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I INTRODUCTION 

A global movement for the prevention of sports related concussion is evident 

from recent reports by the U.S. Centers for Disease Control and Prevention (CDC, 

2003) and other sports injury prevention groups (e.g., National Athletic Trainer's 

Association, The International Conference on Concussion In Sport (McCrory et al, 

2009; Guskiewicz et al, 2004). The CDC has gone so far as to refer to sport related 

concussion as a “silent epidemic” with 1.5 million traumatic brain injuries and 

300,000 sport related concussions in the United States annually (CDC, 2003). The 

full contact Olympic fighting sport of taekwondo, with 80 million participants 

worldwide (World Taekwondo Federation, 2010), is not exempt from this dilemma 

with concussion incidence ranging from 5.5 to 50.2 per 1000 athlete exposures (AE) 

(Koh & Cassidy, 2004; Pieter & Zemper, 1998). Furthermore, a group recently 

recommended that the World Taekwondo Federation (WTF) employ a standard of 

care for the concussed taekwondo athlete (Fife & Harter; 2009, Koh, 2009; Pieter, 

2009). 

After the 2004 Athens Olympics, a report by the International Olympic 

Committee concerning spectator interest of newly added sports to the medal program, 

prompted several taekwondo competition rule changes aimed at increasing 

competition excitement (IOC, 2004a,b). There have been many changes to 

competition rules since then, but of primary interest is the latest press release 

effective as of October 9, 2010. Four points are now awarded to an athlete for a valid 

turning (e.g., all spinning oriented kicks) kick to the head. Also, upon completion of 

the second round where a 12-point difference between competitors exists, the referee 

is to stop the contest and declare a winner. Technology also now plays a more 

important role to help scoring issues as an instant video replay system has been 

introduced to ensure kicks to the head. As a result it is thought that athletes will 

attempt to kick the head more as there are more points awarded. Also, in an effort to 

ensure no question of victory (e.g., generating a large point spread), competitors may 

attempt more head kicks with more force to ensure that there is no dispute about the 

accuracy of each kicking attempt. Furthermore, a recent study on the effect of these 

rules on match intensity observed an increase of head kicks and suspected a 

subsequent increase in the risk of head injury (Hanson & O’Sullivan, 2011).  



In 1977, Torg et al. demonstrated the mechanisms of catastrophic head and 

neck injuries in a biomechanical study from tackles in American football. As a direct 

result, a rule prohibiting initial contact with the head and face was introduced in the 

1976 season. All blocking and tackling, “butt blocking and spearing”, with initial 

contact of the helmet was prohibited. Torg’s (1979) annual injury report for the 

national football league data shows a consequential reduction in catastrophic head 

and neck injuries between 1976 through to 1990. These changes in rules coupled 

with the pioneering of safer football helmets (sanctioned by the National Operating 

Committee of Standards in Athletic Equipment (NOCSAE)) are considered to have 

contributed to the reduction in the injury rates of head and neck (McElhaney, 

Stalanker & Robers, 1962). These initiations in the application of safer guidelines for 

equipment and rules, were only possible with the collaboration between coaches, 

players and sports medicine personnel, helmet manufacturers and researchers.   

Within taekwondo, the incidence rate of concussions is higher than football 

(Zemper & Pieter, 1988). In 1985, changes were made which required players to 

wear headgear. Consequently to popular belief the concussion rates have actually 

increased since that rules inclusion (Lieu & Moffitt, 1995). In a similar sport it was 

suggested that headgear worn in rugby does not provide functional protection against 

concussion at a junior level (McInstosh and McCrory, 2008) and has been reported to 

only provide the person kicking protection but not the person being kicked (Koh & 

Cassidy, 2004; Pieter & Zemper, 1998). Headgear has been shown to provide 

protection if the head hits the floor following a kick (Lieu & Moffitt, 1995) and that 

foot padding worn in taekwondo may allow the kicker to kick harder possibly 

leading to an increase in concussion rates (Pieter & Zemper, 1998).  

 There have been studies investigating the kinetic and kinematic variables 

involved in martial arts kicks, especially the turning kick, side kick, and back kick 

(Park, 1989; Sidithlaw, 1996; Chiu,Wang & Chiu, 2007). Gray (1979) first published 

data estimating the impact forces of various kicks to the chest area. Gray recorded a 

large variation of force and resultant acceleration which was measured by an 

accelerometer and a force transducer. Impact accelerations of the self-designed test 

dummy ranged from 19.5 to 29.6 g with forces ranging from 625 to 2200 pounds. 

The first recorded kicking forces to the head, were performed by Schwartz et al. 

(1986) who used a Hybrid II dummy head and neck that was fixed to a concrete post. 

Karate practitioners were instructed to kick and punch the head as hard as possible. 

Peak resulting head accelerations measured between various techniques such as hand 



strikes (hand padded) and kicks (foot padded) ranged between 90 to 120 g. Schwartz 

states that the use of foot and hand pads during the techniques did not appear to 

significantly reduce the peak acceleration, and that the kicks and hand strikes 

measured peak accelerations in the same range. This study further notes that due to 

the mounting of the head to an immovable post, the participants seemed to be 

reluctant to strike the head with as much force as possible.  

 Sidithlaw (1996) in further study of the low, medium and high roundhouse 

(turning) kick shows the difference that the height has on the kinetics and kinematics 

of the kick. The maximum peak forces of beginner and advanced (8 to 48 months) 

Thai kick-boxing amateurs, from a range of different weight divisions, were 

measured at low (lower legs), medium (torso), and high (head) heights of 7240±3477 

N, 6702±3514 N 5618±3253 N respectively. With the highest level of experience 

from this study being only 48 months, it is questionable as to the applicability of 

these results for higher caliber Thai kick-boxers. The impact kicking force was 

estimated using the known weight of the sandbag and the recorded acceleration. Two 

major drawbacks of using an accelerometer inside a sandbag is that the padding 

within the sand-bag, reduces the impact by absorbing the shock and that accurate 

striking impact of the measuring device is difficult. The latter drawback can be 

verified by the significantly large standard deviations for the impact forces that are 

presented from this study (Sidithlaw, 1996). A major area of concern is that even with 

the low skill level of participants, the author concludes that the Thai kick-boxing 

roundhouse kick can easily generate enough force to cause neurological impairment, 

skull fractures, facial bone fractures and rib fractures. It is thus suggested, that more 

regulations protecting athletes participating needs to be developed and implemented.  

 Some of the latest live data collections of head injury mechanics have 

provided more understanding of the effect of impact location, magnitude and the 

concussion thresholds among different athletes in collision sports through the use of 

the Head Impact Technology System® (HITS) instrumented helmet which is 

outfitted with multiple tri-axial accelerometers for other sports (Duma et al, 2005; 

Guskiewicz, 2007; Naunheim, 2000). One of the common conclusions of these 

studies is the highlighting of the potential of more severe head injury when a 

rotational component is involved in the impact. Thus, with the rotational nature of the 

taekwondo kicks especially, the spinning hook kick and the roundhouse kick, which 

may strike at the opponents chin, can cause rotational motion of the head. Even more 

of a concern is that latest study measuring the head injury severity due to taekwondo 



kicks shows linear magnitudes on par and higher than those in boxing and live 

American gridiron football related studies (Viano et al., 2005; Guskiewicz, 2007; 

Fife, O’Sullivan, Pieter, Cook, Kaminski, 2012). One major limitation of these 

studies is that the recorded forces related to kicking in taekwondo have been 

performed in laboratory settings, which may either over or under estimate the head 

injury severity due to the effect of the dynamics of participating during taekwondo 

competition fighting.   

Various taekwondo injury studies carried out over the last two decades have 

provided suggestions such as extra training to include evading and blocking skills 

(Koh, 2005; Pieter & Zemper, 1998), improvements to headgear and mouth guards 

(Moffitt & Lieu, 1995). It has also been reported in American football that medical 

staff, coach, referee and player education has played a major role in reducing the 

number of catastrophic head injuries (Torg, 1979). Parallels have been made about 

the lack of qualified staff and education for associated participants involved between 

taekwondo and American football (Fife et al, 2009, Fife & Harter, 2012). Pieter and 

Zemper (1998) highlight the necessity of having well trained medical staff, who can 

diagnose the severity of head injuries due to the possibility of resulting death 

associated with second impact syndrome, a definite concern when data shows the 

number of second head blows that may participants receive during competition 

(Pieter & Zemper, 1998).  

To date, there has been one known published study that has focused on the 

qualifications of medical staff to evaluate the diagnosis of, or management and 

assessment protocols for the concussions that occur during taekwondo tournaments 

(Fife & Harter, 2012). Fife and Harter (2012) highlight the lack of qualified medical 

staff attending competitions. One limitation of this study was that it was only 

conducted among Korean and American taekwondo tournament staff (Fife et al, 

2009; Koh, 2009) and thus the cross cultural differences towards the management 

about concussion in competitions/tournaments needs to be understood and addressed 

in order to be able to develop guidelines that can be implemented internationally.  

In the United States, at least 16 different concussion classification systems 

protocols have been published (McCroy et al, 2009). Of these the Colorado Medical 

Society, the American Academy of Neurology and Cantu guidelines are the three 

most frequently utilized protocols for concussion assessment and management 

(McCroy et al, 2009).  These and other concussion systems are widely used by the 

National Collegiate Athletic Association (NCAA) in sporting events and training 



across the United States (McCroy et al, 2009). There have been no such reports 

providing guidelines in the case of a concussion in taekwondo competitions in the 

USA, Europe and Republic of Korea or anywhere else known. According to the 

NCAA, coaches must be able to recognize when a player has received a concussion 

and make sure that the player then does not continue playing until being cleared by a 

medical practitioner. Therefore, it is vital for coaches to recognize the symptoms 

related to concussion so as to be able to refer an athlete to the appropriately qualified 

medical practitioner when necessary. In McCrory’s (2001) study about the 

characteristics of second impact syndrome, comments about the recognition of a head 

injury is easy if the athlete has lost consciousness but, it is much more difficult to 

recognize the far more frequent head injuries in which there is no loss of 

consciousness and merely a transient loss of alertness. Coaches do not need to be 

able to grade the concussion, but they need to be able to recognize the symptoms so 

that they can refer the player to a doctor or medical professional. Moreover as a 

doctor/medical practitioner is not always available during training, it is vital for the 

safety of a player for the coach to be able to recognize the symptoms of concussion 

in order to prevent a player from continuing.  

With the most common symptoms of concussion being; confusion, headache, 

nausea, vomiting, blurred vision, loss of short term memory and repeating the same 

thing, not being visual to the coach immediately it is vital for a player to have the 

ability to recognize if he/she has a concussion. It takes some time for the other 

symptoms of concussion to occur i.e. depression, lack of sleep, sensitivity to light 

and noise. According to Fife et al. (2009), it is very common (94%) for a player to 

not even know that have suffered from a concussion until they receive medical 

attention from their local doctor for symptoms that have been re-occurring for up to 

six months.   

 Headgear was introduced to taekwondo competition in 1985 and its major 

function is to reduce the resulting head acceleration caused by either a kick or player 

falling unconsciousness and hitting their head on the ground (Moffitt & Lieu, 1995). 

Three main factors influencing the absorption or shock absorption characteristics are; 

material type, material thickness and material structure (Shuaeibet al., 2002). It is 

well known that the thicker the material in safety equipment, the more efficient a 

material can be at attenuating forces (Shuaeibet al., 2002). However, with the 

headgear being used during competition, the size of the headgear is severely limited. 

Moffit & Lieu (1995) investigated the effectiveness for attenuating force and 



reducing resultant head accelerations of current available head-gear for martial arts 

with a thickness ranging from 14.3 mm to 31.7 mm. The headgear (tested by Moffit 

and Lieu) was evaluated by measuring the resulting head linear acceleration of the 

Hybrid II dummy head acceleration by two different testing methods. The first 

method used to test was to simulate an athlete falling to the ground and hitting their 

head off the ground or mats. While the second method was to simulate an athlete 

getting kicked in the head by a foot with an effective mass of 2.0 kg at a speed of 

12.0 m/s, thus they created and impact energy level to match this level, 144 J. The 

lower level of impact testing was selected by using the represent peak of the pushing 

kicks equivalent to an impact energy level of 56 J. The headgear tested in these two 

conditions suggest that both the thickness and the material characteristics, i.e. the 

structural characteristics, affect the absorption of the impact. In general the thicker 

the headgear the more the impact energy was reduced. The authors recommend that 

future studies should include the optimization of thickness and structure used in the 

manufacturing of safety headgear for martial arts.  

 To date, even with the introduction of the ASTM (F-2397) in 2004, there 

are no known taekwondo headgear approved by the WTF or the KTA that have this 

standard of approval. The ASTM test similar to the National Operating Committee on 

Standards for Athletic Equipment (NOCASE) the impact acceleration is measured by 

a tri-axial 1000 g accelerometer, which is fixed at the head-form or Hybrid II dummy 

head’s center of gravity. NOCSAE testing of American football helmets, cycling 

helmets etc. employ a drop test on to various shaped anvils. The NOCSAE’s testing 

pass, fail criteria is 300 g however, the ASTM’s testing pass/fail criteria is 50 g for 

low impact and 150 g for higher energy impacts. The lack of ASTM approved 

headgear coupled with the rule change encouraging more head kicks means that the 

testing of taekwondo headgear used today is vital to ensure the protection of athletes 

participating in taekwondo competition.  

1.1 Aims and Objectives 

The purpose of this dissertation was two-fold; first to measure and identify 

the various factors affecting the impact forces generated by taekwondo players 

according to body weight, gender, kicking technique. The second objective was to 

evaluate the safety performance (i.e., impact attenuation) of taekwondo headgear 

used in WTF style competition taekwondo.     



The specific purposes of this dissertation were as follows: 

1. To review competition injuries in taekwondo and use this information to 

develop recommendations for reducing the number and severity of injuries 

in competition.  

2. To assess the effect of taekwondo kicks on resultant head linear 

acceleration and head injury criterion.  

3. To assess the effect of taekwondo kicks and peak foot velocity on resultant 

head linear acceleration, head injury criterion and head velocity.  

4. To estimate the effects of age, height and weight as predictors of head 

injury mechanics in youth taekwondo. 

5. To examine impact attenuation differences between the anterior, posterior 

and side of selected taekwondo headgear brands. 

1.2 Limitations 

The different kicks are applied to a static target i.e. the Hybrid II crash test 

dummy head, which is unrealistic for a competition situation. Also, there is only one 

tri-axial 500 g accelerometer used for measuring the accelerations of the Hybrid II 

dummy head.  

1.3 Terminology 

Peak resultant linear head acceleration (RLA) is the maximum magnitude 

of the accelerations from the x, y and z axes measured by the tri-axial accelerometer 

mounted at the COG of the Hybrid II.   

Head Injury Criteria (HIC) (National Highway Traffic Safety 

Administration, 1971) is calculated from the highest integral of the RLA during a 

period of 15 ms of data, where t1 and t2 represent the period of time from initial 

impact to the peak.  The RLA is defined as a(t).  If the peak occurs within the 15 

ms then the impact time from the initiation of the impact to the peak RLA will be 

used (further details are provided in chapter 2).   

An elite player: is defined as a player that represents their university or has 

finished in the top 3 in a national competition sanctioned and recognized by the 

World Taekwondo Federation or Korean Taekwondo Association. 



The head velocity (HVEL) is measured from the maximum velocity of the 

reflective marker that is place on the top of the headgear on the Hybrid II dummy 

head. It is measured in m/s.  

The foot velocity (FVEL) is measured from the maximum velocity of the 

reflective marker that is place on the fifth metatarsal of the kicker’s foot. It is 

measured in m/s 



II LITERATURE REVIEW  

 In this chapter the available and past literature will be presented and 

discussed. This section will present literature explaining concussion in general, in 

sporting situations and the mechanisms proposed to cause this injury. Literature 

dealing with the prevention, management and recognition of sporting concussion will 

be presented.  The pros and cons of the other research will be highlighted and 

evaluated.  

2.1 Concussion

 Recently concussion has been defined as an injury to the brain after a blow 

to the head resulting in transient alterations of neurological functioning that may or 

may not result in loss of consciousness (O’Donoghoe, Onate, Van Lunen, 2009). 

Another team of researchers defined it as “a complex pathophysiological process 

affecting the brain, induced by traumatic biomechanical forces. Several common 

features that incorporate clinical, pathological, and biomechanical injury constructs” 

(CIS Group, 2001). In literature related with concussion in general and in sport it is 

often referred to as mild traumatic brain injury (MTBI) and mild brain injury (MBI).  

 With concussion of various grades causing physical, cognitive and 

emotional symptoms it is difficult to accurately report the number of annually 

occurring concussions.  The treatment usually involves simply monitoring and rest.  

Symptoms can sometimes prolong for as long as six months (Sarmiento et al., 2010) 

and during this time there is a high risk for cumulative brain damage such as second 

impact syndrome.   

 Sport related concussion has also been reported in contact sports such as 

taekwondo, American gridiron football, ice hockey, rugby, boxing, soccer, Australian 

football etc. (Pieter, 1998; Torg et al., 1990; Koh et al., 2003; McCroy, 1999, Viano et 

al., 2005). While it has also been reported in non-contact sports like cycling, skiing 

and snowboarding (Ropper & Gorson, 2008).   



2.1.1 Symptoms & Treatment

 According to the Concussion in Sport Group (CIS), concussion can be 

associated with a variety of symptoms, which have cognitive features, typical 

symptoms, and physical signs (McCroy et al., 2008). The group advises coaches and 

athletic trainers to try to notice the following; if a player is unaware of the period, 

opposition, score etc, if they are confused, have amnesia, a loss of consciousness or 

are unaware of the time, date etc.  Typical symptoms are headache, dizziness, 

nausea, unsteadiness or loss of balance, feeling stunned or “dazed”, seeing starts or 

flashing lights, ringing in the ears (tinnitus), blurred or double vision. After a 

concussion the doctor may ask if the player has any sleepiness, sleep disturbance or 

feeling of slowness or fatigue. The physical signs that can be noticed are a loss of 

consciousness, poor coordination or balance, convulsions, unsteady gait, slow to 

answer questions, easily distracted, inappropriate emotions, nausea, vacant stare, 

slurred speed, personality changes, and considerable reduction in playing 

performance. Post-concussion symptoms may be permanent or last for weeks, 

months or years after.  These post-concussion symptoms may include headaches, 

dizziness, fatigue, anxiety, memory and attention problems, sleep problems, and 

irritability (CIS Group, 2008; Committee CAoSMC, 2000).  

 The most popular treatment of concussion tends to be rest, as milder forms 

of concussion don’t require any evasive procedures (Meehan et al., 2009).  If the 

symptoms continue then neuropsychological assessment is recommended as the first 

step in trying to understand the concussion (Meehan & Mannix, 2010). One of the 

downfalls of neuropsychological testing is that if there are no baseline tests to refer to 

it is more difficult to interpret the test results (Grindel et al., 2001). If there is any 

suspicion of structural damage/ lesions or when moderate to severe brain injury has 

occurred, MRI brain scans are recommended (Meehan & Mannix, 2010).  

 The CIS group recommend a six step protocol to return to play; and if 

during any of these steps concussion symptoms reoccur the player must drop back a 

step.   

1. No activity, complete rest. Once asymptomatic, proceed to level  

2. Light aerobic exercise such as walking or stationary cycling. 

3. Sport specific training—for example, skating in hockey, running in soccer. 

4. Non-contact training drills. 

5. Full contact training after medical clearance. 



6. Game play. 

2.1.2 Mechanism &Head Injury Variables

 Analogous with the definition, the mechanism is not yet fully understood 

and still being debated about (McCrory et al., 2008). The literature dealing with the 

biomechanics involved in concussions tends to be limited as it focuses on measuring 

the linear acceleration and the time involved. The Gadd severity index (GSI) 

developed at Wayne State University (Gadd, 1966) and Head injury criteria (HIC) 

developed at the National Highway Traffic Safety Authority (NHTSA) in 1972 only 

includes the translational acceleration characteristics.  Originally, the HIC of 36 

milliseconds was used to estimate the amount of damage but after the NHTSAs work 

in the 80s the recommendation of using 15 milliseconds for sporting situations was 

made (Pintar et al., 1990).  

 Lau and Viano suggested a “viscous criterion” should be applied as in 

certain states the probability of injury to a viscous organ will happen if the rate of 

compression in either direction exceeds a limiting value where an injury may occur. 

This viscous criterion describes the potential damage an organ can undergo by 

estimating through a combination of both the linear and rotational kinetic energy. 

Based on these assumptions Newman and colleagues developed the Head Injury 

Power (HIP). Further work verifying the applicability and validity of the HIP was 

performed by Zhang and colleagues in 2004 where a finite element model of live 

impact data from American gridiron football illustrates that linear and rotational 

acceleration can predict head injury however a combination of them is more 

powerful approach for this estimation. Zhang’s work also included other head injury 

measures such as, internal cranial head pressures, as well as the linear and rotational 

accelerations to quantify which predictors are more accurate.  

2.2 Concussion Incidence, Severity and Catastrophic Injuries

The first taekwondo headgear was introduced in the World Championships 

which was held in Barcelona, Spain in 1987. Since then a large number of studies 

have reported on the severity and frequency of head and neck injuries at various 

competition levels and in different regions, world championships, national 

competitions, with a range of competitors from middle school students to elite senior 

athletes (Pieter & Zemper, 1998; Pieter & Zemper, 1994; Kazemi & Pieter, 2004; 



Beis et al., 2007; Koh, 2002). The first recorded injury investigation in taekwondo 

was by Siana in 1986 and it reported one incidence of concussion and five facial 

fractures at the 1983 Copenhagen, Denmark World taekwondo Championships.  

