maintain this value for a long period of time. Compared to the other highest values
of HR¢y, Which were possible to keep for a few seconds, for the HRy,x, the HR started to
decrease right after. It can be suggested that after the third round, the subject reached a state
which was impossible to maintain any longer, and it may be a good indicator of the intensity

of the exercise.

After achieving the HRy,4 at the end of the R3, immediately the recovery started, and the
HR decreased rapidly. According to Djaouli, et al. it is crucial to understand that a variety of

variables, including exercise intensity, kind, duration, rules or instructions, and



86

environmental conditions, can affect Heart Rate Recovery (HRR). The at end of exercise
heart rate will be high with high intensity, and this will most likely result in a higher fall in
HR (Djaoui, et al. 2017).

The HR results were in complete correlation with the blood lactate results. The suggested
WL for the LT was 125, or 150 W due to the error. In research by Keul, which studied the
link between HR and blood lactate during bicycle ergometer exercise with gradually
increased WL values, he proposed that a rise in blood lactate level is first noticed at heart
rates more than 120 beats per minute (Billat. 1996), which completely supported the findings

of the current study.

The relation between the increase in HR and blood lactate level can also be explained
through the fact that lactate oxidation by skeletal muscles and the heart also rises during
exercise as the metabolic rate goes up. The heart actively consumes lactate, and it becomes
the primary fuel of the heart when the blood lactate level increases, making up as much as
60% of the oxidized substrate (Goodwin, et al. 2007).

Although the HR is a useful, affordable instrument for tracking each exerciser's level of
aerobic activity, which coaches may use to customize, follow up on, analyze, and modify
their training programs (Djaoui, et al. 2017), Ipekoglu, et al. (2018), suggest that more
accurate outcomes could be obtained by monitoring exercise intensity according to
VO2max. While studying HR, it is important to consider that the parameters such as the time
of the day, age, schedule, WL, interactions with others while training, emotional state, sleep
quality, and other factors can play an important role in changing HR value (Djaoui, et al.
2017).

In the case of the kinematic evaluation, surprisingly little is known about the effect of fatigue
on the performance of the athletes. There is not any previous research on this particular sport,

so it is tried to compare the resulted data to similar situations.

Collecting and evaluating movement data in three dimensions is a challenging task that calls
for an understanding of 3D kinematics. Because of this, inertial sensors were chosen since
they are portable, reasonably priced, and user-friendly (Saber-Sheikh, et al. 2010). For this
study, the kinematic aspects were chosen to examine since they are necessary to determine

the necessary speed while carrying out various stages of movement (Agnieszka, et al. 2021).
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The overall results of the study showed that the kinematic aspects of the performance of the
subject decreased as the MCS exercise went on. The result of this study showed that during
the experiment related to MCS as the duel rounds went on kinematic variables such as the
impact velocity of the right hand during the first strike, and second strike, the left hand during
the third strike, the right foot during the fourth strike, and the angular velocity of the right
upper leg during the fourth strike decreased, while the position of the pelvis throughout the

experiment increased.

For all of the strikes, the amount of both the average velocities in a specific direction of
choice and the average total velocity for the MO rounds was significantly higher compared
to the other duel rounds. Several reasons might be the cause for this difference. Since it was
the onslaught of the MCS trial, the participant had more energy so performing was easier.
Also, during the MO rounds, there was not any time limit, and the player was in a more
comfortable situation without needing to maintain a particular stance for a long period of
time which helped him to perform without any pressure. It is challenging to determine
whether these benefits were the consequence of post-activation potentiation or post-
activation performance enhancement because the research did not use a controlled
methodology (Kons, et al. 2020).

For the first, and the second strike the velocity of the right hand in the Y direction was chosen
because the direction of the impact was perpendicular to the sagittal plane. Also, while
analyzing all three components of the velocity, the main contributor to the total velocity was
Vy. Both the first and second strikes showed a noticeable decrease in Vy, and Vr (Figure 42
and Figure 43). The reason behind this probably lies in the trajectory of those two
movements. Like the round kick, which has a circular trajectory (WASIK, et al. 2021), these
movements followed the same pattern. This pattern of movement required leg drive and
increased trunk rotation, so incorporated more body activity than strikes which move more
linearly. This is in agreement with the result of research done by Dunn, et al. (2022)
suggesting that fatigue has greater deteriorating effects on the boxing punches such as hooks,
and crosses that require more leg drive and truck rotation utilization than punches like jabs.

In the third strike, the impact mostly happened linearly, perpendicular to the coronal plane.