Previous research reports a large range of concussion from 0.92/1000 AE to 

5.53/1000 AE at the US Olympic trials (total of 96 participants) and the 1991 World 

taekwondo championships (total of 434 participants). Koh et al (2009, 2004) reports 

365 head impacts/ 1000 AE with 11 of these impacted athletes possible concussions 

(portraying symptoms of concussion) and 226 head impacts per 1000 AE and 50.17 

per 1000 AE of possible concussions from video data recorded in 2009 and 2004, 

respectively. The reason they are name possible concussion is because the data was 

collected prospectively with video analysis and so the concussions could not be 

verified.  Junior data shows similar results as Pieter and Zemper report 4.12 and 

3.25 concussions per 1000 AE among American adolescent youth taekwondo athletes 

(1998) for boys and girls. 

 There are over sixteen concussion grading scales and this makes it difficult 

to compare studies that have graded the severity of the concussion as each study 

might have used a different grading scale. Kazemi and Pieter in 1994 report both the 

incidence and the grade of the concussion to be 2.64 per 1000 AE, 1.47 per 1000 AE, 

1.17 per 1000 AE, 0.88 per 1000 AE for grades 1 through 4 respectively. It also must 

be noted here that grading of the severity may not be accurate as some concussion 

symptoms may take a few months or even years to appear (Cantu, 2007). In chapter 3 

the time-loss data is presented as it may more accurately measure the severity of an 

injury.   

 To date there are four reported deaths that have been found. The first two 

reported deaths in taekwondo are due to one or more kicks to the unprotected trunk 

area before the trunk protector was introduced (Schmidt, 1975). A cardiac-related 

death was reported for a twenty two year old male that had no apparent pathological 

conditions (Aguilera, Miler, Morentin, 1999). And most recently two deaths were 

reported in 1999 (Leopold, 1999) and as recent as 2009 Quek (2009) In 2009 a 17 

year old novice taekwondo athlete died due to brain aneurysm by a turning kick to 

the neck.  

2.3 Measuring Impact Forces  



2.3.1 Boxing Punches Using a Hybrid III Crash Dummy

 There is only one known study (Schwartz, 1986) published using an 

anthropometric test dummy to measure the head injury severity of kicks in martial 

arts (i.e., karate). However the potential head injury that Olympic boxers can produce 

with various punch types have been investigated by a number of groups (Viano et al, 

2005; Walilko et al., 2005; Stojsih et al., 2008). As this study will be employing 

similar instrumentation it is important to consider the knowledge gained from these 

previous studies.  

 In Viano et al.,’s (2005) study four selected punching techniques, hook, 

uppercut, straight punch and jab, were performed on the Hybrid III crash test dummy.  

The participants, 11 elite Olympic boxers, punched using each technique twice and 

the kinetic and kinematics were recorded.  The greatest impact force was measured 

for the hook punch at 4405 + 2318 N with an inertial load to the head of 3107 + 1404 

and a resulting change of hand velocity of 11.0 + 3.4 m/s. The hook produced HIC of 

79 with a maximum rotational acceleration of 9306 r/s2.  The linear head 

acceleration and rotational head acceleration was 71.2 g and 9306 r/s2 respectively. 

Of the four techniques tested the uppercut to the jaw recorded the lowest impact 

force of 1051 N.  

 Walilko et al., (2005) recruited 7 elite Olympic boxers to execute punches 

with a straight, extended or glancing technique to investigate the effect location the 

blow had on the head impact injury measures. Here the resulting linear acceleration, 

linear force, hand velocity and effective mass were measured. The maximum 

punching force ranged between 1990 N to 4741 N with a mean of 3427 N while head 

velocity was measured at 9.14m/s.  

 A step forward from the these two previous laboratory studies was the use 

of the Head Impact Technology System®, which employs an accelerometer 

instrumented boxing headgear allowing for live observation of head impact measures. 

This study recruited 30 male and 30 female amateur boxers to go through 2 minute 

sparring sessions while wearing the instrumented headgear. Pre and post sparring 

neurocognitive testing was done and biomechanical measures provide mean head 

accelerations of 191 g and 184 g and 17, 156 rad/s2 13, 113 rad/s2 for males and 

females respectively. Only delayed memory recall was affected post sparring bouts. 

This study demonstrates that even during sparring bouts, high magnitude impacts in 

boxing may be observed.  

 Some of the limitations of these studies are addressed in the following 



chapters. For example, in the pilot study (chapter 3; study 2) we present data of both 

genders for senior competitors, whereas this has not been done in a controlled 

laboratory setting. Also, as of this date, the impact attenuation abilities of taekwondo 

safety headgear have not been reported, which we test in our helmet evaluation study 

(chapter 3; study 5). The two previous boxing studies employed the use of an ATD 

which was positioned to the standing height of each recruited subject. We used data 

from the average standing heights for players of four divisions from the 2004 

Olympic Games (chapter 3;study 2, 3 and 4) to position the head of the Hybrid II to 

these average heights.  

2.3.2 Biomechanics and Forces of Taekwondo Kicks

There are various studies that focus on the kinetic and kinematics of more 

popular kicks in taekwondo. The kick types can be divided into two classifications; 

push like technique and a swing- like technique. A push like technique is similar to a 

closed chain kinetic motion as the joints move together in simultaneous flexion or 

extension, i.e. the side kick in taekwondo (Lee, Lee & Han, 2008). The swing like 

technique is an open chain kinetic motion and the initial movement begins at the 

proximal end which moves sequentially from proximal to distal. An example of this 

movement is the hip, shoulder, elbow and wrist in the baseball pitch and similarly the 

roundhouse kick in taekwondo which is initiated in the pelvic region, then the knee 

and angle (Kim & Kim, 1997).  

According to Moffitt and Lieu’s (1995) study, the push-like technique 

cannot generate as fast distal segment velocities in comparison with those caused by 

the swing like technique. The push-like kick, i.e., the front and side kick is shown to 

produce distal segment speeds of between 6 to 10 m/s (Moffitt & Lieu, 1995; Gray, 

1979). The roundhouse kick on the other hand has been demonstrated to display 

distal segmental velocities ranging between 16m/s up to and including 22m/s 

(O’Sullivan et al., 2009). Other researchers have shown the axe kick with a 

maximum speed of 7.43 m/s (Tsai, Gu, Lee, Huang & Tsai, 2005).  

 In a study observed the effect of different distances from a kicking target on 

time and impact force (Falco et al., 2009). Thirty-one taekwondo athletes (16-31 

years of age) participated in the study and the expert athletes’ maximum force was 

measured at 3482 N (M =2089.80, SD=634.70) at the shortest distance and 3339 N 

(M=1537.25, SD=737.43) at the shortest distance for novice athletes. Minimum kick 

execution time for experts was 0.174 s (M=0.226, SD=0.06) at the shortest distance 



and 0.208 s (M=0.285, SD=0.088) for novice athletes at the shortest distance.  

Linear velocities recorded with piezoelectric timing lights from elite taekwondo 

athletes were measured and ranged from 14-16 m/s. The same study also reported 

forces produced by the side kick, turning kick, and back kick with forces for the 

turning kick producing a magnitude of 6200 N. Other attempts to quantify the 

duration of taekwondo kicks have reported times ranging from 0.3 s to 0.68 s for 

female athletes and 0.35 s to 0.65 s for their male counterparts.  

 O’Sullivan et al (2009) performed a study focusing on the force production 

of elite taekwondo and yongmudo athletes by the roundhouse kick for both trunk and 

head height. The author estimated the force production of the kick by measuring the 

resulting three-dimensional acceleration measured by a two 50g accelerometer, 

which was fixed at the ends in a PVC pipe, then placed in a sandbag. Results showed 

the highest magnitudes for the trunk height of 6400 ± 898 N and 6393 ± 1382 N for 

the taekwondo and yongmudo group. There was a reduction in force production for 

impacts head height to 5419 ± 659 N and 5475 ± 1293 N for the taekwondo and 

yongmudo group respectively. The authors concluded that the reason for the drop in 

the impact force at the higher height was due to the reduction in the ability of the 

player to use their effective mass and push through or into the target. This study 

methodology was based on the 1996 study performed by Sidthilaw who used only 

one accelerometer with as fixed inside the center of a bowling ball in a sandbag.  As 

the accelerometers are very sensitive to impact locations then the previous study used 

the average of the two accelerometers to measure the resulting impact.   

 Other methods like air pressure sensors, pressure mats and force platforms 

have been used to measure forces (Chiu, Wang & Chien, 2007; Gray, 1979, Choi, 

2004). These methods are deemed useful when estimating the force caused by an 

impact by a kick or punch however head injury measures, i.e. Head Injury Criterion, 

Head injury Power, Gadd Severity Index are usually based on the linear and 

rotational head accelerations. Modeling by Zhang (2004) has used intracranial 

pressure but concludes that a combination of linear and rotational acceleration seems 

to be better predictors of head injury severity than pressure.   

2.3.3 Anthropometric Testing Devices 

There are three main anthropometric testing devices used in the car crash test 

industry, THOR, Hybrid II and Hybrid III dummy.  The Hybrid II and III were 

developed by General motors and has been used since their inception in 1972 and 



1973 respectively. The THOR advanced crash test dummy was developed in 2001 in 

association with the National Transportation Biomechanics Research Center of the 

NHTSA research and development office.  

In this study due to financial constraints the Hybrid II dummy (50th percentile 

adult male) head and neck are used. Even since the Hybrid III was introduced one 

year after the Hybrid II dummy head and neck are still widely used in testing 

(Denton ATD). There are biofidelic inaccuracies recorded due to the Hybrid II 

dummy’s neck as it is made of a rubber cylinder with equal frontal and lateral 

responses to acceleration (Haselgrave, 1973). On the other hand the Hybrid III 

dummy neck has cables that run through the center of the neck, which can be used to 

adjust the stiffness.  

According to the Hybrid II dummy head (50th Percentile Male (Model SA-

150-M002) manual the head weights 5.08 kg, with a head circumference of 57.2 cm, 

head width of 15.5 cm and head length of 19.6 cm. The head is made from three-

piece skull weldment with vinyl skin and has a two-piece back-plate for access to 

remove and install accelerometers. The rubber neck is fixed on a neck bracket with a 

anterior flexion of 15 degrees anterior. An important thing to note here is that the 

Hybrid II dummy has been designed for frontal impacts. Side and rear car crash test 

dummies are also supplied according to the testing situation.   

2.3.4 Head Injury Criterion

Although there are other variables associated with head injuries, such as the 

Gadd Severity Index (SI), J-Tolerance Index (JTI), Revised Brain Model (RBM), 

Effective Displacement Index (EDI) and Maximum Strain Criteria (MSC), the most 

used today is the Head Injury Criterion (HIC). The HIC was developed over thirty 

years ago based on the work done by a group led by Lissner (1960) at Wayne State 

University where the Wayne State University Tolerance Curve was first developed. 

This was then refined two years later by Gurdjian in 1962 and was developed over a 

period of about ten years with experiments investigating the effects of acceleration 

on the intracranial pressure of dogs, monkeys and later human cadavers. Hammers of 

various weights were used to inflict concussion on the anesthetized dogs and 

monkeys. The work also included attempts to determine head injury tolerance in 

humans by dropping cadaver heads onto solid flat surfaces.  

The energy required to cause the concussive effects were measured and 

Gurdjian (1962) developed the Wayne State University Tolerance Curve which was 



interpreted as a limit between responses of the head to impacts causing fatal and non-

fatal injuries. The Wayne State University Tolerance Curve is an empirical 

correlation between effective acceleration of the head and the impact time duration. It 

can indicate the estimated threshold value of human brain injury hazard as it is a 

function of the average translational head acceleration at a pulse duration.  The 

Gadd Severity Index was devised as the following:  

where a(t) is the acceleration of the head center of mass, t is the time and T is the 

duration of the impact pulse. The exponent 2.5 was taken from the Wayne State 

Tolerance Curve, which was approximated by a straight line with a negative slope of 

2.5 if plotted on a log-log scale of time and acceleration. Gadd chose this value as a 

weighting factor for his integral relationship and determined that a limit of 1000 

matched some of the data generated by the Wayne State.  The GSI was consequently 

modified by Versace(1971), and the limit remained at 1000. 

Since its inclusion into head injury severity approximation, further attempts to 

take into account long and short pulse durations rather than an average of pulse 

duration by the development of the Gadd Severity Index (SI). The SI takes into 

account longer pulse durations as compared to the Head Injury Criterion (HIC).  

The HIC, which first used a 0.45 millisecond (ms) window of acceleration, now 

includes 0.15 milliseconds under a head acceleration curve.  In both the SI and HIC 

a severity value of over 1000 indicates acceleration forces dangerous to life. 

A criticism of these head injury measurements is the disregard for other 

injurious forces acting on the head. Head injury is a complex set of events and cannot 

simply be represented from resultant translational forces. Even as early as these 

injury criterions were developed was an understanding of potential effects from 

rotational accelerations such as diffuse axonal injury cause by shearing of the brain, 



axons and vascular structures (Gurdjian, 1955 p. 37 Hodgson 13th Stapp). 

Furthermore, if the head has experienced an impact less than 1000 HIC, the neck 

may break.   

2.3.5 Impact forces due to kicking

In studies of Taekwondo kicks, Park (1989) investigated selected kinematic 

and kinetic parameters of three types of taekwondo front kicks, kicking with the 

trunk forward (KF), kicking with the trunk straight (KS) and kicking with the trunk 

backward (KB). An AMTI force platform and 16mm camera at 100 frames per 

second were used to determine ground reaction force of the supporting foot and 

kinematic parameters. During the front kicks, the attack time of KB style (330msec) 

was faster than that of the other two front kick styles, KS (350msec) and KF 

(353.8msec). The mean resultant foot velocity at impact of the KF style was 

7.49m/sec which was greater than the KS (7.10m/sec) and KB style (6.89m/sec). The 

maximum muscle moments of segment joints occurred as the direction of rotation 

reversed from flexion to extension of joint. A mean maximum vertical ground 

reaction force of the supporting foot (966N) occurred approximately at the time the 

hip flexion started.  

In a study about the force and impact determinations of certain karate kicks, 

Gray (1979) investigated the impact forces due to the potential injury of kicks to the 

chest. A dummy was equipped with a tri-axial accelerometer set in the chest and the 

subjects lower extremities were recorded with high speed video camera. Based on the 

data recorded the kick terminal velocities measured on film ranged from 32.1 to 61.3 

ft/sec, depending on the type of kick. The impact dummy resultant acceleration 

varied from 19.5 to 29.6 g and the kick force was measured by the force transducer 

ranged from 625 to 2200 lbs of force.  

In Sidthilaw’s study (1996) the roundhouse kicking force of a beginner 

Muai Thai kickboxer was estimated by fixing three one dimensional 50g 

accelerometers  perpendicular to the inside of a bowling ball. This bowling ball was 

then placed in a sand bag. In this study, the participants performed three roundhouse 

kicks at three varying heights low, middle and high section one week after a muscle 

strength test. The impact forces recorded for the roundhouse kick of Thai kick-

boxers’ for low, medium and head height, were 6702±3514N, 7240±3477N and 

5618±3253N respectively. The standard deviation of force measured within each of 

the individuals’ roundhouse kicks (between the low, medium and high section) was 



approximately 30%. With this system of measurement, the subject’s kicking accuracy 

vastly influenced the measurement data. If the subject kicked too high or too low 

then the transfer of the impact force could not be completely measured.  

In other related research Chiu, Wang and Chen (2007), the kicking force 

and the speed of the kicking foot of the roundhouse and back kick were measured. 

Chiu et al used a different method to measure the kicking force, an air bag was fixed 

to a wall and the difference in air pressure caused by the force of the kick was 

measured in voltage. To calibrate this system various weights were dropped from a 

fixed height onto the air bag and the voltage and known force were compared. 

Through this known relationship the kicking force could be estimated. The force and 

kicking foot speed measured was 8252±720N and 23.4±1.5m/s. The results for this 

study were composed of the performance of two participants who performed the kick 

three times each so it was deemed that the results could be statistically problematic. 

2.4 Introduction of Headgear/Helmets

 With the high number of injuries in collision sports such as ice hockey, 

American gridiron football, lacrosse and combat sports such as boxing, taekwondo, 

etc, helmets have been introduced. The first helmets for American gridiron football 

date back to the 18th century and were made out of leather and provided almost no 

protection (Evolution of AF helmets). Until 1973 there were no standards required 

for the design and the level of safety provided by a helmet until the National 

Operating Committee on Standards for Athletic Equipment (NOCSAE) introduced 

the first standards. Since then, the introduction of many soft shell and hard shell 

helmets from other organizations have been introduced to various sports from non-

contact, motor cycle racing (Snell 2010) to martial arts headgear (ASTM F1446). 

The first headgear was introduced to taekwondo during the World championships in 

Barcelona, Spain 1985. It is unclear if their introduction actually reduced the number 

of severe head injuries as the first injury for taekwondo was by Siana in 1986.   

2.5 Helmet Testing 

The National Operating Committee on Standards for Athletic Equipment 

(NOCSAE) was set up in 1969 to establish safer equipment and reduce sport injuries.  



It overlooks the standards of equipment in American football, baseball, lacrosse, and 

many other common sports. It not only establishes standards regarding head-gear but 

also shin guards, face guards, etc. NOCSAE have between developing their helmet 

testing since 1983 for lacrosse. baseball and American football helmets.  NOCSAE 

use the hybrid II dummy head and drop it on to variously shaped anvils at various 

speeds to simulate different impact scenarios. The head form is instrumented with a 

triaxial 1000g accelerometer to record the impact acceleration. Usually the head form 

acceleration must not accelerate more that 300g or else it fails the test. A similar set 

up is used to test helmets for motor cycle and bicycles, however the anvils and the 

permitted head form accelerations are different.    

Another association that tests helmet safety is the Snell memorial 

foundation which was established in 1957 (ww.smf.org) after the death of Pete 

William Snell. The Snell testing is compromised of the impact test which uses a drop 

test onto various anvils, flat, hemisphere, curbstone, roll bar, edge or horseshoes to 

simulate various possible impact surfaces. Similar to the NOCSAE testing the 

acceleration of an accelerometer at the center of the head-form is measured at 

10,000Hz. For approval each of the helmets tested during the impact test must not 

exceed the 300 g threshold value associated with pass or fail. Positional stability (a 

roll off), dynamic retention, shell penetration, face-shield and flame resistance are 

tested. Snell has certified helmets for motor cycling, cycling, equestrian, karting and 

children’s motorsports helmets.  



Figure 1 Drop test set up with head-form 

In 2004, the American Society for testing and materials (ASTM) developed 

the standard for martial arts testing with the guidance of Dennis Lieu from the 

University of California, Berkley. The ASTM F1446 tests at two different impact 

levels a low level of 52.25 J and a high impact level of 144 J. The threshold for the 

low level is 50 g and the threshold for the high level is 150 g. Any headgear that fails 

at any of these levels tested then the headgear is not approved. Like the Snell testing, 

retention is tested by the roll off cable and hook, roll-off test apparatus, dynamic 

retention test apparatus, in addition to impact attenuation and penetration tested. The 

impact testing is performed on various surfaces; a modular elastomer programmer, a 

flat anvil, hemispherical anvil, cylindrical anvil, triangular hazard anvil and a 

curbstone anvil. 



III RESEARCH  

The five studies provided in this chapter focus on the generation of 

impact kicking forces by a various techniques, different ages, weights and genders, 

and also investigate the safety performance that todays taekwondo headgear can 

supply. This chapter contains the following five studies.  

Chapter 3 presents 5 studies, where the first study addresses purpose 1, and  

presents relevant literature that has been published regarding taekwondo injuries and 

to both male and female athletes. This literature review provides suggestions that the 

researchers have made to increase the safety of athletes participating. Furthermore, 

more importantly this literature review highlights the lack of action taken on behalf 

of the athletes by taekwondo governing bodies even with the high frequency of injury.   

Study 2 addresses purpose 2, and presents a pilot study examining the 

resultant head linear acceleration and head injury criterion caused by various 

taekwondo kicks. This study shows how a Hybrid II dummy head fitted with a 500g 

accelerometer can be used to measure the severity of head impacts due to taekwondo 

kicks. This study with the large effect sizes portrayed the need for future 

investigation of taekwondo kicks, especially the turning kick.   

Study 3 addresses purpose 3. This study was based on the pilot study and 

assesses the effect of taekwondo kicks and peak foot velocity on resultant head linear 

acceleration, head injury criterion and head velocity. It shows the high magnitude 

impacts not measured before in other combat sports while highlighting the possible 

dangers of head injury in full-contact taekwondo. Study 3 also provides meaningful 

data about the taekwondo kicks most associated with concussions.   

Study 4 addresses purpose 4. The study examines the effects of age, height 

and weight as predictors of head injury mechanics in youth taekwondo. It draws upon 

the data provided in the previous studies and applies these measuring methods for 

youth taekwondo athletes, which is a growing area of concern.  

Study 5 addresses purpose 5. The study examines the impact attenuation 

differences between the anterior, posterior and side of selected taekwondo headgear 

brands. This study demonstrates the lack of protection of the headgear at both low 

and high magnitudes.  



3.1 Competition injuries in taekwondo: A literature review and suggestions for 
prevention and surveillance 

Willy Pieter, Gabriel Paul Fife, David Michael O'Sullivan  
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ABSTRACT 

Objective: To review competition injuries in taekwondo and use this information to 

develop recommendations for reducing the number and severity of injuries in 

competition.  

Methods: The available literature was searched for prospective studies on taekwondo 

injuries in adult athletes. An injury was defined as any circumstance for which the 

athlete sought the assistance of the on-site medical personnel. Injury rates were 

expressed per athlete-exposures (A-E) and 95% confidence intervals calculated. 

Results: Total injury rates for elite men varied from 20.6/1,000 A-E (95%CI: 11.8-

29.3) to 139.5/1,000 A-E (95%CI: 94.0-185.1). For elite women, the rates varied 

from 25.3/1,000 A-E (95%CI: 3.1-47.4) to 105.5/1,000 A-E (95%CI: 89.8-121.1). 

About one third of all injuries (29.6%) in the men were to the head and neck region, 

while almost half of the injuries (44.5%) were to the lower extremities. In the women, 

15.2% were to the head and neck and 53.1% to the lower extremities. The vast 

majority of all injuries were contusions (42.7% in the men and 62.7% in the women). 

Point estimates of rates of head injuries and concussions were found to be higher in 

taekwondo than in other contact sports such as football (soccer) and American 

gridiron football. Time-loss injury rates in the men varied from 6.9/1,000 A-E 

(95%CI: 1.8-11.9) to 33.6/1,000 A-E (95%CI: 18.9-48.3). In the women, they varied 

from 2.4/1,000 A-E (95%CI: 2.3-7.2) to 23.0/1,000 A-E (95%CI: 15.7-30.4). The 

turning kick was most often involved in causing injury: 56.9% of all injuries in the 

men and 49.8% in the women. Lack of blocking skills was identified as one of the 

main injury mechanisms.  

Conclusions: Rule changes should be considered and it is recommended that 

governing bodies employ qualified medical personnel. Also, establishing an ongoing 

injury surveillance system in taekwondo should be a first priority. 
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Introduction 

Full-contact taekwondo has been an official medal sport since the 2000 

Summer Olympic Games (Sydney), while its demonstration status goes back to the 

1988 Games (Seoul). To date, the international sport governing body of taekwondo, 

the World Taekwondo Federation (WTF), boasts over 200 member nations [1] with 

more than 80 million practitioners worldwide.[2] It was recently reported that the 

concussion rate in taekwondo over a 15-year period [3] is four times higher than in 

American gridiron football [4] over a similar time span (16 years): 9.4/1,000 A-E, 

95% CI: 7.1-11.7 vs. 2.3/1,000 A-E, 95% CI: 2.2-2.4. Furthermore, overall 

competition injury rates for taekwondo compared to other full-contact and collision 

sports, such as American gridiron football and wrestling, are higher.[5-8] This 

indicates a need for developing approaches to reduce the number and severity of 

taekwondo injuries through the use of injury surveillance data for designing injury 

prevention measures, as has been done by other sports. However, to this date, a 

comprehensive worldwide injury surveillance system in conjunction with 

preventative measures, similar to those of the National Collegiate Athletic 

Association (NCAA) and Fédération Internationale de Football Association (FIFA)

systems, is yet to be instituted for taekwondo.[9]  

An example of the use of a comprehensive injury surveillance system in 

successfully developing injury prevention efforts is the NCAA Injury Surveillance 

System (ISS), which was started nearly 30 years ago with the cooperation of

Certified Athletic Trainers employed at universities nationwide in the United 

States.[10] As a result of the NCAA ISS, important changes in collegiate sport rules 

were introduced, such as the 1997 spring gridiron football permissible equipment and 

contact rules, the 2003 women's lacrosse regulation requiring the use of protective 

eyewear, as well as the 1995 ice hockey hitting and contact rules. A more direct 

international effect of the NCAA ISS was to highlight the rise in interest in ACL 

injuries among female basketball and soccer players,[10] thus leading to a better 

understanding of ACL injury mechanisms.  

  Based on the results of the NCAA ISS, it is evident that the institution of 

this comprehensive effort to identify at-risk sports has been effective. Therefore, the 

purpose of this article is to review competition injuries in elite adult taekwondo 

athletes based on prospective studies in an effort to provide a rationale for 

preliminary steps that may be taken to employ a similar ISS in taekwondo, which 



should also include steps to be taken to reduce the number and severity of taekwondo 

injuries. To illustrate the dangers of kicks in taekwondo, this review will also 

highlight the biomechanical implications of these techniques relative to their injury 

potential. 

Methods

  The available literature was searched electronically using PubMed for 

prospective studies on taekwondo injuries in adult athletes. An injury was defined as 

any circumstance for which the athlete sought the assistance of the on-site medical 

personnel. This definition was the same across all studies reviewed. The following 

keywords were used to identify relevant literature: taekwondo, injury, concussion, 

musculoskeletal, head injury. The use of the words “taekwondo” and “injury” 

produced 41 publications and after reviewing the titles and abstracts 9 were deemed 

relevant to the study at hand. Knowing head injuries are among the most serious of 

taekwondo injuries, a further search was done with the keywords “taekwondo” and 

“head injury”, which revealed 18 publications with 2 deemed relevant to our study. 

Additional publications were secured from Google Advanced Scholar. In the absence 

of research using randomized controlled trials, this review is based mainly on 

prospective investigations. Injury rates are expressed per 1000 athlete-exposures (A-

E) and 95% confidence intervals calculated. One athlete-exposure (A-E) refers to one 

athlete participating in a bout and exposing him/herself to the possibility of being 

injured. 

  In addition to reviewing the available literature, the biomechanical 

implications of taekwondo kicks relative to their injury potential will be summarized 

to highlight the need for competition rule changes. The rationale for improved coach 

education and referee programs as well as setting up an injury surveillance system 

will also be presented. 

Results
  First, a summary of the total injury rates found in the literature reviewed for 

male and female taekwondo athletes during competition will be presented, followed 

by data categorized by type of injury, injury location by body region, the mechanism 

of injury, time-loss injuries as a surrogate for injury severity and finally catastrophic 

injuries. 

Total injury rates 



  A comparison of taekwondo injury rates based on prospective studies is 

shown in Table 1. Oler et al.[11] collected their data at one US senior and one junior 

national championship. However, exposure data were not reported and therefore 

injury rates cannot be calculated. In addition, injuries for men and women were 

combined in that study. Based on the information provided, the adult males and 

females together sustained 7.4 injuries per 100 participants. The number of 

competitors was estimated by the investigators.  

  Pieter et al.[12] investigated British recreational taekwondo athletes and 

recorded injury rates of 51.3/1,000 A-E (95% CI: 1.0-101.5) and 47.6/1,000 A-E 

(95% CI: 18.4-113.6) for men and women, respectively. Phillips et al.[13] studied 

injuries sustained at the 7th All Africa Games in South Africa. Although a breakdown 

of participating athletes by gender was provided, the auTHORs reported the total 

injury rate for both men and women combined as 86.6/1,000 A-E. Expressed per 

number of athletes, the Africans incurred 17.2 injuries/100 participants. Braun[21] 

covered full-contact taekwondo at a World Cup competition. Collapsed over gender, 

the athletes sustained 95.5 injuries/1,000 A-E.  

Table 1 Competition injury rates per 1,000 athlete-exposures (95% CI) in taekwondo 

athletes 

Study Men (95% CI) Women (95% CI) 

Pieter et al.[14]  139.5 (94.0-185.1) 96.5 (39.5-153.5) 

Pieter and Zemper[15] 95.1 (84.7-105.4) 105.5 (89.8-121.1) 

Koh et al.[16] 120.81 (92.91-148.7) 90.05 (61.42-118.7) 

Beis et al.[17] 20.55 (11.8-29.3) 36.41 (18.0-54.8) 

Kazemi and Pieter[18] 79.91 (53.4-106.4) 25.25 (3.1-47.4) 

Pieter et al.[19] 168.37 (110.9-225.8) 153.01 (124.1-181.9) 

Yiemsiri et al.[20] 39.47 (17.6-61.4) 32.41 (8.8-56.0) 

Pieter et al.[7] 69.51 (55.4-83.6) -- 

  The most recent study on injuries at the 2008 Olympic Games[22] reported 

36% of all injuries occurred during training, while the remainder were registered 

during competition. Based on the data provided by the auTHORs, the competition 

injury rate is 53.3/1,000 A-E for the combined sample of men and women. The 

overall combined injury rate of men and women based on the studies reviewed here, 



including those of the 2008 Olympic Games[22], 7th All Africa Games[13] and World 

Cup[14] is 81.4/1,000 A-E (95% CI: 76.3-86.4).  

  Recently, in a review of taekwondo injuries by Pieter, no statistical 

difference was reported between males and females in total injury rate: 88.9 

injuries/1,000 A-E (95% CI: 81.3-96.5) for men and 90.3 injuries/1,000 A-E (95% 

CI: 79.6-101.1) for women[3], which included both recreational and elite taekwondo 

athletes. The total injury rate for only elite male taekwondo athletes was 89.4/1,000 

A-E (95% CI: 78.0-100.7).[7] 

  Based on the current review, the injury rates for the elite men and women 

are 82.8/1,000 A-E (95% CI: 76.3-89.3) and 87.0/1,000 A-E (95% CI: 76.8-97.2), 

respectively. The investigation by Zemper and Pieter[23] was part of the study by 

Pieter and Zemper[15] and was not included in the total rate collapsed over studies.  

Injury types 

  Tables 2 (males) and 3 (females) display the rates of injury types per 1,000 

A-E. Of more concern than the most frequently occurring injuries are fractures and 

head injuries.[17] Table 4 displays concussion injury rates in taekwondo athletes. 

Men (9.4/1,000 A-E (95%CI: 7.1-11.7) were at a higher risk than women (4.6/1,000 

A-E, 95%CI: 2.6-6.5) of incurring cerebral concussions (RR=1.9 (95% CI: 1.1-3.4, 

p=0.020).[9] It should be noted that a fatal outcome of head injury is a distinct 

possibility.[11, 24, 25] As mentioned above, the point estimate of the incidence rate 

of concussions in men over 15 years is up to four times higher than in American 

gridiron football over a 16-year period.[4] 
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Table 4 Competition injury rates per 1,000 athlete-exposures (95% CI) for cerebral concussions in 

taekwondo

Study Males Females 

Pieter and Lufting[26] 15.3 (4.7-25.9) 3.2 (3.1-9.6) 

Pieter et al.[14] 15.5 (0.3-30.7) 8.8 (8.4-26.0) 

Pieter et al.[12] 12.8 (12.3-38.0) -- (--) 

Pieter and Zemper[15] 7.0 (4.2-9.9) 2.4 (0.0-4.8) 

Koh et al.[16] 10.0 (6.0-26.2) 4.5 (2.1-11.0) 

Beis et al.[17] 1.0 (0.9-2.9) -- (--) 

Koh and Watkinson[27] 55.2 (27.2-83.1) 49.3 (12.8-85.8) 

Kazemi and Pieter[18] 6.9 (0.9-14.6) -- (--) 

Injury location 

  Tables 5 and 6 show injury rates by body region. Within the lower extremities, the foot 

(instep) was especially at risk in both males and females.[12, 14, 15, 28] Prior to the inclusion of the 

electronic chest protector scoring system, which requires the use of a non-protective “sensor sock”, 

taekwondo competitions called for the use of WTF-approved foot protectors/padding, which was the 

case when the above injury rates were reported. To the best of our knowledge, however, the effect of 

the electronic “sensor socks” on foot injury rates has not been investigated. 

Table 5 Competition injury rates per 1,000 athlete-exposures by body region in adult male taekwondo 

athletes

Study Head and Neck Upper Extremities Trunk Lower Extremities

Pieter et al.[14] 46.5 11.6 11.6 58.1 

Pieter et al.[12] 38.5 12.8 -- -- 

Pieter and Zemper[15] 28.8 12.3 10.6 43.4 

Koh et al.[16] 28.5 31.9 8.4 50.3 

Beis et al.[17] 6.9 3.9 2.9 6.9 

Kazemi and Pieter[18] 24.9 6.9 11.4 32.0 

Pieter et al.[19] -- 5.1 5.1 158.2 

Yiemsiri et al.[20] 3.3 9.9 -- 26.3 



Table 6 Competition injury rates per 1,000 athlete-exposures by body region in adult female 

taekwondo athletes

Study Head and Neck Upper Extremities Trunk Lower Extremities

Pieter et al.[14] 8.8 8.8 17.5 61.4 

Pieter et al.[12] 23.8 -- -- 23.8 

Pieter and Zemper[15] 26.7 16.5 4.9 56.4 

Koh et al.[16] 7.1 16.6 2.4 64.0 

Beis et al.[17] 4.9 4.9 2.4 20.3 

Kazemi and Pieter[18] -- -- -- 25.3 

Pieter et al.[19] -- 32.8 -- 109.3 

Yiemsiri et al. [20] 4.6 13.9 -- 13.9 

Injury Mechanisms 

  Early research showed that the most common injury mechanisms were receiving and 

delivering a blow.[15, 23, 29], which were recently reported by Yiemsiri et al.[20] as well. Receiving a 

blow also was most commonly involved in time-loss injuries.[26] Table 7 displays the percent 

distribution of taekwondo techniques most frequently implicated in injury. 

Table 7 Percent distribution of taekwondo techniques most often implicated in competition injuries

 Pieter et al. 

[14] 

Pieter et al. 

[12] 

Koh et al. 

[16] 

Beis et al. 

[17] 

Pieter et al. 

[19] 

Type of Kick M* F* M F M F M F M F 

Turning  66.7 63.6 25.0 50.0 56.5 65.8 47.6 20.0 90.9 89.3

Spinning hook  2.8 -- -- -- 1.5 5.3 9.5 -- -- -- 

Spinning back  8.33 36.4 -- -- 1.5 2.6 9.5 6.7 -- -- 

Axe 2.8 -- -- -- 2.9 2.6 4.8 6.7 -- -- 

Side  -- -- -- -- 11.6 7.9 -- -- -- -- 

Other 19.3 -- 75.0 50.0 26.0 15.8 28.6 66.6 9.1 10.7

*M=males; F=females 

 A spinning hook kick, a rotational technique, led to the fatal injury reported by Oler et al.[11]. 

Zandbergen[30] found that the turning kick was implicated in 40% of all reported time-loss injuries, 

followed by the spinning hook kick (23%), axe kick (12%) and other kicks (25%). It should be noted 



that this study was carried out before the athletes were required to wear protective equipment other 

than the chest protector.  

 Recent biomechanical studies on the effects of these kicks on head injury display alarming 

injury potential.[31,32] Fife et al.[31] showed the clench axe kick led to linear accelerations that 

exceed the uppercut in boxing (33.3+11.1 g versus 24.1+12.5 g, respectively.[33] This technique was 

reported to be implicated in cerebral concussions in taekwondo.[34] Another study by Fife et al.[32] 

revealed that the linear acceleration of the turning kick is of concern with a range of 60.5–217.3 g, 

while the HIC of the same kick was 128.4 –1608.7. HIC refers to the risk of a person sustaining a head 

injury as a result of impact acceleration of the head. An HIC of 1000 is suggested to be life 

threatening.[33] 

Time-loss 

Time-loss injuries are considered a direct indication of the severity of injury and overall 

debilitation to the injured athletes.[35] The exact days off were reported for injuries to the feet,[14, 28] 

head and neck,[36] concussions[34] as well as overall time loss.[12, 37] Furthermore, a comparison 

with time-loss injuries in other sports[8, 22] may demonstrate issues of injury management and 

prevention, leading to further opportunities for injury prevention strategies by national, regional, and 

international governing bodies. Table 8 shows the competition time-loss injury rates in taekwondo 

while Table 9 displays the exact days lost from training/or competition. 

Table 8 Competition injury rates per 1,000 athlete-exposures for taekwondo time-loss injuries

Study Males Females 

Pieter and Lufting[26] 22.9 (9.9-35.9) 9.7 (1.3-20.6) 

Pieter[4] 33.5 (27.3-39.6) 23.0 (15.7-30.4) 

Pieter et al.[15] 27.1 (7.0-47.2) 8.8 (8.4-26.0) 

Pieter and Bercades[37] 25.6 (9.9-61.2) 23.8 (22.9-70.5) 

Koh et al.[17] 33.6 (18.9-48.3) 14.2 (2.8-25.6) 

Pieter et al.[19] 20.4 (0.4-40.4) 21.7 (0.4-43.0) 

Beis et al.[18] 6.9 (1.8-11.9) 2.4 (2.3-7.2) 
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 Taekwondo men (25.6/1000 A-E, 95% CI: 9.9-61.2) were reported to be at a higher risk of sustaining 

time-loss injuries than their female counterparts (23.8/1000 A-E, 95% CI: 22.9-70.5) (RR=1.5, 95% CI: 1.1-2.1, 

p=0.006), although their point estimates did not significantly differ statistically.[9] The large CIs in the 

individual studies comprising the total CI for the men and women, respectively, is suggested to have 

contributed to the results. Taking steps toward an ISS for taekwondo will be important in order to shed new 

light on the impact of any future prevention strategies regarding injuries in this sport.  

 The point estimate time-loss injury rate of male taekwondo athletes when all studies are combined 

(25.6/1000 A-E, 95% CI: 9.9-61.2) is higher than that of collegiate football (soccer) players (18.8/1000 A-E, 

95% CI: 18.3-19.2) when collapsed over division and season [39], although the difference is not statistically 

significant. However, it is not higher than American gridiron football (35.9/1,000 A-E, 95% CI: 35.5-36.3).[40] 

On the other hand, the taekwondo women recorded a statistically significant higher point estimate time-loss 

injury rate (23.8/1000 A-E, 95% CI: 22.9-70.5) compared to their counterparts in collegiate football (soccer) 

(16.4/1,000 A-E, 95% CI: 16.0-16.9)[26] as well as ice hockey (12.6/1,000 A-E, 95% CI: 11.1-14.1).[39] The 

discrepancy between the taekwondo men and women is suggested to be due to the large CIs. 

Catastrophic injuries 

 Information regarding catastrophic injuries in martial arts is virtually absent and what is available is 

anecdotal in nature. Two earlier deaths in taekwondo were described by Schmidt[41] after one or more kicks to 

the unprotected trunk area. The practitioners were engaged in light contact sparring. Both deaths involved 

males. One cardiac-related death occurred in Spain.[42] The victim was a 22-year old male with no apparent 

pathological condition that would have made him more susceptible to a fatal injury. Another death was found 

by Oler et al.[11] and most recently via the media, with one adult[24] and one 17-year old novice 

competitor.[25] In reviewing the literature, only one non-fatal catastrophic injury appears to have been 

reported.[43] 

Discussion 
Preliminary suggestions for injury prevention 

 A well-accepted approach to injury prevention is provided by Van Mechelen.[44] Based on this 

approach, we recommend adoption of several measures, including conducting longitudinal studies of 

taekwondo injuries, preferably according to the following pattern: 1) determine the extent of the injury 

problem through the use of a well-designed injury surveillance system; 2) determine the aetiology and 

mechanism of injuries using data from the injury surveillance system; 3) introduce preventive measures based 

on information from the previous steps; and 4) assess their effectiveness by repeating step one.[44] These steps, 

along with the recommendations below, are considered to be a necessary first attempt to reduce injury 

incidence and severity in taekwondo worldwide. 

Coach and Referee Education Requirements 



 Guidelines are needed for minimum coursework requirements for future coaches [46], including 

basic injury prevention and management.[46] Proper instruction and coaching by trained and certified 

individuals is recommended [57] as no current coach education coursework by the WTF is dedicated to the 

most up-to-date scientific understanding of coaching science and related injury management. taekwondo

coaches should be thoroughly educated according to the latest scientific insights and should keep abreast of 

recent developments by reading the appropriate coaching and research literature on a regular basis, as is 

currently being done by several professional sports organisations that require up-to-date continuing 

education.[48-50]  

 Currently, the education requirements for WTF-certified referees mainly consist of learning standard 

hand signals and game regulations. Furthermore, there is no review of past referee performance at the end of 

each competition to rectify any problems that may have surfaced during competitions.[51] Moon[51] 

suggested that a comprehensive program should be developed to overhaul the current “education” of referees 

and a committee established independent of any organizations or groups within taekwondo governing bodies to 

curb the widespread abuse of the referee system. Although an electronic telemetry chest protector for scoring 

was introduced in 2008, the validity and reliability of this system has not been established, while its effect on 

fairness is yet to be objectively analyzed.[52] 

Pre-participation Examination and Improved Medical Care 

 It is recommended to have pre-participation examinations (PPE) for all those who have plans to enter 

competition. This PPE should be conducted once a year thereafter and additionally should be done to assess 

whether the athlete is fit to return to competition after serious injury.[53] As recommended by the International 

Symposium on Concussion in Sport, specifically trained sideline medical staff should employ the use of a 

standardised concussion assessment method: Standardised Concussion Assessment Test 2 (SCAT2).[54] To 

implement the use of the SCAT2, baseline scores on this test for comparative use in the event of a head injury 

for all registered athletes should be required as part of a more comprehensive athlete registration, education 

and PPE process. Athletes participating in taekwondo competitions should be educated relative to injury risks 

and should be strongly discouraged from entering competition prematurely.[11] 

 Additional preventive measures should include improved medical care and on-field recognition and 

treatment of head and neck injuries.[11, 56] A recent report of concussion management and assessment 

protocols used by American and South Korean medical personnel employed at national taekwondo 

competitions indicated 63% of Korean tournament medical personnel were either registered nurses or 

emergency medical technicians[49], who are not globally recognised[22,56] as professionals capable of 

correctly identifying, diagnosing and managing sport-related concussion. Furthermore, Fife and Harter[46] 

revealed that 46% of South Korean medical personnel indicated that the tournament at which the survey took 

place was their first time providing medical care at such events. To further complicate this issue, the WTF now 

claims to have approved the enactment of the IOC Medical Code (recommended for all member associations in 



January, 2006) as of April 4th 2012, although a memorandum of agreement between a traditional oriental 

medical association in Korea (i.e., traditional Chinese medicine) was recently (October 24, 2011) employed as 

the official agency responsible for medical care at WTF-sanctioned competitions.[57] Instead of using staff 

untrained in the diagnosis and management of injuries, the IOC[22] recommend that appropriately trained and 

qualified medical personnel be utilised, while a standardised protocol be used for assessment and return to play 

decisions following head and neck injury. Examples of such protocols are those that were developed by the 

International Symposium on Concussion in Sport,[54] which is supported by FIFA and the National Football 

League (NFL, the American professional gridiron football league).[58]  

 In view of the extent and seriousness of competition injuries in taekwondo, it is vital to adhere to 

standards set by the IOC[22] and the National Athletic Trainers’ Association (NATA, the American 

professional organization for certified sports physiotherapists) in terms of qualified medical personnel to 

provide emergency care for high risk sports.[57] The lack of qualified medical personnel employed at  

tournaments[46] further highlights the need to improve medical care for these athletes. 