Also, the majority of the V; was comprised of V.. V, was also considered because the hand



88

needed to be raised to the head level, and the next main contributor of V; was V,. But it was
safe to say that compared to the V,, V, played the main role. Here the speed also decreased
as the experiment went on (Figure 44), but the amounts of this decrease for V, and V; were
not that much comparable to the decrease in speed for the first and second strikes. It could
be said that the right hand needed to do more work through each set of strikes since it had to
strike twice. Also, as it was explained, the movements of the first two strikes were more
complicated and required more involvement from the lower body compared to the third
strike which mostly depends on arm extension and moved more linearly. As was mentioned,
in the case of fatigue, linear movement such as jabs, suffers less in terms of performance.
Since the performance of this movement was not as demanding as the other movements, it
can be used to provide a window of opportunity for better striking with other movements
(Dunn, et al. 2022).

In the front kick movement, which was the fourth strike, the strike happened in an upward
and forward manner to drive back the opponent. Velocity in both X, and Z directions were
supplying the Vg, with Vy being slightly more than V,. This was because the striker was
mostly trying to push back the opponent. The angular velocity of the upper leg was chosen
since the majority of the job of bringing the leg upward till it gets in line with the impact
location was done by the upper part of the leg. Same as for the velocity (Figure 45), the
absolute amount for the average of peak angular velocity decreased as the rounds went on
(Figure 46). According to Kons, et al. (2020), eccentric-concentric and explosive
contractions during high-intensity motions in the lower limbs typically result in large
mechanical loads that place a considerable deal of stress on the muscular tissues. Also,
WASIK, et al. (2021) suggested that compared to the round kick, the front kick requires
more three-dimensional adjustment because the area of the foot that makes contact with the

target is the plantar side, which is restricted to the region of the metatarsal-phalangeal joints.

The last kinematic variables were the pelvis vertical position. The vertical position of the
pelvis was directly related to the vertical position of the COM. For the MO rounds, the pelvis
was located in its highest state compared to the other three rounds of the experiment (Figure
47). As the experiment went on, a slight increase in the pelvis, and respectively COM
positions along the Z axis happened. This can be explained as in most sports and especially
in combat sports, participants try to keep their COM closer to the ground in order to keep

their ground and increase their stability. To keep the COM's height and speed constant,
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power is required (Quittmann, O.J. et al. 2020). As the experiment went on, the energy level
of the subjects became depleted, and fatigue kicked in. Lack of energy and fatigue made it
difficult for the subject to keep his position which results in increasing the distance between
COM and the ground. For an individual participating in a combat sport, keeping the COM
low is a matter of great importance, since failing to do so may result in losing the balance
and falling. In research done by Li et al. (2021) about the effect of fatigue on the performance
of basketball players, it was assumed that if the COM variables in a fatigued state had higher
values, and the COM of the athletes tended to rise as a result of a drop in strength and a
decrease in lower limb muscle activation brought on by fatigue. This could potentially
increase the likelihood of losing ball possession and interfere with the achievement of a
spatial and temporal advantage over the defender. Lessi et al. (2017) also suggested that
changes in pelvic position might arise from decreased lower limb muscular activation

brought on by tiredness, which leads to the players' COM tending to increase.

As could be noticed all of the kinematic variables deteriorated through the three rounds of
the MCS duels. The cause of this loss in performance could be the decrease in muscles'
ability to produce force. Findings imply that exhaustion may contribute to a decrease in the

muscles' ability to produce force (Li, et al. 2021).

All results suggest that MCS is a greatly demanding activity both in aerobic and anaerobic
manners. Combat sports by themselves, are highly demanding, and it has been proven by
several studies. Kons, et al. (2020), suggested that combat sports' high neuromuscular
demands on the lower and upper limbs may lead to fatigue and performance declines, and
also the intense competitiveness in combat sports may result in increased degrees of fatigue
for all competitors. According to Pavelka, et al. (2020), due to cumulative fatigue and the
dynamic nature of MMA, a fighter's performance may be impacted by changes in their
response time and motor time as well as decreases in aerobic and anaerobic power (Pavelka,
et al. 2020).

Aside from the exertion caused by the extreme movements in combat sports, one explanation
for the MCS being highly demanding might be the excessive load of the armor. Carrying
additional weight pushes muscles to exert more effort, which necessitates more energy from
the body. The human body will adjust its motions and muscle activation in response to this
increased energy demand to utilize its energy as efficiently as possible. In a study done by

Kessels, et al. (2021) on the effect of the increased carrying load on the performances of
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military personals, they suggested that increased load carriage results in altered kinematic
parameters, altered muscle parameters, significantly raised heart rates, increased metabolic

power, and energy, and significantly lengthened completion time.