Standardised Medical Care 

 Head injury and its potentially debilitating consequences, such as acute injuries of skull fracture, 

haemmorrhage and the effects of repetitive concussions (i.e., subsequent manifestation of chronic traumatic 

encephalopathy) deserve special attention. Prospective studies[26, 27, 34, 59, 60] reported injury rates for 

cerebral concussions in taekwondo with men being at a higher risk than women [9.4/1,000 A-E (95% CI: 7.1-

11.7) vs. 4.6/1,000 A-E (95% CI: 2.6-6.5)] [RR=1.9, 95% CI: 1.1-3.4][4] (Table 4). Even though other sports 

report lower incidence rates when compared to taekwondo, their sport governing bodies, e.g., NFL[58] and 

FIFA[58], have taken strict precautionary measures, such as rule modifications and improved sideline medical 

assessment methods.  

Standardisation of Protective Equipment and Safety Testing 

 Improved protection (i.e., properly fitted and regularly tested protective equipment) may also help 

reduce the chances of head and neck injuries.[55] However, to this date, only one report[61] on the safety 

performance of the official WTF-approved taekwondo headgear exists, indicating that none passed the 

standardised impact attenuation testing (i.e., ASTM F-2397-04).  

Rule Changes 

 Changes in rules have been suggested many times,[11, 16, 18, 29 , 34, 37, 45, 59] to promote a 

possible decrease in head injuries. However, over the last 10 years, rule changes instead have been 

implemented in an effort to “improve the sport to a global standard” and to “become a permanent fixture in the 

Olympic program”[62] that award competitors more points (up from 1 to 4 points as of this writing) for 

successful spinning kicks to the head[63], which would appear to be counterproductive with regard to reducing 

the number and severity of head injuries. This has resulted in a reported increase in the use of kicking 

techniques aimed to the head[63] as well as possible concussions.[64] Attention should again be brought to the 



recent biomechanical studies of head blows in taekwondo that confirm spinning kicks lead to higher 

accelerations and HIC values than various boxing punches[33, 65] and head-to-head collisions in sports such 

as American gridiron football[66] and ice hockey.[67] 

Defensive Maneuvers for Injury Prevention 

 More than 20 years ago, a lack of blocking skills was identified as being related to injuries and 

correction of this skill deficiency was presented as a preventive measure.[23] Subsequent studies also 

emphasized improving blocking skills to help prevent injuries including those leading to time loss.[11,29] 

However, more recent research seems to indicate that no changes have been made over the years; deficient 

blocking skills are still among the most frequent mechanisms of both general[16] and severe injuries.[59] Koh 

and Watkinson[27] reported that lack of blocking skills or lack of evasive maneuvers was involved in 99% of 

total concussions. Furthermore, all of the head blows incurred during the semi-finals and finals of the 1999 

world championships were due to the absence of blocking skills.[59]  

Conclusions 
 This review identifies previously reported injury rates in taekwondo that surpass rates reported in 

other high impact sports. Of particular concern are the traumatic injuries; e.g., fractures and head injuries, 

which also occur at higher rates than in other sports.  From a medical standpoint, this report suggests a 

heightened responsibility of taekwondo governing bodies to comply with the most recent scientific findings 

and with the IOC Medical Code to ensure athletes have the safest arena possible in which to compete. 

 To date, no injury tracking system or any standardized injury management protocol exists in 

taekwondo. It is strongly recommended that such an injury tracking system be implemented by qualified 

profesionals (i.e., epidemiologists, sports medicine physicians, ringside medical personnel) and that medical 

and safety guidelines be established to ensure the protection of taekwondo athletes worldwide.  

What This Study Adds  
Perspective for the 80 million taekwondo participants who may be exposed to concussion, where the 

incidence rate is reported to be up to four times higher than in American gridiron football. 

A comprehensive look into the traumatic injuries sustained in taekwondo, such as bone fractures and 

head injuries.  

Recommendation for an international injury surveillance system to be set up by taekwondo governing 

bodies in an effort to understand the nature of injuries so that preventative measures may be 

implemented effectively.  

Standards of medical coverage and head injury treatment are recommended for competitions, as are 

being adopted by other sport governing bodies. 
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3.2 The effects of taekwondo kicks on had accelerations and injury: A pilot study  

Gabriel P Fife, David O’Sullivan, Willy Pieter, Thomas W Kaminski,  

International Journal of SportMed - in review 

ABSTRACT 

Background: In taekwondo, concussion incidence is four times greater than in American football. 

Research question: to assess the effect of taekwondo kicks on resultant head linear acceleration (RLA) and 

head injury criterion (HIC). 

Type of study: between-groups. 

Methods: Two male (22.0±0.0 years, 184±0.0cm, 81.3±1.8 kg) and two female 20.0±2.8 years, 171.0±1.4 cm, 

63.0±5.2 kg) elite taekwondo athletes participated in this study. RLA data were collected from five different 

head kicks randomly performed five times. A Hybrid II Crash Dummy head (Hybrid II) was instrumented with 

a tri-axial accelerometer. 

Results: Significant differences were found between kicks in RLA (eta2=3.8) and HIC (eta2=4.6) in the men 

and women (RLA, eta2=4.5 and HIC, eta2=4.7). Post-hoc analyses showed differences in RLA between the 

jump back kick (61.6±31.0 g) and clench axe kick (33.3±11.1 g) in males (ES=0.9). HIC analysis revealed 

differences between the jump back kick (556.8±679.2) and jump hook kick (191.0±37.2) (ES=0.7) and in head 

velocity between the turning kick (5.0±0.5m/s) and jump hook kick (3.2±1.3 m/s, ES=1.1) in the males. In the 

females, there was a difference between the jump back (HIC: 236.8±104.3) and clench axe kicks (22.2±11.2) 

(ES=1.2) as well as in foot velocity between the turning (15.7±1.2m/s) and clench axe kicks (9.1±2.3m/s) 

(ES=1.2). 

Conclusions: Previous research reported RLA values of 67.0 g (HIC=167) in boxing compared to 72.8 g 

(HIC=667) in taekwondo. These high magnitude head injury measures are reason to investigate safety 

performance of head protection used in taekwondo so as to minimise severity of concussion and severe head 

injury. 

Keywords: taekwondo, head injury criterion, acceleration, concussion, kick 

Introduction 

 A global movement for the prevention of sport-related concussion is evident from recent reports by 

the U.S. Centers for Disease Control and Prevention (CDC)1 and other sports injury prevention groups (e.g., 

National Athletic Trainers’ Association, The International Conference on Concussion in Sport2,3). The CDC has 



gone so far as to refer to sport-related concussion as a “silent epidemic” with 1.5 million traumatic brain 

injuries and 300,000 concussions in the United States annually1. The full-contact Olympic fighting sport of 

taekwondo, with 70 million participants worldwide4, is not exempt from this dilemma with concussion 

incidence rates ranging from 5.5 to 50.2 per 1000 athlete-exposures (AE) 5,6, nearly four times greater than that 

reported in American football6,7. Furthermore, it was recently recommended that the World Taekwondo 

Federation employ a standard of care for the concussed taekwondo athlete8-10.

Researchers as early as the 1980s noted the high velocity mechanics of taekwondo kicks and the 

serious head injuries that may occur7. Recent reports of live impact analysis in American football, using a 

sideline computer system, identified impact accelerations ranging from 18.02 g to 86.57 g, with one 

concussion reported at the 86.57 g magnitude11,12. Taekwondo kicks register velocities ranging from 13 m/s to 

16 m/s13, leading to the estimation that impact forces to the head may result in magnitudes greater than 200 g7.

It has been suggested that impacts to the head exceeding 200 g may result in significant brain damage, e.g., 

brain haemorrhage14. With estimated impact forces exceeding 200 g7, taekwondo athletes may be at a greater 

risk for significant brain injury. 

The injurious results of concussive forces to the head and the biomechanics of sport-related 

concussion are well documented11,12,14-17. Previous investigations of live impacts to the head have been 

conducted11,12,, however only one of these involved biomechanical analysis of taekwondo-related head injury 18.

The primary purpose of this study was to investigate impact biomechanics produced by expert taekwondo 

athletes' kicks aimed at the head of a Hybrid II Crash Test Dummy (Hybrid II). This initial investigation will 

provide preliminary understanding of concussion mechanics as experienced by taekwondo competitors. 

Methods 

The subjects for this pilot study included two males (22.0±0.0 years, 184±0.0cm, 81.3±1.8 kg) and 

two females 20.0±2.8 years, 171.0±1.4 cm, 63.0±5.2 kg) of an expert taekwondo level (Asian Games gold 

medalists). Exclusion criteria for all participants included: any injury (head, limbs, etc.) within the past six 

months that might affect their ability to perform taekwondo kicks. 

Prior to testing, the experimental procedure was explained and the subjects signed the IRB-approve 

informed consent. Subjects then warmed up by performing a series of dynamic routine movements specific to 

taekwondo (upward knee motions followed by light stretching).  After the warm-up period, subjects were 

asked to execute a series of light kicking techniques into a small hand-held kicking pad. These same kicking 

patterns were used in the testing.  The athletes were then asked to begin a familiarisation period by performing 

kicks to the Hybrid II at their own discretion. The purpose of these trials was to allow subjects the opportunity 

to “ramp up” their kicking speed and accuracy.  In an investigation on head blows and subsequent concussion 



in taekwondo, the high turning kick (TK) was confirmed to be most common in diagnosed concussions5, along 

with four other kicks: front leg axe kick [apbal ch’agi (FA)], clench axe kick [baeta ch’agi (CA)], jump spin 

back kick [dwit dwicha’gi (JB)], and jump spin hook kick [dwit hwocreki cha’gi (JH)]5. Complete technical 

explanations of these kicks are provided elsewhere19. After a brief rest period, each subject was asked to 

randomly perform the different head kicks to the Hybrid II five times each (total of 25 trials).  

The Hybrid II head (5.1kg) and neck are commonly used for head injury studies as well as helmet 

safety testing for sports and other recreational helmets. The two most commonly used ATDs are the Hybrid II 

50th  Percentile Crash Test Dummy Male (Hybrid II) and the Hybrid III 50th Percentile Crash Test Dummy 

Male (H3D).  The Hybrid II was designed by General Motors in 1972 and was followed by the General 

Motors made H3D in 1973. Spittle et al.20 provide a comparison of Hybrid II and H3D necks, describing 

almost identical neck stiffness for the Hybrid II in all directions (flexion, extension, and lateral flexion) due to 

the consistent neck geometry and rubber20. The neck of an ATD is the direct link to the head and the design, 

stiffness and materials of which ATD necks are composed of may affect the outcome of head injury 

evaluation20. Necks with tension adjusting cables, as used in H3D models, running through the neck center are 

attributed to the calculation of high head injury severity when compared to real life head and neck trauma20. In 

comparison, simple cylindrical rubber necks like those of second generation ATDs (Hybrid II) are observed to 

have minimized energy absorption capabilities and are attributed to a reduction in the approximation of head 

injury21.

The Hybrid II neck, mounted to the base of the head, was secured to an aluminum frame with 

locations for peg bolts to be fastened at pre-determined increments (Figure 1) to allow for adjustment of the 

Hybrid II head and neck to comply with average standing heights of male and female Olympic taekwondo 

participants from the Sydney 2000 Olympic Games as provided by Kazemi et al.22. The base of the height-

adjustable mounting frame was then weighed down to ensure the structure was immovable during execution of 

the kicks (Figure 1).  To guarantee a competition-like scenario and safety, the Hybrid II was also fitted with a 

protective taekwondo helmet (LeCAF – Seoul, Korea). 

Data Acquisition and Processing

 The Hybrid II head-form (mass=5.1 kg) is capable of measuring linear head accelerations using a tri-

axial accelerometer mounted at the head center of gravity (COG). A PCB triaxial accelerometer (PCB 

Piezotronics 356A66, Depew, New York, USA) (Figure 3) was mounted at the COG on a 4.0 cm x 4.0 cm 

aluminum plate secured to the head base by four socket head cap screws to ensure optimal performance of the 

accelerometer. Furthermore, a plastic mounting base, provided by the manufacturer, allowed for the sensor to 

be tightly screwed onto the plastic base that was glued to the aluminum mounting plate to decrease undesired 

movement of the accelerometer during data collection. The accelerometer was then interfaced via a 3-channel, 

battery powered ICP (Integrated Circuit Piezoelectric) (PCB Piezotronics, Depew, NY, USA) sensor signal 



conditioner and connected to a desktop computer for analysis.  Acceleration data were captured at 10,000 Hz 

using QTM (Qualisys Track Manager) (Gothenburg, Sweden) and processed in accordance with SAE J211-1 

channel frequency class (CFC) 100023.  Resultant linear accelerations were further used to calculate the Head 

Injury Criterion (HIC). 

The calculation of head injury severity was first determined by a group at Wayne State University 

where the Wayne State University Tolerance Curve (WSTC) was derived and refined two years later by 

Gurdjian in 196225. This first attempt to determine head injury tolerance in humans involved dropping cadaver 

heads onto solid flat surfaces and later through the work of Gurdjian included other animals and injury 

mechanisms through which skull fracture and lesser severity concussion was induced. The HIC is a function of 

the average translational head acceleration (function of accelerations from all three axes [x, y, and z]) of a 

given acceleration duration (t=0.15 ms) under a head acceleration curve. A severity value of over 1000 

indicates acceleration forces dangerous to life25 and this measure is used in auto safety testing, helmet safety 

testing and most recently in live head impact studies in sport. 

Figure 2 Peg bolt height adjustment



Figure 3 Hybrid II dummy head mounted on frame

 The time window of 15 ms (T = t2 – t1 = 15 ms) has been recommended for analysis of head 

impacts25 and the equation can be further explained as follows where, t1 and t2 give the maximum value to the 

HIC function and a(t) is the resultant translation acceleration for the head center of gravity.  



Kinematic data were also collected to account for the change in Hybrid II head velocity as well as 

peak velocity of the kicking foot. To this end, reflective markers were positioned at the lateral malleolus and 

the base of the 5th metatarsal (Figure 3). Reflective markers were also placed on the Hybrid II at the base of the 

head, apex and chin (Figure 4).  Kinematic data were collected by eight OQUS 500 infrared cameras 

(Gothenburg, Sweden). The analog and motion capture data were synchronised at 500 Hz by QTM 

(Gothenburg, Sweden)13. Kinematic data were filtered by a second order Butterworth filter with a cut-off 

frequency of 20 Hz13.  For the calculation of the foot and head marker linear velocity, the position data were 

derived, then the signal magnitude of the velocity was calculated. 

Figure 4 Reflective foot markers placed at the lateral malleolus and base of the 5th metatarsal to track peak 
foot velocity.



Figure 5 Reflective apex, occiput (left) and chin markers 

Figure 6 Reflective apex chin marker 



Statistical analysis

A Kruskal-Wallis test was used to determine differences in foot velocity (FVEL), head velocity (HVEL), 

RLA and HIC scores between kicks within gender. Mann-Whitney U tests were employed to identify the exact 

location of the differences. The level of significance was set to an effect size of 0.5.  Cohen24 first recommend 

the use of effect sizes to compare meaningful differences between means and has provided a revised table of 

effect sizes and their interpretation25. Others have also supported the use of effects sizes in the sport sciences 

and biomechanics in order to provide clinically meaningful results26-30.

Results

Table 1 displays the descriptive statistics for the biomechanical variables. Significant differences were 

found between kicks in RLA (eta2=3.8), HIC (eta2=4.6), foot velocity (eta2=4.1) and head velocity (eta2=2.8) in 

male taekwondo athletes as well as in their female counterparts: RLA (eta2=4.5), HIC (eta2=4.7), foot velocity 

(eta2=2.5) and head velocity (eta2=3.6). Results of the post-hoc analyses are shown in Tables 2 – 5. 
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Table 11 Effect size matrix of the post-hoc test for resultant linear acceleration (g) in male and female 

taekwondo athletes.

  Males 

Kick Jump back (61.6) Jump hook (50.8) Turning (72.8) 

Jump back (61.6) --   

Jump hook (50.8)  --  

Turning (72.8)  ES=0.6 -- 

Clench axe (33.3) ES=0.9 ES=0.9 ES=1.1 

Front axe (20.7) ES=1.1   ES=1.2  ES=1.2 

Females 

 Jump back (48.3) Jump hook (21.9) Turning (69.5) 

Jump back (48.3) --   

Jump hook (21.9) ES=1.2 --  

Turning (69.5) ES=1.2 ES=1.2 -- 

Clench axe (18.2) ES=1.2  ES=1.2 

Front axe (18.5)  ES=1.2   ES=1.2 
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Table 14 Effect size matrix of the post-hoc test of head velocity (m.s-1) in male and female taekwondo athletes

Males 

Kick Jump back (5.6) Jump hook (3.2) Turning (5.0) 

Jump back (5.6) --   

Jump hook (3.2) ES=1.1 --  

Turning (5.0)  ES=1.1 -- 

Clench axe (3.9)  ES=0.8    ES=0.8 

Front axe (3.6)  ES=1.1    ES=1.2 

Females 

 Jump back (5.0) Jump hook (3.2) Turning (4.6) 

Jump back (5.0) --   

Jump hook (3.2)   --  

Turning (4.6)  ES=0.9 -- 

Clench axe (2.9) ES=1.2   ES=1.1 

Front axe (3.1) ES=1.2    ES=1.2 

Discussion 

Although our results surpass head injury measures from a similar combat sport, boxing16,17, confirmation of 

similar values (RLA=98+28 g, HVEL=7.2+1.8 m.s-1) in American football14 demonstrate agreement with previously 

reported biomechanical measures calculated to cause concussion in that sport (see Table 1). An understanding that the 

methodology was different in the American football study (e.g., simulated collisions with anthropometric crash test 

dummies) makes this agreement noteworthy, however not conclusive.  

Viano et al.16 conducted a study designed to measure impact biomechanics of eleven male Olympic style 

boxers' punches to the head of a Hybrid III Crash Test Dummy (H3D). Four randomly selected punching techniques 

(hook, uppercut, straight punch, and jab) were executed with data collected twice for each technique, with the greatest 

impact force recorded from the hook punch at 4405±2318 N. Mean peak translational head accelerations were found 

to be 71.2 g.  Our investigation reports the RLA of the TK (72.77±25.31 g in males and 69.52±6.22 g in females) to 

rival those reported by Viano et al.16, especially if the HIC values (677.13±505.37 in males and 526.35±113.93 in 

females) are taken into consideration. They are particularly of concern when considered along with a recent report of a 

skull fracture caused by an HIC of 667 in pedestrian traffic collisions31. Furthermore, car collision studies warn that an 

HIC of 1000 indicates acceleration forces dangerous to life31. This spectrum of HIC values place importance to our 

results as the kicks measured in this study fall within a potentially life-threatening category. 

It must be noted that our results yield very large effect sizes (Tables 2 to 5) when comparing between the 

different kicks. The TK in both males and females was found to produce RLAs and HIC values greater than those of 

other kicks. Because this kick was identified to be a prime concussion-causing technique in taekwondo 5 and the large 



effect sizes identified in this study, these results, although from a small subject pool, should be considered clinically 

relevant. Furthermore, these results warrant future studies to confirm and/or better understand the effects of these 

kicks on head injury during taekwondo competition. 

A study reenacting American football collisions with hybrid crash test dummies recognised that a HIC of 250 

might decrease the risk of concussion (e.g., threshold level)14. However, when accelerometer-instrumented helmets 

were used, 55 head-to-head impacts with HICs greater than 250 were reported, but no concussions were diagnosed32.

A common finding in these investigations is that athletes are often reluctant to report concussion symptoms to medical 

personnel for fear of being excluded from sport participation3. Although Duma et al.32 observed head collisions with 

HICs greater than 250, the phenomenon of under-reporting of concussions in sport33 may explain this anomaly. From 

the high incidence of concussion reported in taekwondo 5,6 and the known under-reporting of concussion in sport, 

these high head impacts are a serious area for concern. 

Recent media reports reveal occurrences of death in taekwondo 34,35 with the latest announcement from 

Singapore where a novice competitor died of brain hemorrhage after being kicked to the neck35. A 2010 medical case 

study provides a closer look into the axe kick that caused a severe brain hemorrhage in a 23-year-old male taekwondo 

competitor. Although in our investigation the axe kicks produced the lowest RLA and HIC values, from the Cohen et 

al.36 case study it is evident that even the lower magnitude kicks can be life threatening.  

Conclusions  
The results indicate elite taekwondo athletes can produce RLA magnitudes with kicks reported to cause 

concussion5 that are comparable to those found in boxing16,17. Other biomechanical and head injury measures were 

also similar, such as fist (boxing)16,17 and foot velocity (taekwondo), while in other measures, higher, such as in HIC. 

Future studies should include more subjects and a demographic across various expertise levels. Also, to validate our 

results rotational accelerations should also be considered as these additional measures are suggested to also cause 

concussion along with translational accelerations. The efficacy of headgear equipment in taekwondo should also be 

investigated. 
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3.3 Effects of Olympic styles taekwondo kicks on an instrumented head-form and resultant injury measures  

Gabriel P. Fife, David O'Sullivan, Willy Pieter, David Cook and Thomas W. Kaminski 

British Journal of Sports Medicine - In Review  

ABSTRACT 

Objective: The objective of this study was to assess the effect of taekwondo kicks and peak foot velocity (FVEL) on 

resultant head linear acceleration (RLA), head injury criterion (HIC15) and head velocity (HVEL).  

Methods: Each subject (n=12) randomly performed five repetitions of the turning kick (TK), clench axe kick (CA), 

front leg axe kick (FA), jump back kick (JB) and jump spinning hook kick (JH) at the average standing head height 

for competitors in their weight division. A Hybrid II Crash Test Dummy head was fitted with a protective taekwondo 

helmet and instrumented with a tri-axial accelerometer and fixed to a height adjustable frame. Resultant head linear 

acceleration, HVEL, FVEL data were captured and processed using Qualisys Track Manager.  

Results: The TK (130.11±51.67g) produced a higher RLA than the CA (54.95±20.08g, p<0.001, d=1.84) and a higher 

HIC15 than the JH (672.74±540.89 vs. 300.19±144.35, p<0.001, ES=0.97). There was no difference in HVEL of the 

TK (4.73±1.67 m.s-1) and that of the JH (4.43±0.78 m.s-1) (p=0.977, ES<0.01).  

Conclusions: The TK is of concern because it is the most common technique and cause of concussion in taekwondo 

Keywords: Taekwondo, concussion, kick, resultant linear acceleration, head injury criterion 

Introduction 

Sport-related concussions have been described as a “silent epidemic” with 1.5 to 3.8 million sport-related 

concussions in the United States annually [1,2]. The Olympic sport of taekwondo, with over 80 million participants 

worldwide [3], is not exempt from this dilemma with concussion incidence ranging from 5.5 to 50.2 per 1,000 

athlete-exposures [4,5]. This concussion incidence range in taekwondo may be attributed to differences in 

methodology (e.g., reported to medical personnel vs. video analysis followed by direct athlete examination). 

Furthermore, this incidence rate is up to four times greater than other collision sports such as American football [4]. 

The injurious results of concussive forces to the head and the biomechanics of sport-related concussion are 

well documented [6-9] and have in part led to an international initiative to improve the care of athletes who suffer from 

sport-related concussions [10]. Research on sport-related concussion have focused on sports such as American football 

[8], ice hockey [6], soccer and other full-contact sports [2]. Such concussions have been related to the velocity of 

impact and also the mass of the object impacting [11]. As such, with end point velocities of the taekwondo turning 

kick ranging from 13 m.s-1 to 17 m.s-1 [4,12,13] coupled with the effective mass of the impacting foot, it is 

unsurprising that impact forces of greater than 200 g have been estimated [4]. However, although such values would 



indicate risk of significant brain injury there still remains a dearth in research specific to concussion mechanisms in 

taekwondo.  

Consequently, the purpose of this study was to investigate the head impact characteristics resulting from the 

most common kicks reported to cause concussion in taekwondo.  

Methods 

Participants 

Twelve male taekwondo athletes (22.5 ± 3.5 years, 176.9 ± 7.2 cm, 70.8 ± 8.6 kg) were recruited for this study. 

All subjects competed at a minimum of A-class international level and crossed all ranges of Olympic taekwondo 

weight categories. Pre-participation screening consisted of completing the Physical Activity Readiness 

Questionnaire (PAR-Q), along with a demographic and injury history questionnaire to ensure all athletes’ physical 

readiness to participate. In addition, all subjects completed an institutional review board approved informed 

consent form. Testing occurred at a biomechanics laboratory and prior to data collection subjects were orally briefed 

on the testing procedures.   

Apparatus: anthropometric test dummy 

 To simulate head impact in taekwondo, the target consisted of a Hybrid II 50th Percentile Crash Test Dummy 

(Hybrid II) head and neck (fitted with a taekwondo head guard) secured to an aluminum support frame with locations 

for peg bolts to be fastened at pre-determined increments (Figure 1). These increments allowed for adjustment of 

the Hybrid II head and neck to comply with average we ight  ca tegory  standing heights of male Olympic 

taekwondo participants from the Athens 2004 Olympic Games [14].  

Figure 7 Peg bolt height adjustment (left) and height adjustable Hybrid II (right). 

Testing procedures 

 Subjects wore lightweight athletic clothing during testing and performed individualized warm-ups 

followed by a series of light kicking techniques for specific preparation.  The athletes were then asked to begin a 



specific familiarisation period wi th  the Hybrid II by performing the  h igh  tu rn ing  k ick , front leg jump axe kick, 

clench axe kick, jump back kick, and the jump spinning hook kick at the head to provide an opportunity to adjust 

their kicking speed and accuracy. In an investigation on head blows and subsequent concussion in taekwondo, 

these kicks were reported to be t h e  most common causes of diagnosed concussion [5]. Following the 

familiarisation and a brief rest period, subjects were asked to perform five repetitions of each kick aimed at the 

Hybrid II head. All participants wore a protective foot pad that is commonly used during competition and were 

asked to kick as if in competition. The athletes recruited in this study personally indicated that after the 

familiarisation session they felt as if they were “engaged in a typical training session like when kicking a kicking 

bag”. The subjects also stated that although kicking the dummy was similar to a typical training session that it is 

“not the same as the person-to-person response experience during real competition”. These responses from the 

participants in this study highlight the importance of future research groups to make efforts to collect live 

competition data which might be absent of the constraints of a laboratory setting. The response by one athlete who 

experienced no discomfort when kicking the head-form, confirming their maximal effort, may be best reflected in 

our personal concerns that they might actually damage the head-form due to such strong kicks. The years of impact 

conditioning employed by these athletes might best explain their ability to execute kicks to the Hybrid II head with 

no discomfort. 

Data acquisition 

 The Hybrid II head form was instrumented with a 500 g tri-axial accelerometer (PCB Piezotronics 356A66, 

Depew, New York, USA) mounted at the head center of gravity to obtain resultant linear accelerations (RLA). The 

accelerometer was mounted inside the Hybrid II head on a 4.0 cm x 4.0 cm aluminum plate secured to the head base 

by four socket head cap screws. Furthermore, a plastic mounting base (manufacturer provided) that allows for the 

sensor to be mechanically grounded was glued to the aluminum mounting plate to ensure no movement of the 

accelerometer occurred during each trial (Figure 2).  



Figure 8 Triaxial accelerometer mounted to base of head (right) on a 4.0 cm x 4.0 cm aluminum plate 
secured to the head base by four socket head cap screws (left). 

The accelerometer was interfaced via a 3-channel, battery-powered integrated circuit piezoelectric sensor 

signal conditioner (PCB Piezotronics, Depew, NY, USA) and connected to a desktop computer to allow for analysis. 

Acceleration data were captured using QTM (Qualisys Track Manager, Sweden) and processed in accordance with 

SAE J211-1 channel frequency class 1000 [15]. 

Kinematic data were collected to observe Hybrid II head velocity as well as peak foot velocity. Three-

dimensional kinematic data were captured using an eight camera motion analysis system (OQUS 3-series, Qualisys, 

Sweden) sampling at 500Hz[16,17]. Data were collected from retro-reflective markers placed on the Hybrid II chin, 

head apex, and base of the head (to quantify peak head velocity (HVEL) at impact) (Figure 3) and the lateral malleolus 

and base of the fifth metatarsal of the kicking foot (to quantify peak foot velocities) (Figure 4). The analog and motion 

capture data were synchronized at 500 Hz by QTM.



Figure 9 Reflective apex, occiput (right) and chin markers (left). 

Figure 10 Reflective foot markers placed at the lateral malleolus and base of the 5th metatarsal to track peak 
foot velocity. 

Data analysis 

To assess concussion potential, the head injury criterion (HIC) was calculated over a 15ms time window 

[15,18]. Kinematic data were filtered by a second order Butterworth filter with a cut-off frequency of 20 Hz [12]. 

Distributional characteristics were verified before statistical analysis and coefficients for skewness and kurtosis 

calculated. In cases of skewness and/or kurtosis, the data were rank ordered. A one-way ANOVA was used to 



determine differences between kicks, while the Tukey HSD test was employed for pairwise comparisons. The 

contribution of height, body mass, foot and head velocity to RLA by kick, as well as height, body mass and foot 

velocity as predictors of HVEL by kick was assessed by multiple regression analysis. The level of significance was set 

to 0.05. 

Results
There were significant differences in RLA (p = 0.005, eta2=0.054), HIC (p = 0.002, eta2 = 0.059), head 

velocity (p = 0.002, eta2 = 0.059) and foot velocity (p = 0.004, eta2 = 0.055) among kicks (see Table 1). 

Table 15 Mean ± SD (95%CI) resultant linear acceleration (RLA), head injury criterion (HIC), head velocity (HVEL) 

and foot velocity (FVEL) at impact for each kick.

Kick RLA (g) HIC HVEL (m.s-1) FVEL (m.s-1)

Turning 130.11 ± 51.67 

(97.28–162.94) 

672.74 ± 40.89 

(329.1-1016.4) 

4.73 ± 1.67 

(3.57–5.80) 

11.91 ± 1.75 

(10.80–13.02) 

Front axe 34.49 ± 17.89 

(23.12–45.85) 

56.88 ± 54.87  

(22.02–91.73) 

3.09 ± 0.64  

(2.69 – 3.50) 

8.92 ± 1.67  

(7.86 – 9.98) 

Clench axe 54.95 ± 20.08 

(42.19–67.71) 

162.63 ± 104.10 

(96.49–228.78) 

3.82 ± 1.05 

(3.15–4.49) 

11.73 ± 1.62 

(10.70–12.76) 

Spinning hook 98.90 ± 27.11 

(81.67–116.12) 

300.19 ± 144.35 

(208.47–391.91) 

3.99 ± 1.37 

(3.11–4.86) 

10.61 ± 0.98  

(9.99–11.23) 

Back kick 83.82 ± 57.14 

(47.51–120.12) 

462 .95 ± 556.72 

(109.23–816.67) 

4.43 ± 0.78 

(3.93–4.93) 

10.56 ± 1.40  

(9.67–11.45) 

Post-hoc analysis illustrated significantly greater RLA for the turning kick relative to the front and clench axe 

(p < 0.001, d = 1.84 and p < 0.001, d = 2.10, respectively) and spinning hook relative to the front axe (p = 0.001, d = 

2.86). Similarly, significant increases in HIC values were evident for the turning kick (an example of one trial is 

presented in Figure 5) relative to the front and clench axe (p < 0.001, d = 2.07 and p = 0.008, d = 1.58, respectively). 

In addition, the front axe recorded significantly lower values than all other kicks (clench axe, p = 0.007, d = 1.33; 

spinning hook, p < 0.001, d = 2.44; back kick, p < 0.001, d = 1.33). 



Figure 11 A graphical representation of the time frame of which the HIC is determined from one trial during 
the turning kick. 

Significant differences in head velocity were apparent for the turning kick when compared to the front axe and 

back kicks (p = 0.003, d = 1.42 and p = 0.010, d = 1.89, respectively). Furthermore, foot velocity of the turning kick 

was significantly greater than that recorded for the front and clench axe kicks (p < 0.001, d = 1.75 and p < 0.001, d = 

1.71, respectively). Height, weight, head and foot velocities predicted 71.43% (SEE = 11.99) of the variance in RLA 

following the front axe kick (p = 0.044, f2 = 2.50). 

Discussion 

The findings from the present study indicate that the taekwondo turning kick has the greatest potential for 

concussive impacts owing to the greatest foot and head kinematics and associated HIC values. Although mean head 

acceleration (130 g) and HIC value (672) exceed those reported by others for American football and other combat 

sports [18,19] Guskieiwicz et al[8] provide insight into a large number of live sport impacts (total = 104,714) with 

13 concussive impacts (average impact 102.8 g, range 60.51 – 168.71 g) recorded over five competitive seasons of 

American football. In taekwondo the most common technique that causes concussion is the TK (130.11 ± 51.67 

(95% CI = 97.28–162.94) which certainly falls within the range of impacts recorded by Guskiewicz et al[8]. In the 

study by Pellman et al[20] concussive impacts were reenacted using Hybrid III dummies while Guskiewicz et al[8] 

employed a newer technology of accelerometer embedded helmets (i.e., the Helmet Instrumented Technology 

System®) which may more accurately reflect the magnitude of concussive impacts measured during live games. 

Olympic boxers, mean peak translational head acceleration for the hook punch was measured at 71.2 g [18]. Not 



only was the TK mean head acceleration nearly double that observed from the boxing hook punch, but two other 

kicks (i.e., spinning hook kick and jump back kick) elicited RLAs greater than that of the boxing hook punch. It 

must be understood that the complete picture of biomechanical study of sport related head injury is multifaceted (e.g., 

rotational acceleration, location of impact [21]) and not only the translational head acceleration but these other 

factors must be considered when understanding concussion and severe head trauma. 

Furthermore, the importance of this is illustrated when compared to an HIC of 1000 reported as representing a 

life-threatening magnitude [22]. In addition, it should be noted that all kicks in the present study can be classified, 

based on biomechanical measures, as potentially concussive. Previous media releases, however, do demonstrate the 

result of these kicks to be life threatening [23] and at times fatal [24,25]. Recently, a medical case study [23] reported 

the axe kick to cause a massive brain hemorrhage, although this kick was found to be one of the lower magnitude 

kicks examined in our study. Attention must be brought to the turning kick as it has been reported as arguably the most 

frequently used technique in taekwondo [26] and the opportunities for such an impact to occur are increased (see the 

HIC ranges in Table 1).  

The turning kick is performed in a rapid proximal to distal sequential motion and serves to transfer momenta 

along the kinetic chain resulting in high end point velocity at impact. However, the ideosyncracies of taekwondo lend 

themselves to various kicks being performed with similar early-phase kinematics (akin to a baseball pitch) to prevent 

cue utilisation. As such technique alteration may occur relatively late in the sequence, this may increase the potential 

for head trauma owing to the unpredictability of point of impact. The area of impact has been related to changes in 

HIC values in American football and is often associated with the range of motion and stiffness of the neck structure 

[27]. 

Although the present study provides insight into the possible head injury severity experienced by elite 

taekwondo athletes during full-contact competition, the ecological validity of the findings must be further researched. 

The quasi-static nature of the Hybrid II head and neck complex enabled subjects to ‘load-up’ on each technique due 

to the fact that there were no time constraints of decision attributes as per true competition. In addition, the design of 

the Hybrid II structure does not permit realistic neuromuscular responses relating to the neck, particularly as there 

are no pre-tuning capabilities prior to impact which may often be the case in real taekwondo bouts. Early studies on 

Hybrid II and III biofidelity report nearly three to five times greater neck stiffness for the Hybrid III compared to the 

human neck, and poor responses change in velocity[16, 28, 29]. On the other hand the Hybrid II has also had observed 

minimised energy absorption and are attributed to a reduction in the approximation of head injury[30]. A more 

recently designed ATD (i.e. THOR Advanced Crash Test Dummy) is currently used by the National Highway Traffic 

Safety Administration (USA) due to its significantly improved biofidelity compared to the earlier models designed in 

the 1960s and 70s [31] however the current study used a more economical alternative. The value of controlled 

laboratory experiments have an important place in all scientific endeavors, however these issues of ATD biofidelity 

indicate the need for using caution in transferring the applicability the results from laboratory studies and a 

consideration of all limitations are important for a comprehensive understanding of the results. A move towards more 

ecologically valid research is recommended akin to the real time impact data taken in American football [27]. 



Conclusions

Previous biomechanical investigations in Olympic boxing and American football provide the groundwork for 

understanding injury mechanisms and threshold for sport-related concussion. Our results are intriguing because the high 

magnitude of RLA and HIC values produced by taekwondo athletes of all Olympic weight categories were greater than 

previously reported in boxing, a similar combative type sport. These findings provide a biomechanical understanding of 

the nature of forces acting on the head during various kicks reported to cause concussion in taekwondo. Further 

investigations into other measures reported to cause concussion and severe head injury in sport are also warranted.   

With the high incidence of concussion reported in taekwondo the results of the present study are an area for 

concern. This is heightened in response to the changes in scoring guidelines as specified by the WTF in October of 

2010, with 4 points allocated for a spinning kick to the head [32]. As such, not only should medical personnel be 

aware of the severity of injury possible in taekwondo but also be up-to-date on recommendations and the standard of 

care brought forth by the International Conference on Concussion in Sport [10]. 

What this study adds 

 The first known biomechanical study on head injury in the Olympic sport of taekwondo 

 A broader picture of the concussion and head injury research field, especially higher magnitude impacts 

not measured before in other combat sports 

 Specific information concerning the possible dangers of head injury in full-contact taekwondo for 

competition arena employed medical personnel 

 Provides meaningful data that calls for further investigation of other common kicks (i.e., axe kick) 

reported to cause concussion  
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3.4 Demographic determinants of head injury severity in adolescent and collegiate taekwondo athletes  
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ABSTRACT 

Objective: To estimate the effects of age, height and weight as predictors of head injury mechanics in youth 

taekwondo. 

Patients and Methods: A total of 48 male taekwondo athletes, 16 each from middle school, high school and university, 

were recruited for this study. Subjects performed a total of 30 kicks, ten turning, ten spinning hook and ten jumping 

back kicks randomly on an Hybrid II head mounted on a height-adjustable frame.  

Results: The turning kick (69.64 ± 40.82g) produced the highest resultant linear acceleration (RLA) compared to the 

back kick (65.99 ± 42.43g) and the spinning hook kick (49.43 ± 34.60g). The age, weight and height of the subjects 

predicted 20.0% (SEE = 36.64) of the variance in RLA of the turning kick (p<0.001), 4.8% (SEE = 41.53) of the back 

kick (p<0.001) and 6.2% (SEE = 33.62) of the spinning hook kick (p<0.001). 

Conclusions: These data highlight the high magnitudes of the head RLA as a result of the three kicks most associated 

with concussions in taekwondo. Clinical practitioners and athletes should be educated about the severe danger 

associated with receiving one of these kicks.   

Keywords: Taekwondo, head injury, mechanisms.  

Introduction 

The World Taekwondo Federation(WTF) is one of the largest sporting organizations with an estimated 80 

million practitioners in over 202 countries1. The exact number of junior athletes participating is unclear, but there are 

4.3 million and 3.8 million registered adult and junior black belts, respectively2. The latest head injury studies 

demonstrate the concussion rate in taekwondo over a 15-year period to be four times higher than in American 

football3.  

The severity of brain injury among young athletes is reported to be due to multi-factorial aspects, such as 

biomechanical characteristics, patho-physiological responses, neurobehavioral outcome and contextual 

complications4. As the head and brain differ between developing and mature organisms, the specific effects of the 



applied forces are age-dependent4. The full effect of developmental factors on the biomechanical response of the 

brain, such as brain water content, cerebral blood volume, level of myelination, skull geometry, and suture elasticity 

remain unknown 5-7. McCroy and associates8 demonstrated that young symptomatic children, especially those aged 

between 8 to 13, respond less favorably than symptomatic adults on reaction time, decision making, working memory 

and learning measures. Similarly, Field et al. 9 report longer recovery time in high school American football and 

soccer players than collegiate counterparts. Age-specific concussion mechanisms in sport are complex and remain 

unclear, although recent attempts to understand these mechanisms among adults in taekwondo provide a small 

window of understanding of head injury in this sport10-13.  

In a recent study, Fife et al. 11 reported the resultant linear head accelerations (RLA) and head injury 

criterion (15 ms) (HIC), associated with the five most frequently used head kicks in taekwondo. Alarmingly, the 

turning kick elicited the highest magnitude (130.11 ± 51.67 g, HIC 672.74 ± 540.89). Furthermore, the axe kick, 

associated with lower magnitudes (RLA: 34.49 ± 17.89 g, HIC: 56.88 ± 54.87), caused a traumatic subarachnoid 

hemorrhage in a previously healthy 23-year-old male 14. Moreover, two competition-related deaths were reported 

15,16 with one 17-year old male losing his life from a kick to the neck by a 15-year old opponent during a taekwondo 

competition16. Although these are a few anecdotal catastrophic events in taekwondo, confirmation of the detrimental 

effects, i.e., chronic traumatic encephalopathy17, of repetitive head impacts coupled with the combined forces of 

linear and rotational accelerations experienced in other full-contact sports have recently been well documented18. For 

these reasons, it is important for the effects of the biomechanical forces on the pre-mature brain to be investigated.  

With the lack of data regarding impact head forces in competition taekwondo for juniors, the purpose of this 

study was to estimate the effect of age, height and weight as predictors of the severity of head injury mechanics. 

Through this understanding and highlighting of the high magnitudes and the severity of possible head injury, it is 

expected that governing sport bodies may apply the results of this study to introduce and implement more safety 

protocols for the athletes as well as provide clinicians a glimpse into the possible severity of injury, which may be 

experienced in this young athletic population.   