A rise in metabolic power implies an increase in internal load, which is referred to as the
proportional biological stresses placed on a person's body during physical activity (Bourdon,
etal. 2017). This increase in internal load has many effects on the performance and the body
conditions of the combatant. According to Sant’Ana, et al. (2017), specific brain regions
involved in the manual response to the peripheral visual signal experience a decrease in
cerebral blood flow while engaging in high-intensity exercise. This phenomenon may be of
greater influence in MCS since the combatants already have a limited field of view due to
the helmet. It is also worth noting that this exhaustion linked with increasing the blood lactate
level leads to a diminished capacity to sustain the force, and eventually impacts decline. On
top of that fatigue results in a decline in muscular power, speed, and coordination (Li, et al.
2021). So, during the competitions, as the match goes on, it becomes more difficult for the
combatants to maintain the same strength, and strike with the same intensity.

The rise in the pelvis position, which was seen in this study, influences the position of the
COM of the athletes, and eventually their stability. The consequences might be great, since

losing the advantage may lead to creating openings for the opponent to attack.

Other factors that may get affected by the high demands of this combat sport are reaction
time and response time. The amount of time between the introduction of an unexpected
stimulus and the beginning of the person's response is referred to as reaction time, and the
response time is the time it takes for a voluntary movement to be made following a
stimulation (Sant’Ana, et al. 2017). Pavelka, et al. (2020) suggest that fatigue has a
detrimental impact on reaction time, and the fatigue index negatively impacts movement
time. According to Sant’Ana, et al. (2017) the capacity of an athlete to evade or successfully
react to an opponent's action may be impacted by reaction time (the period of time between
the appearance of an unexpected stimulus and the beginning of the person's response),
response time (the amount of time needed to complete a deliberate action following a
stimulation), and performance time (the time difference between reaction and response),
throughout the fatigue process. In a fighting competition, the outcome of the match
frequently depends on how fast the player can react to a stimulus, and fatigue can have a

huge impact on that.
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One of the most common injuries that happen among MCS’s practitioners, is the ACL injury.
ACL injury might prevent the practitioner from participating in sports activities temporarily,
or permanently. The main cause of this injury is not transparent for the couches and
combatants, but there is a high chance, that fatigue is the culprit here. In research that was
done by McLean et al. (2007) on the relationship between fatigue and ACL injury, it is
suggested that although the order of muscle activation was not altered by fatigue, muscle
premotor or response periods seemed to be considerably longer, proposing a potential
jeopardize in their protective function and consequently, indicating a possible connection
with the greater possibility of noncontact ACL injuries. It is also mentioned that fatigue
increases initial and peak knee internal rotation motions as well as peak knee adduction,
abduction, and rotation moments. So, although fatigue cannot be pointed out as the only
cause of ACL injury, this can be said that it has a negative effect that leads to the injury.

These findings can be used by both coaches and athletes to improve their regimens and
programs to tackle the resulting negative outcomes. Especially in repeated matches, to
develop measures to counteract performance declines, it is crucial to understand the time
course of tiredness throughout repeated matches (Kons, et al. 2020). According to Dunn, et
al. (2022) it may be helpful to train boxers to operate under fatigue to better prepare them
for intense, possibly exhausting matches. It is also suggested that in boxing matches, less
demanding movements such as jabs function as a useful tactical tool in fatigue
circumstances. The same approach can be applied in MCS. By designing a specific training
program for combatants, it would be possible to avoid or delay the negative effects of fatigue.
it can also assist in optimizing the training programs to avoid injuries by indicating which
muscles to work. Also, implementing less-demanding movements, like shield punch might

be helpful when the combatants feel fatigued.

Aside from blood lactate, and HR analysis, in this study IMU sensors were used to study the
motion analysis of the MCS practitioner. On top of being comparatively cheap and simple
to use, the ability to employ these kinds of sensors outside of a conventional laboratory
environment is one of their main benefits (Saber-Sheikh, et al. 2010). But one of the main
drawbacks is unwanted drift, which especially happens in the presence of a metal object. In
this study, it was avoided by calibrating the suit before wearing the armor. In these cases,

utilizing the passive OMC devices might be helpful to have more validated results. Although
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they provide more accurate results, it should be noted that these devices are more expensive,

and their setup is difficult to assemble especially outside of the laboratories.