Methods 

Participants  

A total of 48 male taekwondo athletes, 16 each from middle and high school as well as from university were 

recruited for this study. All subjects were elite athletes and members of either a school or university taekwondo 

competition team. Descriptive data on the demographic profile of the participants, who were selected across all ranges 

of Olympic senior and junior taekwondo weight categories, are presented in Table 1. Pre-participation screening 

consisted of completing informed consent (university athletes) or assent (junior athletes) forms by the subjects or their 

parent/guardian depending on their age. Prior to the commencement of the testing, all subjects were orally briefed on 

the testing procedures, with height, weight and age recorded.   

Testing Apparatus: anthropometric test dummy  

To simulate head impact in taekwondo, the target consisted of a Hybrid II head and neck (fitted with a 



taekwondo head guard) secured to an aluminum support frame with locations for peg bolts to be fastened at pre-

determined increments (Figure 1), which allowed adjustment of the Hybrid II head and neck to comply with average 

weight category standing heights of Olympic male taekwondo participants from the Athens 2004 Olympic Games19 

for the university athletes. Similarly for middle and high school athletes, the pre-determined increment heights were 

collected from average standing heights of athletes supplied by three middle and high schools (in Korea) as well as 

the junior Greek national team.   

Figure 12 Peg bolt height adjustment (left) and height adjustable Hybrid II (right).

Testing procedures  

Subjects wore lightweight athletic clothing during testing and performed individualized warm-up routines 

followed by a series of light kicking techniques for specific preparation. The athletes were then given time to practice 

kicking the Hybrid II by performing the high turning kick, jump back kick, and the jump spinning hook kick to the 

head to become familiar with the target. In an investigation on head blows and head injury variables in taekwondo, 

these kicks were reported to having the highest RLA and HIC of the commonly diagnosed concussion11,20. 

Following the familiarisation and a brief rest period, subjects were asked to perform ten repetitions of each kick aimed 

at the Hybrid II head. All participants wore a protective foot pad that is commonly used during competition and were 

asked to kick as if in competition.   

Data acquisition  

The Hybrid II head-form was instrumented with a 500 g tri-axial accelerometer (PCB Piezotronics 356A66, 

Depew, New York, USA) mounted at the head center of gravity to obtain RLA. The accelerometer was mounted 

inside the Hybrid II head on a 4.0 cm x 4.0 cm aluminum plate secured to the head base by four socket head cap 

screws. Furthermore, a plastic mounting base (manufacturer provided) that allows for the sensor to be mechanically 

grounded was glued to the aluminum mounting plate to ensure no movement of the accelerometer occurred during 

each trial (Figure 2).   



Figure 13 Triaxial accelerometer mounted to base of head (left) on a 4.0 cm x 4.0 cm aluminum plate 

secured to the head base by four socket head cap screws (right).  

The accelerometer was interfaced via a 3-channel, battery-powered integrated circuit piezoelectric sensor 

signal conditioner (PCB Piezotronics, Depew, NY , USA) and connected to a notebook computer to allow for analysis. 

Acceleration data were captured at 10,000Hz using LabVIEW2012 (National Instruments Inc., USA) and processed in 

accordance with SAE J211-1 channel frequency class 100021.   

Statistical Analysis  

A linear multiple regression analysis was performed to determine the contribution of the demographic data 

to RLA by kick using SPSS (version 18.0). The level of significance was set to 0.05.   

Results

Table 1 shows the descriptive statistics of the bio-demographic and biomechanical data. Age, weight and 

height predicted 20.0% of RLA (SEE = 36.64) for the turning kick (p<0.001), 4.8% (SEE = 41.53) for the back kick 

(p<0.001) and 6.2% (SEE = 33.62) for the spinning hook kick (p<0.001). The individual predictors for the turning, 

back and spinning hook kicks are shown in Tables 2 – 4.  



Table 16 Descriptive statistics for the bio-demographic data and RLA (g)

Variable Mean ± SD (95% CI) Minimum - Maximum 

Age (years) 17.49 ± 2.36(17.28 – 17.70) 14 – 22 

Weight (kg) 66.50 ±12.90 (65.35 – 67.64) 39 – 98.3  

Height (m) 1.73 ± 0.10 (1.73 – 1.75) 1.46 – 1.94 

Turing Kick (g) 69.64 ± 40.82 (66.05 – 73.29) 1.48 – 237.42 

Back Kick (g) 65.99 ± 42.43 (62.22 – 69.75) 6.50 – 198.56 

Spinning Hook Kick (g) 49.43 ± 34.60 (46.36 – 52.50) 5.96 – 172.82 

Table 17 Individual predictors of RLA for the turning kick

Predictors b 95% CI SE p

Constant -175.6 -255.28 - -95.91 40.5 <0.001 

Age (years) 7.29 5.60 – 8.97 0.86 <0.001 

Height (m) 100.85 38.22 – 163.48 31.88 0.002

Weight (kg) -.868 -1.35 - -0.38 0.25 <0.001 

Table 18 Individual predictors of RLA for the back kick

Predictors b 95% CI SE p

Constant -71.43 -161.77 – 18.91 45.98 0.121 

Age (years) -2.32 -4.22 - -0.41 0.97 0.017 

Height (m) 145.38 74.383 – 216.38 36.14 <0.001 

Weight (kg) -1.12 -1.68 – 0.58 0.28 <0.001 



Table 19 Individual predictors of RLA for the spinning hook kick

Predictors b 95% CI SE p

Constant -25.07 -98.2 – 48.06 37.21 0.501

Age (years) 2.61 1.07 – 4.15 0.79 0.001

Height (m) 8.69 -48.78 – 66.16 29.25 0.762

Weight (kg) 0.21 -0.24 – 0.65 0.23 0.362

Discussion 

There have been reports discussing biomechanical factors involved in the injury mechanisms of concussions, 

such as age, gender, sport type, and neck strength22,23. The latest research on American gridiron football provides 

invaluable insights by supplying live data regarding head impact accelerations, location of impact, and head velocity. 

In view of the higher occurrence of cerebral concussions in taekwondo, the need for immediate attention due to the 

high accelerations of the head is warranted. In light of the advances in other sports, there is a void of data regarding 

the effect of age on the acceleration of the head as a result of taekwondo kicks to the head.  

The main finding of this study shows that age, height and weight are responsible for approximately 20% of the 

variance in RLA of the turning kick with only 6.4% and 4.8% predicting the variance in RLA of the spinning hook 

and back kicks. Similar to other studies10,11 the turning kick produced the highest. With this kick being responsible for 

42.9% of recorded concussions in the 2001 Canadian National Championships20, increased attention is warranted by 

medical staff attending competition. Similarly, in middle and high school national competitions, held in Korea during 

the same time period, the turning kick was responsible for 45.3% of the concussions recorded followed by the back 

(6.3%) and spinning hook kicks (3.1%)24.

Based on live American gridiron football data, Zhang and colleagues25 suggested an RLA of approximately 

85g as a possible threshold for concussion. In view of the 95% CIs found in the current study (Table 1), the potential 

for adolescent athletes to be exposed to high RLA impacts is worrisome. Furthermore, the average values generated 

by them are similar to those of adult male Olympic boxers: hook punch = 71.2 + 32.2 g26, straight punch by super 

heavyweight adult males = 71+4 g27. Live head impacts observed in American gridiron football was 66 72 g28.

Furthermore, Mihalik et al.29 reported that a concussion in junior ice hockey players when unanticipated and struck 

from behind produced a relatively low magnitude of 31.8 g and a high rotational acceleration of 2911 rad/s2. A similar 

phenomenon is expected of the impact of the spinning hook kick in taekwondo. It tends to be used as a defensive kick 

and if unanticipated by the attacking athlete, strikes the side of the head, which may cause increased head rotation, a 

variable yet to be measured in future studies.  



Suggestions for athlete safety 

With the high incidence of head and neck injuries in taekwondo, improving blocking skills was 

recommended to help reduce injury24,30. Another suggested method is to improve the safety equipment used during 

both training and competition, such as padded foot- and headgear12. A recent study reports WTF- and Korea 

Taekwondo Association-approved protective headgear fail ASTM impact safety tests and recommends improved 

design to reduce the incidence and severity of head injury during training and competition12 (O’Sullivan et al., 2012). 

It is important to note that only headgear sizes for adults were used, while the tests were done on an adult crash test 

dummy head-form. It will be important to conduct safety performance testing of headgear worn by young athletes to 

better understand how their safety is ensured. Additionally, the introduction of safer rules like those of efforts within 

American football, which prohibit head butting and spearing, may reduce injuries. The changes have significantly 

diminished the number of catastrophic head and spinal injuries since the inception of these regulations in 197631.

Ultimately, for the implementation of any improvements to increase the safety of competitors, needless to 

say, qualified sports medical practitioners should be employed at all tournaments32,33. However, a recent report 

demonstrates the lack of qualified and experienced staff working at taekwondo competitions in the Republic of Korea 

when compared to medical personnel employed in the United States32. In addition to ensuring qualified sports medical 

practitioners are present at competitions, a sideline concussion assessment tool, a pre-participation and a medical 

exam, including neuropsychological testing, are important to establish baseline measures for ringside post-concussion 

evaluation. Neuropsychological testing has been referred to as "one of the cornerstones of concussion evaluation" and 

is a valuable tool in the assessment and management of brain injury 34,35. Similar to boxing sport governing body 

regulations, it would be wise for taekwondo counterparts to require athletes to be medically cleared for participation 

as well as for return to play36.

There are approximately 144,000 pediatric patients presented to emergency departments with concussion 

each year in the United States and nearly one third are discharged without specific instructions for follow-up with an 

outpatient provider for further treatment 37. This highlights the importance of all parties involved with the athletes, 

such as coaches, parents, and referees, to be educated on the caution that is needed when dealing with young athletes. 

This is best highlighted by the U.S. Centers for Disease Control and Prevention program “Heads-Up”, which aims to 

inform the athletic community of concussion recognition and basic care38.

Conclusions  

This is the first known study to show the high magnitudes of RLA that can be produced by both junior and 

high school taekwondo athletes. The data illustrate that age, height and weight predict approximately 20% of the 

variance of the RLA following the turning kick. These results are especially important for junior and high school 

athletes as their musculoskeletal system is not fully developed and more sensitive to impacts of such magnitudes4,29.

Future studies should include evaluation of rotational accelerations and cranial pressures as predictors of the head 

severity injury. 
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ABSTRACT 
Background: With over twenty years of taekwondo concussion research highlighting the high incidence of injury, 

previous studies recommend an investigation of headgear safety performance.  

Objective: To examine impact attenuation differences between the anterior, posterior and sides of selected taekwondo 

headgear brands. 

Design: Between-groups. 

Setting: Biomechanics laboratory. 

Methods: Five different commercially available taekwondo headgear were selected for impact testing. A 50th 

percentile Hybrid II Dummy Crash Test head and neck was fitted with the selected headgear and was bolted to a 25kg 

steel torso-like structure. Each headgear model was impacted 8 times to the anterior, posterior and sides by a 6.75 kg 

bowling ball at three heights to produce 52.25 J-, 85 J- and 144 J-strikes.  

Main Outcome Measurements: Resultant head linear acceleration (RLA) 

Results: 2-way (Helmet x Location) mixed ANOVA with repeated measures on the second factor was performed to 

determine the differences between helmets by location of impact. There was a 2-way (Helmet x Location) interaction 

for acceleration (p < 0.001, eta2 = 0.368).  

Conclusions: Taekwondo headgear manufacturers and sport governing bodies must consider improving the design of 

especially anterior headgear properties.  

Keywords: headgear, taekwondo, protection 

Introduction 

The National Centers for Disease Control and Prevention (USA) report more than 1.5 million head injuries 

and more than 300,000 sport-related concussions per year[1]. Recent cranial cross-sections confirm earlier claims to 



chronic traumatic encephalopathy (CTE, i.e., punch drunk syndrome) and these findings are evident across various 

collision sports such as ice hockey, American football and professional wrestling (i.e., World Wrestling Entertainment, 

WWE)[2]. Even more worrying are confirmations of CTE in younger athletes (e.g., high school, college) when this 

pathology was previously thought to manifest in older athletes with a prolonged history of concussion[3]. 

Taekwondo is a combative Olympic sport with 80 million participants worldwide[4] in over 200 

countries[5]. The concussion incidence in taekwondo is reported to range from 5.5 to 50.2 per 1,000 athlete-exposures 

(A-E) and is reported to depend on factors such as research methodology, exposure time, level of competition, age and 

gender[6,7,8]. In an effort to improve player safety, protective head-gear was first introduced in 1985 and officially 

used in the 1987 World Taekwondo Federation (WTF) World Championships in Barcelona, Spain[9]. Furthermore, 

McIntosh and McCrory[10] conclude that head-gear in rugby does not provide any functional protection against 

concussion.  

In 2009, the WTF amended competition rules to award three points for kicks to the head. This was further 

amended In October 7th 2010, when competition rules were changed by increasing the allocation of four points for 

successful spinning kicks to the head [11]. Recent studies illustrate the effect of this rule change and the significant 

increase in the number of kicks aimed at the head[12] and possible concussions[13]. 

In 1976, the National Operating Committee on Standards for Athletic Equipment (NOCSAE) in the United 

States was instituted. After its inclusion, and the required helmet safety approval by NOCSAE for all American 

football (FB) helmets, fatalities in FB decreased 74% [14]. Similarly, the American Society for Testing and Materials 

(ASTM F-2397) safety testing standard for martial arts headgear was established in 2004[15]. However, to our 

knowledge, no taekwondo headgear adhere or are approved by ASTM and the head injury incidence in taekwondo 

continues to rise[11]. Therefore, in an effort to better understand the contribution of taekwondo headgear to preventing 

head injury, the purpose of this study was to evaluate the safety performance of commercially available taekwondo 

headgear approved by Korea Taekwondo Association (KTA) and WTF.  

Methods 
Five different brands (large size) of commercially available KTA- and WTF-approved (Figure 1) taekwondo 

headgear (A, B, C, D, E (Figure 2)) were selected for impact testing. To measure the impact attenuation of the 

headgear, a 500G tri-axial piezoelectric accelerometer (PCB Piezotronics 356A66, New York, USA) was mounted at 

the center of gravity (HCOG) of a Hybrid II dummy head. The Hybrid II was then mounted to a free-hanging iron 

pendulum (approximately 25kg) to represent the inertial properties of the upper body of a 50th percentile male hybrid 

crash test dummy. A 6.75 kg bowling ball was then suspended by a steel lined cable to impart various impacts to the 

head-form. To calculate the final velocity of the striker before impact, two light sensors were positioned at a fixed 

distance before the striker's point of impact (Figure 4). Power was supplied to the accelerometer by a signal 

conditioner (PCB 480B21, New York, USA) and a customized written labVIEW (version 2010) program was used for 

data acquisition of light sensor and acceleration data, to calculate the pre-impact velocity of the striker.  



Figure 14 Headgear approval and warning label by World Taekwondo Federation and the Korea Taekwondo 
Association. 

Figure 15 Five different brands of commercially available KTA and WTF approved taekwondo headgear 
selected for impact testing.

AB C E D



Figure 16 Experimental setup with the pendulum and HYBRID II installed with accelerometer 

Reliability Testing 

The reliability of the testing system was confirmed by imparting impacts at four ball drop heights to all four 

impact sites (frontal, right, left, and occipital) over three repetitions for each condition. Pearson correlation 

coefficients (frontal r = 0.74, back r = 0.927, side r = 0.953) between the striker’s pre-impact velocity and the RLA 

were calculated and deemed to have a strong relationship[16]. 

Testing Procedure 

Three different energy impact levels (low, medium and high) were tested to investigate the response of the 

head-gear for different levels of impact severity. The high energy impact level was established by the ASTM 

standard[11,17] and is calculated by an estimation of the foot velocity for a head height kick (approximately 12m/s) 

and the effective mass of the foot (2.0 kg). For high energy impact testing (144J), the striking pendulum (i.e., the 

bowling ball) was raised to a relative height of 2.40m and 1.5 m for medium (85J) energy impacts. For the low energy 

impacts (56.25J) the striking pendulum was raised to a height of 1.0 m relative to the intended target. All conditions 

Infrared light sensor 1 Infrared light sensor 2 

HYBRID II head and 

6.75 kg striker

25 kg swinging iron pendulum



were repeated at four different locations on the head-gear: front, back, left and right. For the low and medium energy 

impact testing, three trials were conducted at each impact site (front, back, right, left), and two trials were conducted 

for high-energy impacts at each impact site to ensure products were not destroyed. Testing on each headgear started 

with the lowest impact energy and then incrementally increased to the medium and high level impacts. After each 

impact and a 90-second time delay[13] headgear was inspected for any structural damage to ensure the integrity of the 

product was not compensated during subsequent impacts. 

Data Processing  

The maximum acceleration values were calculated and recorded by a customised written LabVIEW2010 

(National Instruments, Austin, TX, USA) program and the acceleration were saved into text file format. The HIC 

values, with a 15ms time window, were calculated using the National Highway and Traffic Safety AuTHORity 

(NHTSA)’s HIC program. The acceleration data were filtered and processed in according to SAE J211-1 channel 

frequency class (CFC) 1000[18]. 

Evaluation Criteria 

Peak resultant linear head acceleration (RLA) is the maximum magnitude of the accelerations from the x, y and 

z axes measured by the tri-axial accelerometer mounted at the HCOG [19].A variation of the 2004 ASTM F-2397 

guidelines were followed and a pass/fail criteria were applied to all headgear testing in this study. ASTM F-2397 

indicates two levels of impact magnitudes (50 g and 150 g), and in the event that any headgear model surpasses these 

impact levels, a grade of “fail” is applied. 

Statistical Analysis

Using STATISTICA Version 10 (StatSoft, Tulsa, Oklahoma) a 3-way (Helmet x Location) mixed ANOVA with 

repeated measures on the second factor was performed to determine the differences between helmets by location of 

impact. An effect size (d) of 0.6 was considered clinically meaningful based on an earlier recommendation by 

Hopkins[20].  

Results
Table 1 shows the means and standard deviations of linear acceleration by helmet and location. There was a 2-

way (Helmet x Location) interaction for acceleration (p < 0.001, eta2 = 0.368). Table 2 displays the probability and 

effect size matrix for the simple effects analysis. 



Table 20 Descriptive statistics of acceleration (g) by helmet and location.

Helmet Location M ± SD (minimum – maximum) 

A 1. Back 116.57 ± 16.33 (92.27 – 131.69) 

2. Front 146.84 ± 22.39 (122.54 – 185.48) 

3. Left 140.19 ± 26.53 (105.01 – 170.73) 

4. Right 114.25 ± 16.64 (92.27 – 134.99) 

B 5. Back 94.18 ± 13.74 (74.91 – 113.96) 

6. Front 109.58 ± 20.19 (84.56 – 136.09) 

7. Left 95.97 ± 14.51 (75.30 – 113.90) 

8. Right 89.77 ± 16.62 (72.17 – 112.32) 

C 9. Back 101.57 ± 19.13 (60.88 – 121.68) 

10. Front 157.78 ± 30.01 (117.01 – 205.60) 

11. Left 138.55 ± 31.29 (97.71 – 174.95) 

12. Right 130.70 ± 39.82 (86.62 – 200.00) 

D 13. Back 157.29 ± 27.45 (111.77 – 196.84) 

14. Front 180.87 ± 30.86 (145.57– 229.44) 

15. Left 169.92 ± 26.04 (141.82 – 214.88) 

16. Right 175.63 ± 28.17 (136.85 – 223.42) 

E 17. Back 121.92 ± 24.67 (92.20 – 157.27) 

18. Front 154.68 ± 28.13 (116.42 – 188.00) 

19. Left 142.94 ± 26.42 (107.86 – 176.74) 

20. Right 187.69 ± 53.04 (96.60 – 250.98) 
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Discussion 

The current study evaluated the safety performance of commercially available 

WTF/KTA approved taekwondo headgear. Recent ASTM safety performance standards 

provide a pass/fail cut-off criterion for low (50g) and high-energy (150g) level head impacts. 

All headgear tested in this study failed either or both low energy and high-energy impacts. 

However, an important aspect to note is the difference between the density and Young’s 

modulus of the aluminum impactor used for the ASTM standard whereas this study used a 

polyurethane bowling ball. Additionally, magnitude differences were identified for each 

impact location (i.e., front, rear, left, and right) across all helmets. This anomaly may 

represent influences of headgear property characteristics (e.g., stiffness, thickness) or even 

differences due to the anatomical shape of the Hybrid II head. The latter is thought to be the 

more influential culprit to differences in impact magnitudes as one tri-axial accelerometer was 

mounted to the head center of gravity and the moment of inertia from one location (right side) 

to another (front) will produce variance in RLA. In a 2004 study[21], differences in impact 

magnitude when testing rugby headgear were observed and attributed to head geometry (i.e., 

head form curvature at the centre-front area) especially at centre-front impacts compared to 

lateral side impacts.  

Overall mean RLAs resulting from frontal impacts were higher than the back of the 

headgear. The post hoc analysis presented in Table 2 highlight the significant differences 

between the front and the back impact locations of the head-gear A (p=0.01, d=1.56) and E 

(p=0.01, d = 1.71). Koh and associates[4,5] reported in previous studies that the two most 

common kicks that cause concussion are the roundhouse and axe kick. Because the axe kick 

is typically aimed to the front of the head-gear, and been known to cause severe brain injury, 

i.e. brain hemorrhage[22], this failure to attenuate forces at this location must be considered 

when improving future headgear designs. There were no significant differences between the 

left and right side impact sites, however as the roundhouse kick is reported to produce the 

highest RLA values[23,24] improved protection provided at both sides should be introduced 

for future head-gear design. 