Another area that this study lacks, is looking into the neuromuscular factors that cause
fatigue in athletes who compete in this combat sport. The results from that might propose a
better understanding of phenomena, and in return provide a better solution for tackling the
negative aftermaths. Studying the accuracy of the strikes was another important factor that
was not studied in this research. The goal of a martial arts practitioner is to always strike
with high maximum velocity while maintaining high precision (WASIK, et al. 2021). If the
strike misses the target, the entire attack is meaningless (Grontman, et al. 2020). So, studying
the exact impact location of the strikes might help establish a better understanding of the

performance.

There are varieties of other measurements, which could help this study by preparing more
information on the movement and thus providing a better understanding of the behavior of
the combatant during the course of a match. Examples of these measurements could be GRF
and body temperature measurements. Another supplementary method could be the Heart

Rate Variability analysis.
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5 Conclusion

This was research to study how demanding the Medieval Combat Sport or Buhurt is, and
how the combatant’s performance and its respective factors would change during a single
duel of that sport. It was found out that even during a single match, this sport is highly
demanding both aerobically, and anaerobically, and signs of fatigue could be observed.
Almost all of the measured factors showed noticeable changes during the course of the three

main rounds:

e The average V, of the right hand for the first strike, changed from 4.3349 (m/s) for
R1, to 3.3369 (m/s) for R3,

e For the second strike from R1 to R3, the average V, of the right hand dropped from
3.9441(m/s) to 3.4824 (m/s),

e For the third strike the average V, of the left hand stayed almost the same from R1
to R3, but the average V,, of the left hand decreased from 1.2225 (m/s) to 0.821
(m/s),

e Both the average V., and V,, of the right foot showed a decrease from R1 to R3,
with V, decreasing from 4.4808 (m/s) to 4.2685 (m/s), and V, going down from
3.9305 (m/s) to 1.827 (m/s),

e The absolute value for the average of the peak angular velocities of the right upper
leg reduced from 5.96206 (rad/s) to 5.53908 (rad/s),

e The average vertical position of the pelvis increased from 1.05261(m) for R1 to
1.05644 (m) for R3.

e The blood lactate increased rapidly from 1.6 (mmol/L) at the initiation of the R1 to
8.20 (mmol/L) at the end of R3.

e HR jumped from 117 (beat/min) at the start of the R1 to 193 (beat/min) at the end
of R3

¢ Results of the RPE done by the Borg scale, showed that the participant felt the
maximum exertion (20) at the end of the R3.



94

Compared to the results obtained from the Ergometer test, it was found that during the duels
the subject experienced extreme exertion. For all three rounds of the duel, the blood lactate
level was above the LT of the subject. The average HR% during the three rounds was above
90 indicating the strong physical requirement of the sport. By comparison, all of the results
acquired from the motion analysis study, indicated that as the duel went on the subject was

incapable of maintaining the same level of functionality.

A strong correlation between all of the results was observable, indicating that participating
in the practice of the MCS, requires extreme energy expenditure, and put a great load on the
body which results in loss of performance. Although it was tried to make the experiment
conditions similar to the real duel, still in a real duel several other factors may increase this

level of demand to a higher level.

In a real duel, the combatant needs to be more vigilant, being mindful of the next movement
of the opponent. Based on this, he or she has to assess the situation and come up with a tactic
to take counter-measurements. Also, in a real duel, there are varieties of other movements
which are far more energy-taking compared to the 4 strikes that were used in this research.
An example would be grappling which is highly demanding. All of these combined will
result in putting a high-stress level on the combatant, both physically and mentally, and the
situation will be more grueling for the group battles, where the number of opponents

increases.

In conclusion, it can be said that the practice of MCS is extremely demanding, which results

in a loss of performance during the course of the match.
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Future Works:

There are several ways to improve the results of the research related to this topic or similar
topics. Implementing other means, and approaches for measurements is extremely
suggested. For the motion analysis, other tools such as passive OMC devices can be used to
observe the difference between OMC devices and IMU ones. The temperature of the body
can be measured through the experiment to have a better understanding of the way the body
behaves. Adding methods to measure GRF could also provide a better understanding of the
performance and its changes. Heart Rate Variability can provide more information on the
behavior of the Heart Rate.

Aside from the equipment, and analysis methods, the study can be done with other variations
to provide extra knowledge on this sport. The research can be repeated to study the
performance of the defender and observe how different it is compared to the attacker. Also,
female participants can be studied as the test subjects to study the probable difference in
performance caused by gender. Increasing the number of participants is highly

recommended, to improve the consistency and validity of the results.
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