The first research investigating the various mechanical responses of the skull under 

loads were first carried out on cadavers in 1874[25]. Since then, Gurdjian and colleagues 

demonstrated that the occipital region of the skull is the weakest, followed by the mid-frontal, 

posterior parietal, and anterior interparietal regions[26]. Gurdjian et al. attribute these 

variances based on the geometrical characteristics such as skull shape and thickness. 



Furthermore, it was demonstrated that there were lower forces required for skull fracture in 

the frontal region [27]. Additionally, the mean fracture forces for females (3123 ± 623 N) 

were lower than those of the males (3944 ± 1287 N). With these factors, i.e. gender, age and 

impact site, affecting the strength of the skull, future design of headgear should consider 

varying thickness of the headgear around the "weaker" areas (such as the frontal region) to 

add more protection. 

The original implementation of athletic helmet safety performance testing aimed to 

reduce the incidence and severity of catastrophic head and neck injury[28]. From earlier 

cadaver studies, skull fracture was observed at head accelerations of greater than 300 g[29,30]. 

To this day these same pass/fall values are used for helmet safety testing in an effort to ensure 

all market helmets in sports such as football, ice hockey and lacrosse, prevent these 

catastrophic injuries[31]. Recent medical studies continue to highlight the detrimental effects 

of repetitive concussive impacts and subsequent presentation of chronic traumatic 

encephalopathy in professional athletes as well as high school aged football players[2]. 

Although outcomes such as death and CTE represent catastrophic results of head impacts, 

efforts to also prevent and reduce the incidence of lower magnitude impacts observed in 

concussion should be of equal concern as they are now understood to lead to CTE[2]. 

Although the ASTM standards represent a lower range of head impact magnitudes that may 

be experienced in sport from concussive impacts, the upper limit of severe brain injury are not 

represented. Taekwondo peak kick velocities have been measured to range from 13 to 18 m/s 

depending on the kicking technique [32,33,34]. These high peak foot velocities demonstrate 

the potential of substantially high RLA values. Interestingly, a recent study [35,36] reports 

head impact magnitudes from the taekwondo turning kick of 130 g and higher. It is thought 

that headgear safety standards, for not only taekwondo headgear but all sports, should aim to 

protect athletes from the lower magnitude concussive impacts as well as the potentially life 

threatening impacts exceeding 300 g. 

A number of other athletic headgear safety testing standards, including ASTM 

standards, require the cessation of headgear use by the consumer after a specified time period 

of use. To this end it is understood that the effects of repetitive blows over a period of time 

will affect the ability of the protective helmet to safely attenuate injurious impacts. Our study 

design tested only new headgear and did not investigate the phenomenon of material fatigue 

and customary wear and tear which is demonstrated by other studies to reduce the ability for 

the material to attenuate impacting forces[16].  



Conclusions 

To our knowledge this is the first study to evaluate the safety performance of 

taekwondo headgear that is approved for competition use by the WTF and KTA. Although the 

ASTM standards for martial arts headgear safety testing were instituted in 2004, the 

WTF/KTA approved headgear that were used in this study, do not pass these safety standards. 

Currently, at WTF-sanctioned competitions, all headgear must be officially approved by the 

WTF. Because all WTF-approved headgear assessed in this study did not pass the ASTM 

safety testing standards, it is not clear which criteria, if any, were used to warrant the official 

approval stamp imprinted on these headgear. After an improved safer headgear is designed, it 

is recommended that the WTF adopt the standard specification for protective headgear used in 

martial arts (ASTM F2397-04). Adherence to the ASTM F2397-04 standards for all WTF-

approved headgear may better ensure the safety of taekwondo athletes worldwide and avoid 

further catastrophic events during competition. Furthermore, it may do well to amend the 

current ASTM standard by including impact strikes exceeding 150 g to better represent the 

more acutely severe injuries such as skull fracture.   

References 

1. National Center for Injury Prevention and Control. Report to Congress on Mild 

Traumatic Brain Injury in the United States: Steps to Prevent a Serious Public Health 

Problem. Atlanta, GA: Centers for Disease Control and Prevention; 2003. 

2. McKee AC, Cantu RC, Nowinski CJ, Hedley-Whyte ET, Gavett BE, Budson AE, Santini 

VE, Lee H-Y, Kubilus CA, Stern RA. Chronic Traumatic Encephalopathy in Athletes: 

Progressive Tauopathy following Repetitive Head Injury. J Neuropath Exp Neurol, 2009, 

in press. 

3. Cantu, R.C., Chronic Traumatic Encephalopathy in the National Football League. 

Neurosurgery, 2007. 61(2): 223-225 10.1227/01.NEU.0000255514.73967.90. 

4. Kukkiwon: World Taekwondo Headquarters; c2008 [cited January 19, 2012] Available 

from: www.kukkiwon.co.kr 



5. World Taekwondo Federation News. WTF General Assembly Approves 4 New Members 

to Increase Global Membership to 201. 2012 Apr 3 [cited 2012 Apr 27]; Available from: 

http://www.wtf.org/wtf_eng/site/news/wtfnews.html. 

6. Koh JO, Cassidy JD. Incidence study of head blows and concussions in competition 

taekwondo. Clin J Sport Med. 2004;14(2):72-9. 

7. Koh JO. Watkinson EJ. Video analysis of blows to the head and face at the 1999 world 

taekwondo championships. J Sports Med Phys Fitness. 2002; Sep;42(3):348-53. 

8. Pieter W, Zemper ED. Incidence of reported cerebral concussion in adult taekwondo 

athletes. J Roy Soc Promot Health, 1998; 118, 272-279. 

9. Koh JO, Watkinson EJ. Possible Concussions Following Head Blows in the 2001 

Canadian National Taekwondo Championships. Crossing Boundaries – An 

Interdisciplinary Journal, 2002; 1(3), 79-93. 

10. McIntosh, A. S., McCrory, P. (2001). Effectiveness of headgear in a pilot study of under 

15 rugby union football. Br J Sports Med 2001, 35: 167-169.  

11. World Taekwondo Federation News. WTF general assembly approves New Caledonia as 

192nd member nation; passes new statutes, competition rules. 2010 Oct 8 [cited 2011 

Dec  27]; Available from: http://www.wtf.org/wtf_eng/site/news/wtfnews.html. 

12. Hanson O, O'Sullivan D. A Study on the Effects of Rule Changes on Defensive and 

Offensive Behaviors from the 2001 to 2009 World Taekwondo Championship Final 

Matches. Proceedings of The 3rd International Symposium for Taekwondo Studies. 

Keimyung University, Gyeongju, Republic of Korea, April 29 2011;108-111. 

13. Koh JO, Yang JB. Incidence study of head blows and possible concussion in 2011 

competition taekwondo following competition rules change. Proceedings of The 3rd 

International Symposium for Taekwondo Studies. Keimyung University, Gyeongju, 



Republic of Korea, April 29 2011;202-204. 

14. Torg, J.S. (1992) Epidemiology, pathomechanics, and prevention of football-induced 

cervical spinal cord trauma. Exercise Sport Sci R, 20, 321-338. 

15. ASTM Standard Designation: F 2397 - 04 Specification for Protective Headgear Used in 

Martial Arts. 

16. Cohen, J. (1988). Statistical power analysis for the behavioral sciences. (2 ed.). Hillsdale, 

NJ: Lawrence Earlbaum Associates. 

17. Lieu D, Moffitt M. Response of Martial arts Headgear to simulated kicks [dissertation]. 

University of California, Berkley; 1995.  

18. SAE. Instrumentation for impact test – part 1: electronic instrumentation. SAE paper no. 

J211/1. Warrendale, PA: Society of Automotive Engineers, 1995. 

19. Moffitt MM. Impact response of martial arts headgear to stimulated kicks and 

falls [dissertation]. University of California, Berkley; 1995.  

20. Hopkins GW. A New View of Statistics. Available at: 

http://www.sportsci.org/resource/stats/effectmag.html (accessed 5 April 2012). 

21.  McIntosh AS, McCrory P. Impact energy attenuation performance of football headgear. 

Br J Sports Med 2000; 34, 337–341. 

22. Cohen JE. Life-threatening massive subarachnoid hemorrhage after Taekwondo-

associated head trauma. Isr Med Assoc J 2010 Aug;12(8):509-10.  

23. Fife GP, Pieter W, O’Sullivan DM et al. (2011). Effects of Olympic style taekwondo 

kicks on an instrumented head-form and resultant head injury measures [abstract]. Br J 

Sport Med;45(4):318-319, doi:10.1136/318 bjsm.2011.084038.  



24. Fife GP, O’Sullivan D, Pieter W, et al. Effects of Olympic Style Taekwondo Kicks on an 

instrumented Head-Form and Resultant Injury Measures Br J Sports Med 2012 

Accepted  

25. Duncan J. Laboratory note: On tensile strength of fresh adult foetus. Bri. Med J., 2 

(1874) 763-764.  

26. Gurdjian ES, Webster MD. The Mechanism and Management of Injuries of the Head. 

Jama J Am Med Assoc 1947; 134(13): 1072-1077. doi: 

10.1001/jama.1947.02880300014005 

27. Yoganandan N, Pintar FA. Biomechanics of temporo-parietal skull fracture. Clin 

Biomech 2004; 19(3), 225-239. 

28. National Operating Committee on Standards for Athletic Equipment (NOCSAE). 

Available at: http://www.nocsae.org/MediaKit/2011/NOCSAE%20Overview%201-14-

11.pdf (accessed 27 April 2012). 

29. McElhaney JH, Stalnaker RL, Robers Vl. Biomechanical Aspects of Head Injury.  

Proceedings of the Symposium on Human Impact Response. Warren, MI. 1962. 

30. Hertzberg HE. The Anthropology of Anthropometric Crash Dummies. Society of 

Automotive Engineers. Proceedings of Thirteenth Stapp Car Crash Conference, Paper 

Number: 690805. Boston, MA. 1969. 

31. National Operating Committee on Standards for Athletic Equipment (NOCSAE) 

Standard Test Method and Equipment used in evaluating the performance characteristics 

of protective headgear/equipment. NOCSAE DOC (ND) 001- 08m10 Modified: May 

2010, Effective June 2009 

32. Chiu PH, Wang HH, Chen YC. Designing a Measurement System for Taekwondo 

Training, Journal of Biomechanics, XXI ISB Congress, July 1-5, 2007; Taipei.  



33. Kim SB, Kim JS. Analysis of the Anatomical Kinematics at the Joints During the 

Roundhouse Kick in Taekwondo. Kor J Phys Ed 1997; 36, 348-360. 

34. O’Sullivan D, Chung CS, Lee KK, et al. Measurement and comparison of Taekwondo 

and Yongmudo turning kick impact force for two target heights. J Sci Med Sport. 2009;8, 

13-16. 

35. Fife GP, O’Sullivan DM, Pieter W, et al. The effects of taekwondo kicks on head 

accelerations and injury: a pilot study. International SportsMed Journal, 2012 Accepted 

36. Fife GP, O’Sullivan D, Pieter W, et al. Effects of Olympic Style Taekwondo Kicks on an 

instrumented Head-Form and Resultant Injury Measures Br J Sports Med 2012 

Accepted  



IV DISCUSSION 

The purpose of the dissertation was two-fold; first to measure and identify the 

various factors affecting the impact forces generated by taekwondo players according to body 

weight, gender, kicking technique. The second objective was to evaluate the safety 

performance (e.g., impact attenuation) of taekwondo headgear used in WTF style competition 

taekwondo. The discussion chapter was thus divided into two sections, kicking force and the 

headgear safety performance evaluation. The discussion begins with the insights and 

suggestions that were achieved from performing a review of the current taekwondo injury 

literature. Based on this knowledge the discussion leads on to the reason why the kicking 

forces are under investigation and their significance. This section deals with the various 

factors affecting the kicking force measured according to gender, age, height, weight and 

technique. The second section of the discussion clarifies the significance of the results and 

details of the headgear safety performance testing.  

4.1 Kicking force

The main finding of these kicking impact force studies are that the turning kick 

consistently produces the highest RLA, HIC and kicking foot velocities for all the age, gender 

and weight groups tested. This may be an area of concern for both athletes and medical 

practitioners at competition; because it has been shown that the turning kick is the most 

popular kick claiming over 80% of points (Lee, 1998). The highest magnitudes recorded by 

the turning kick are HIC values 672 ± 40 and RLA 130 ± 51 g, which are comparable to low 

speed pedestrian car accidents. The other kicks that recorded high magnitudes for the RLA are 

the spinning hook kick and the jumping back kick, 98 ± 27 g, RLA 130 ± 51 g respectively. 

However, the back kick produced higher HIC values than the spinning hook kick which had 

higher average RLAs. The back kick produced HIC values of 672 ± 40 and the spinning hook 

kick produced an average RLA of 300 ± 144 g. The clench axe kick (HIC = 162 ± 104, RLA = 

54 ± 20 g) produced higher RLA and HICs than the front leg axe kick (HIC 162 ± 104, RLA = 



54 ± 20 g).  

From the peak RLA data involving a range of middle school, high school and 

university taekwondo elite athletes the age, height and weight predict approximately 20% of 

the variance of the RLA following the turning kick. For the spinning hook and back kick this 

variance in RLA is only 6.4% and 4.8%. These results are especially important for junior and 

high school athletes as their musculoskeletal system is not fully developed and more sensitive 

to impacts of such magnitudes. Not only is the turning kick important but the jumping back 

kick and the spinning hook kicks are important because they have been shown to be 

responsible for 3.1% and 6.3% of the concussions recorded at national competitions held in 

Korea for middle and high school athletes.   

In 2004 Zhang and colleagues, based on live American gridiron football data, 

suggested an RLA of 85 g may be a possible threshold level for concussion. With the range of 

RLAs reported in the study (Table 1 in study 4), the potential for adolescent athletes to be 

exposed to high RLA impacts is worrisome. Furthermore, the average values generated by 

them are similar to those of adult male Olympic boxers: hook punch = 71.2 + 32.2 g (Viano et 

al., 2005), straight punch by super heavyweight adult males = 71+4 g (Wililko et al., 2005). 

Live head impacts observed in American gridiron football was 66 72 g28. Furthermore, 

Mihalik et al. (2009) reported that a concussion in junior ice hockey players when 

unanticipated and struck from behind produced a relatively low magnitude of 31.8 g and a 

high rotational acceleration of 2911 rad/s2. A similar phenomenon is expected of the impact of 

the spinning hook kick in taekwondo. It tends to be used as a defensive kick and if 

unanticipated by the attacking athlete, strikes the side of the head, which may cause increased 

head rotation, a variable yet to be measured in future studies.  

With the development of technology (HITS), which provides live impact data 

through a wireless telemetry system, RLA’s ranging from 18.02 g to 86.57 g have been 

reported in American gridiron Football. From this data concussions have been observed 

when players have received head accelerations in excess of 86.57 g (Guskiewicz, 2007). 

It has be estimated that with kicks registering peak velocities between 13 m/s to 16 m/s 

the impact forces to the head could result in RLAs greater than 200 g (Zemper, Wiley, 

1998), which is verified in the spread of the data provided. In boxing, Viano et al. (2005) 

has shown forces that different types of punches; hooks, upper cut and straight shot at the 

jaw and forehead can induce on a Hybrid II. Depending on the weight division, the 



translational acceleration was 71.2 + 32.29 g and the rotational acceleration was 9306 +

4485 r/s2. The hook punch is reported to producing the greatest rotational forces with HIC 

of 79. As this study attempts to measure the severity of head injury that can be caused by 

the various kicks not being able to include the rotational acceleration which is known to 

be an excellent predictor of head injury (Zhang et al., 2004) could mean that just because 

the turning kick delivers a high RLA it may not actually be as dangerous as the spinning 

hook kick which delivers a rotational force. Also, the jumping back which is usually a 

defensive kick could produce a higher RLA then that than can be measured in a 

laboratory as the opponent would be moving in towards the kick, thus increasing the 

relative change in acceleration of the head. 

One of the main limitations of these kicking impact studies is the lack of bio-fidelity 

of the Hybrid II dummy head and neck shown by Spittle, Scott and Pintar (Spittle et al., 1992, 

Scott et al., 1993; Pintar, 1990). However, even with these limitations, the Hybrid II and H3D, 

are still the standard used in the car crash test industry, Haslegrave, 1975). The neck is 

illustrated to having non-significant differences in the stiffness in flexion, extension and 

lateral flexion. It is reported to be up to five times stiffer than human cadaver neck (Pintar, 

1990) The neck being stiffer this would result in a higher effective mass at impact thus 

reducing the resulting acceleration caused by impacts. The Hybrid II has also been shown to 

be more biofidelic in frontal impacts than side impacts and in this study only the jumping 

back kick hits the front of the Hybrid II (Miller, 1973). These results are relevant to the 

kicking studies because the axe kick and the jumping back kick produce frontal impacts 

whereas the clench axe, turning kick and spinning hook kick produce side impacts. The 

Hybrid II head and neck have been verified to be biofidelic in the frontal plane, but the neck’s 

response to side impacts has not yet been verified empirically and this may influence resulting 

RLAs.    

 Another area of concern of testing in a laboratory setting is that the physiological 

effects of competition and non-competition situations have been shown to affect serum 

testosterone, cortisol and prolactin were measured in 26 judoists (Fay et al., 1999). The 

authors showed that the winners had a higher level of cortisol than the loser which could be a 

reason for the superior performance. In another study which was investigating the 

physiological and psychological differences between practice and competitions of 

professional golfers they found elevated cortisol, hear rate, cognitive and somatic anxiety and 



lower self-confidence during competition (McCay et al., 1997).  They conclude that the 

psychophysiological variables are clearly effected by the situation either a competition or 

practice. With these studies illustrating the effects that the stress of competition has on 

psychophysiological variables, it is deduced that there may be a difference in the performance 

of taekwondo athletes during laboratory testing and a competition situation.  

4.2 Headgear Safety performance 

Chapter 3, study 5 is the first known study to investigate and evaluate the safety 

performance and material properties of taekwondo headgear since the Moffitt and Lieu in 

1995. An important finding of this study was that even though all of the current headgear 

passed the safety standard threshold of 300 g set out by NOSCAE, and Snell for other helmets, 

all the headgear tested failed the lower magnitude 50 g criterion set out be the ASTM standard. 

Out of the five headgear tested only one headgear passed the ASTM high magnitude testing 

criterion of 150 g. The NOSCAE and Snell pass/fail criterion of 300 g was established to 

prevent skull fractures however nowadays with the recent advancements in sport-related 

concussion research, it is now understood that concussion head injuries (i.e., mild traumatic 

brain injury) may elicit long term cognitive impairments. Because long term cognitive 

impairments are considered severe disabilities (e.g., Alzheimer’s), the current and future 

objective of taekwondo headgear safety standards should focus on preventing concussion as 

well as more severe acute head injuries such as skull fracture. Therefore the ASTM more 

stringent pass/fail criterion of 50 g and 150 g seem to be more appropriate with providing 

protection against lower level impacts as well as the higher level impacts.  

The ASTM high level magnitude impact energy level was 144 J, was determined by 

the velocity of the kicking foot before impact of a 12m/s kick and the effective mass of a 2 kg 

foot based on previous research (Moffitt and Lieu, 1995). In a study of roundhouse kicks to 

the body and head height, O’Sullivan et al. (2008) showed peak linear foot velocities of the 

elite taekwondo athletes in excess of 12m/s up to and in excess18 m/s, depending on the 

weight of the participants. Future taekwondo headgear standards should test higher impact 

energies to correspond with the more relevant data now available of 648 J (18 m/s foot 

velocity). Likewise McIntosh and his associates question the limit of 300 g set by 

international standards form CAN/CSA- D113.2-M89 and AS/NZS 2063. They concluded 



that head and neck injuries may occur from impacts as low as 150 g and this was an 

indication that bicycle and helmet safety standards should adopt a more realistic pass/no pass 

safety criterion.  

McIntosh et al (1995) estimated the 80% likelihood of head injury involving skull 

fracture and intracranial hemorrhage with head accelerations of 200 g  It was then attributed 

that there was a higher pass/fail criteria 250 to 300 g by various international safety testing 

standards (ISTS) because of the differences between tests with anatomical specimens and 

laboratory tests. Similar to the results of our study the results of testing cricket, ice-hockey 

and baseball helmets displayed values below 100g when tested at low impact energy levels. 

At the higher impact energy levels ball speeds of over 27 m/s, the risk for head injury 

increased substantially as the RLAs increased above 300 g. It was concluded that ball to head 

impacts occurring in cricket, baseball and ice-hockey will more likely occur at the higher 

speeds as there is a reduced response time to avoid. Likewise faster kicks to the head in 

taekwondo could be more likely to hit as the defensive player has less time to block or avoid.   

McIntosh and McCroy (2003) demonstrated that some Australian football headgear 

had a “memory” effect and the impact performance was reduced by to 50% with repeated 

impacts using a drop height of just 0.3m. Caswell and Deivert (2002) tested the effects of 

impact forces on lacrosse helmet designs and they subjected the helmets to both front and rear 

boss 10 times to mimic both front-on collision and blind-sided impact. Their results 

demonstrated that there were between 18.8% to 54.3% increase in Gadd severity index (GSI) 

for the frontal impacts and between 22.6% to 71.7% increase for the rear boss impacts. With 

the helmets generally illustrating increases in GSI scores they note that helmets should be 

changed, because if a player uses the same helmet for a extended period of time, then the 

standard of protection may be diminished. With this effect of repetitive impacts and the 

expense of replacing headgear an absorbing material which can withstand repetitive impacts 

and wear and tear needs to be developed.  

Shuaeib et al. (2002) reviewed some of the latest literature regarding helmets in a 

two part series of articles focusing on design issues, biomechanical aspects, experimental and 

theoretical modeling was to test and develop new material for motor cycling helmets. They 

state that the covering on a helmet is to spread the load while the foam liner absorbs the 

energy. They suggest that when evaluating and developing helmets a research should consider 

both the energy absorption capability and the use of lightweight materials. With the 



importance of aesthetics of commercial headgear for players weight is an important factor 

when evaluating headgear. In future research, if a headgear is to become a popular among 

athletes, an analysis method or evaluation method that can include aesthetics needs to be 

developed.  Further improvements should include position maintenance, good ventilation, 

good vision, light weight, food fit to the player’s head, continued function after repeated 

impacts, comfort, economics, appearance are all essential characteristics when evaluating 

helmets (Levy et al.,2004).  



V CONCLUSIONS 

5.1 Summary  

In the first chapter, the introduction provides detailed information on the importance 

and significance of the studies performed for this thesis due to the possible dangers that 80 

million practitioners worldwide are exposed to on a regular basis. It also demonstrates the 

need for a multidisciplinary approach the problems which each study highlights. The overall 

aim of the thesis is to obtain additional insights into the current injuries recorded in 

taekwondo, to investigate the mechanisms of head injury according to various taekwondo 

kicks, so as to be able to evaluate the overall safety, risks and factors involved Olympic style 

taekwondo competitions. Ultimately, these aims are focused on improving safety for 

taekwondo athletes worldwide through an understanding of the kicking impact forces and by 

evaluating safety equipment.  

The specific purposes of this dissertation are as follows: 

1. To review competition injuries in taekwondo and use this information to develop 

recommendations for reducing the number and severity of injuries in competition.  

2. To assess the effect of taekwondo kicks on resultant head linear acceleration (RLA) 

and head injury criterion (HIC). 

3. To assess the effect of taekwondo kicks and peak foot velocity (FVEL) on resultant 

head linear acceleration (RLA), head injury criterion (HIC15) and head velocity 

(HVEL).  

4. To estimate the effects of age, height and weight as predictors of head injury 

mechanics in youth taekwondo. 

5. To examine impact attenuation differences between the anterior, posterior and side 

of selected taekwondo headgear brands. 

The second chapter, the literature review provides general information about 

concussion mechanisms, grading, treatment, incidence and severity. It also reviews previous 



research investigating studies measuring the impact forces and injury severity of kicking, 

punching. It explains the development of the head injury criterion (HIC) and how it is the 

most popular measure of head injury severity. Some headgear and helmet testing methods and 

standards are discussed and the differences are highlighted.   

 The third chapter is divided in to 5 studies which can be classified into two sections  

In the first study, relevant literature that has been published regarding taekwondo injuries and 

to both male and female athletes were analyzed. The results are discussed under the following 

total injury rates, injury types, injury locations, injury mechanisms, time-loss and catastrophic 

injuries. The discussion then provides suggestions for injury prevention, coach and referee 

education requirements, participation examination and improved medical care, standardized 

medical care and protective equipment and safety testing, rule changes and the introduction of 

defensive maneuvers. With the aim of stimulating a response from the governing bodies, it 

illuminates the high frequency and high severity of injuries in taekwondo competition.  

In second study, after the development of a system for measuring the resultant head 

acceleration and head injury criterion of a Hybrid II dummy head due to various taekwondo 

kicks was recorded and investigated. According to the large effect sizes, the pilot study 

highlights the need for further investigation into the jump back kick, jump hook kick, turning 

kick, clench axe kick and the front axe kick. This study demonstrates the high magnitudes 

associated with the turning kick, which is clinically significant as it is the most popular head 

scoring technique.  

The second study is developed more in study three which was based on the findings 

of the pilot study. It was carried out to provide more meaning to the large effect sizes for kicks 

and includes more subjects with more variables. Through predictor analysis it estimates the 

effect of taekwondo kicks and peak foot velocity have on resultant head linear acceleration, 

head injury criterion and resulting head velocity. It displays higher magnitude impacts that 

have never been measured in combat sports by the turning kick which has the greatest 

potential for concussion owing to the highest foot and head kinematics.  

The third study investigates the effect that the demographics such as age, weight and 

height have on the resulting linear acceleration due to the turning kick, spinning hook kick 

and the jumping back kick. It portrays the values that these demographics predict of the 

variance for these kicking forces. It concludes that the demographics have an effect on the 

kicking forces and thus need to be known and taken into consideration while providing health 

care at a taekwondo tournament.   



The forth study measures the impact kicking force of a middle school, high school 

and university elite level athletes. It uses predictor analysis to examine the effect of the 

demographics, age, weight and height of the subjects on the resulting RLA caused by 

taekwondo kicks. It highlights the high level of impact forces that youth athletes and 

university level athletes are exposed to. These youth athletes are of special interest because 

they are still developing and maturing, which makes them more sensitive to the deleterious 

effects of impacts to the head both high and low magnitudes.  

The fifth study examines the impact attenuation differences between the anterior, 

posterior and side of selected taekwondo headgear brands. The headgear were tested by a 

pendulum system for 3 impact energy levels, based on the ASTM standard for testing martial 

arts headgear. The study demonstrates the different responses to the headgear according to 

impact site. The main finding is that they all failed the ASTM standard of low impact 

condition, which should produce an RLA of less than 50g. Four out of the five WTF/KTA 

approved headgear failed the high impact criteria tested at 144J which indicates that any RLA 

over 150g is unacceptable. Suggestions for more investigation to the development of safer 

headgear that pass the ASTM standard, and that the response of the headgear by repetitive 

impacts needs to be executed are proposed. 

5.2 Conclusion   

5.2.1 Kicking Force  

The impact kicking forces of taekwondo elite athletes depends on the kick type, age, 

weight and gender. The first study shows large effects sizes for the differences in kick 

technique and gender of the participants. It highlights the high magnitudes of both RLA and 

HIC 15ms for the kicks of males especially the turning kick, followed by the jump back kick, 

the jump hook kick, clench axe kick and front leg axe kick(RLA: 72 ± 25 g, 61± 31 g, 50 ± 4 

g, 33 ± 11 g, 20 ± 7 g). Similarly order of the highest for the female athletes was the turning 

kick, followed by the jump back kick, the jump hook kick whereas the front leg axe kick then 

the clench axe kick where in a different order (RLA: 69 ± 6 g, 48± 9 g, 22 ± 6 g, 18 ± 4 g, 18 

± 7 g). These results are verified with more subjects in the third study with the same order for 

the males, turning kick, followed by the jump back kick, the jump hook kick, clench axe kick 

and front leg axe kick. These RLAs had similar magnitudes for the corresponding techniques. 



In the forth study there were 48 subjects included in the predictor analysis to investigate the 

effects of the demographic variables such as age, weight and height of the subjects. The age, 

weight and height were shown to be able to predict 20% of the variance recorded by the RLA 

for the turning kick. This is of concern as it shows that athletes of a younger age are at a 

higher risk of serious injury due to their underdevelopment of their skeletal system.  

Similarly the predictor analysis includes the weight as a factor of the RLA showing its 

significance. These studies highlight the potential of a severe head injury especially because 

the turning kick is the most common scoring technique and it has the most potentially 

dangerous impact characteristics. Athletes, parents and coaches alike should be aware of these 

problems in participating in competition taekwondo and take the necessary precautions, such 

as more blocking and evasion practice as well as using the safest taekwondo protection. 

5.2.2 Headgear Safety Performance 

With the high probability of being kicked in the head in taekwondo, due to the 

changes in the rules of taekwondo by the World Taekwondo Federation, it is vital for an 

athlete to be able to have access to headgear that can provide sufficient protection. This study 

evaluates the safety performance of 5 WTF/KTA approved headgear, to investigate if they can 

provide sufficient protection. All the headgear tested fail the ASTM standards for the low 

level of impact safety criterion (excessive RLA of 50 g)and four failed the high level of 

impact safety criterion (excessive RLA of 150 g). These results have to be taken under caution 

as the testing striker had a different stiffness than the ASTM striker. Although there are some 

discrepancies between the two methods of testing, it is the recommendations of the authors 

that the currently approved taekwondo needs to be improved. It is also strongly recommended 

to any athlete participating in taekwondo competition that they should train more blocking 

and evasive skills as the protection provided by the headgear available is not sufficient.   

5.3 Recommendations 

The future studies that need to be performed to increase the safety and development 

to the sport of taekwondo are the following. First, there is a need for further review of the 



injury literature not only for the adults but for both female and junior athletes to understand 

the prevalence, severity and mechanisms. This study clearly highlights the growing concern 

about the non-existence of an international surveillance system for taekwondo, which is 

already gathering invaluable injury data in sports like boxing, football and American gridiron 

football. With an international surveillance system gathering injury data then it is possible to 

track the effect changes in rules and equipment may have either positively or negatively on 

the game.  

As for the assessment of the kick forces, more subjects representing more age 

groups, different levels and different regions need to be investigated to be able to understand 

the mechanics of the head injuries in taekwondo over the different demographics. 

Furthermore future studies should include more techniques that may be performed as to assess 

the potential dangers associated with various techniques. With the HITS system, designed and 

created by Simbex Technology, it is vital for the collection of head impacts during live 

competitions from all over the world from participants with a difference level of skill, gender 

and ages.  

Finally, the strongest recommendations need to be made for the safety protocols 

testing headgear that is approved by either the WTF or the Korea Taekwondo Association. It 

is demonstrated by the data in this dissertation that the forces generated by the kicks far 

exceed any protection that the available and approved headgear provide. Ultimately, new safer 

and stricter approval standards must be introduced by the governing bodies of taekwondo so 

to ensure the continuing success and safety of its athletes.   
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Appendix 1: IRB Applications 

The attached successful IRB application forms are below.  

Title:  

Examining the Concussion Dilemma in Taekwondo: An Initial Assessment of Impact Forces 

to the Head 

IRB approved October 12th 2009: UD IRB 138644-1 

Elizabeth Peloso – Human Subjects Review Board 

University of Delaware (302) 831-2137 

Title:  

IRB approved April 4th 2011: SNU 1104/001-002 

Seoul National University (2) 880-5153 











HSRB Approval Signature  Approval Date  

HS Number  Approval Next Expires  



NAME ROLE HS TRAINING COMPLETE? 
Gabriel P. Fife  PI  Yes  
Thomas W. Kaminski  PI  Yes  







































Appendix 2: Taekwondo Research Study Medical Eligibility Questionnaire 

Today’s Date:__________ Subject #:__________ 

Taekwondo Research Study Medical Eligibility Questionnaire

Name (last,first):___________________________________________________ 

Height (inches):__________               Weight (lb.):__________ 

Gender:__________ Age (years, months):__________ 

Contact Info: e-mail     phone________________ 

Taekwondo Belt/Rank    

# of Years of Taekwondo Training   

Competition Weight Category (Olympic)     

In the space below please provide a detailed report of your recent competition record that best 

represents your level of expertise:    

          

          

          

Please answer the following question to the best of your ability. 

Do you have any injuries or orthopedic limitations that may affect your FULL participation in 

this study?  

YES NO

If YES, please explain your injury and the current status of your injury: 

          

          

          

If yes, please explain:        

         

         

         



Appendix 3: Physical Activity Readiness Questionnaire 

UD Athletic Training Research Laboratory 

Name/ID Number: ___________________  Date: ________________ 

PAR-Q Physical Activity Readiness Questionnaire 

For most people physical activity should not pose any problem or hazard. PAR-Q has been 

designed to identify the small number of adults for whom physical activity might be 

inappropriate or those who should have medical advice concerning the type of activity most 

suitable for them.  Common sense is your best guide in answering these few questions. 

Please read them carefully and check the yes or no apposite if it applies to you. 

 YES NO 

1.   Has your doctor ever said you have heart trouble? 

2.  Do you frequently have pains in your heart and chest? 

3.  Do you often feel feint or have spells of severe dizziness? 

4.  Has your doctor ever said your blood pressure  was too high?  

5.  Has your doctor ever told you that you have a bone or joint  

problem such as arthritis that has been aggravated by exercise, or 

might be made worse with exercise? 

6.  Is there a good physical reason not mentioned here why you  

should not follow an activity program even if you wanted to? 



7.  Are you over the age of 65 and not accustomed to  

vigorous exercise? 

Appendix 4: Study 2 Data  

Jumping Back Kick Data for the participants 
Jumping Back  
Kick 

Magnitude  
(g) 

HIC  
(15 ms) 

Foot Vel  
(m/s) 

Head Vel  
(m/s) 

Male 1 51.55  471.50 10.16  5.94  
< 80 kg 46.18  205.60 8.56  5.87  

66.52  271.10 12.70  5.15  
Male 2 
< 80 kg 25.38  440.30 8.58  4.12  

117.59 1905.90 9.78  6.41  
62.13  46.50 9.31  5.88  

Female 1 
< 57 kg 34.54 129.90 5.88  4.32  

48.10 225.00 18.49  4.96  
38.24 97.60 7.97  4.57  

Female 2 
< 67 kg 56.69 340.90 5.47  5.02  

55.40 294.30 7.76  6.33  
56.55 333.20 7.17  4.69  

Spinning Hook Kick Data for the participants 
Spinning Hook 
Kick 

Magnitude  
(g) 

HIC  
(15 ms) 

Foot Vel  
(m/s) 

Head Vel  
(m/s) 

Male 1 45.90 230.30 13.90 4.85 
< 80 kg 49.17 192.70 14.13 3.89 

56.04 128.40 14.62 4.27 
Male 2 
< 80 kg 52.05 224.70 15.20 1.90 

49.50 174.20 14.23 1.95 
52.15 195.80 12.10 2.23 

Female 1 
< 57 kg 27.10 48.40 11.99 3.23 

18.08 19.10 13.43 1.88 
26.03 55.00 11.94 2.47 



Female 2 
< 67 kg 14.90 52.70 9.23 3.95 

17.53 18.20 9.13 3.17 
27.80 12.50 16.08 4.24 

Turning Kick Data for the participants 
Turning 
Kick 

Magnitude  
(g) 

HIC  
(15 ms) 

Foot Vel  
(m/s) 

Head Vel  
(m/s) 

Male 1 44.15 796.70 12.41 4.36 
< 80 kg 86.13 896.80 26.06 5.30 

81.20 180.30 16.17 4.88 
Male 2 
< 80 kg 62.79 1523.00 14.82 5.78 

50.40 245.70 16.52 4.42 
111.93 420.30 15.66 5.11 

Female 1 
< 57 kg 66.36 463.90 16.78 4.40 

71.57 359.60 15.76 3.52 
60.35 543.90 17.35 3.41 

Female 2 
< 67 kg 66.61 628.10 14.26 5.12 

76.11 672.10 14.72 5.81 
76.09 490.50 15.14 5.18 

Clench Axe Kick Data for the participants 
Clench Axe 
Kick 

Magnitude  
(g) 

HIC  
(15 ms) 

Foot Vel  
(m/s) 

Head Vel  
(m/s) 

Male 1 23.85 39.00 7.27 2.55 
< 80 kg 36.33 102.80 8.61 3.50 

24.79 37.20 8.22 3.29 
Male 2 
< 80 kg 25.14 122.60 13.16 3.44 

52.31 28.50 11.09 4.25 
37.25 43.10 9.82 6.37 

Female 1 
< 57 kg 20.75 3.70 7.16 3.55 

17.08 17.00 6.06 2.90 
9.23 28.10 8.05 2.36 

Female 2 
< 67 kg 19.07 24.70 10.32 2.21 



23.19 37.00 11.26 3.17 
19.98 22.50 11.72 3.37 



Front Axe Kick Data for the participants 
Front Axe 
Kick 

Magnitude  
(g) 

HIC  
(15 ms) 

Foot Vel  
(m/s) 

Head Vel  
(m/s) 

Male 1 22.54 39.00 8.72 3.81 
< 80 kg 15.83 14.60 7.78 5.56 

33.77 34.80 5.24 3.76 
Male 2 
< 80 kg 18.63 22.80 10.17 2.29 

14.26 9.30 10.32 2.92 
18.95 20.60 8.63 3.44 

Female 1 
< 57 kg 25.66 17.50 4.83 2.98 

20.86 29.00 6.57 3.20 
17.06 47.70 5.56 3.57 

Female 2 
< 67 kg 13.39 2.40 6.67 2.79 

26.16 41.30 6.01 3.74 
7.76 9.50 7.64 2.39 



Appendix 5: Study 3 Data included in analysis for all the kicks analyzed 

Turning  Trial RLA (g) HIC (15 ms) HIC (36 ms) HVEL (m/s) FVEL (m/s) 

Subject 1 1 185.29 471.20 471.20 4.87 10.24 

2 173.76 186.10 186.10 5.07 9.01 

3 217.33 307.00 307.00 4.34 9.50 

4 245.18 278.60 278.60 4.85 9.27 

5 485.91 343.20 343.20 4.64 10.15 

Subject 2 1 403.77 852.20 852.20 3.29 10.85 

2 206.50 842.30 842.30 4.07 11.70 

3 205.98 511.80 511.80 4.03 10.89 

4 228.17 319.60 319.60 4.07 10.02 

5 276.51 588.10 588.10 4.34 10.45 

Subject 3 1 79.73 1413.20 1413.20 4.47 12.04 

2 165.70 1438.70 1438.70 6.17 12.25 

3 47.66 2210.30 2210.30 5.48 12.51 

4 60.50 1369.80 1369.80 4.72 11.92 

5 45.36 2544.10 2544.10 4.69 12.37 

Subject 4 1 128.59 1983.80 1983.80 5.70 14.99 

2 99.53 1439.60 1439.60 5.36 13.87 

3 126.73 1493.50 1493.50 5.62 14.45 

4 168.99 1563.00 1563.00 4.67 21.07 

5 155.54 4623.20 4623.20 3.27 15.61 

Subject 5 1 143.43 735.00 735.00 5.20 13.26 

2 121.40 192.70 192.70 3.36 12.07 

3 116.35 456.10 456.10 3.02 11.42 

4 113.26 206.90 206.90 3.50 12.00 

5 129.44 241.50 241.50 3.29 11.68 

Subject 6 1 159.64 679.40 679.40 16.18 13.03 

2 138.29 806.60 806.60 6.02 13.53 

3 95.87 509.80 509.80 9.52 12.95 

4 82.41 393.40 393.40 15.31 11.88 



5 93.43 599.10 599.10 2.91 12.88 

Turning Trial RLA (g) HIC (15 ms) HIC (36 ms) HVEL (m/s) FVEL (m/s) 

Subject 7 1 84.30 485.60 485.60 4.16 8.87 

2 79.18 407.80 407.80 4.18 10.98 

3 114.00 436.20 436.20 3.26 10.46 

4 70.85 499.50 499.50 4.15 10.89 

5 155.04 698.00 698.00 3.39 11.93 

Subject 8 1 97.00 5781.20 5781.20 4.64 15.19 

2 84.09 2200.90 2200.90 5.53 19.02 

3 89.77 1608.70 1608.70 5.34 14.58 

4 66.24 1211.70 1211.70 4.24 18.23 

5 111.44 1058.20 1058.20 5.62 15.19 

Subject 9 1 145.22 497.70 497.70 3.33 15.17 

2 75.01 577.60 577.60 2.95 15.38 

3 82.65 323.70 323.70 3.86 11.76 

4 101.84 513.20 513.20 3.48 11.76 

5 86.71 428.00 428.00 3.40 11.50 

Subject 10 1 182.62 283.50 283.50 3.29 10.41 

2 127.58 378.60 378.60 2.57 10.48 

3 101.50 182.70 182.70 3.49 10.87 

4 146.62 270.80 270.80 3.54 10.94 

5 129.55 277.20 277.20 4.31 10.10 

Subject 11 1 167.45 337.90 337.90 4.50 11.62 

2 139.14 259.20 259.20 3.99 10.24 

3 129.03 324.50 324.50 4.17 10.61 

4 173.72 705.70 705.70 4.80 11.48 

5 148.36 880.50 880.50 4.97 11.98 

Subject 12 1 254.63 110.00 110.00 3.27 9.92 

2 173.33 128.40 128.40 3.71 10.10 

3 226.15 98.10 98.10 3.82 10.60 

4 191.64 330.30 330.30 4.03 10.60 

5 192.46 220.40 220.40 6.02 10.54 



Back kick Trial RLA (g) HIC (15 ms) HIC (36 ms) HVEL (m/s) FVEL (m/s) 

Subject 1 1 119.12 321.90 321.90 3.93 8.58 

2 213.62 181.70 181.70 2.95 8.17 

3 107.49 358.60 358.60 4.20 9.28 

Subject 2 1 28.84 354.00 354.00 4.10 9.54 

2 172.15 1085.60 1085.60 4.83 11.50 

3 44.44 284.70 284.70 4.83 11.10 

Subject 3 1 30.88 1058.60 1058.60 5.15 12.62 

2 47.87 1919.70 1919.70 5.93 10.79 

3 58.42 1864.20 1864.20 5.47 10.82 

Subject 4 1 92.03 950.80 950.80 5.65 12.15 

2 142.38 1221.90 1221.90 5.49 10.09 

3 98.11 2068.70 2068.70 5.02 10.80 

Subject 5 1 43.19 29.30 62.40 4.99 9.40 

2 66.50 353.50 353.50 4.34 9.16 

3 33.77 486.60 475.80 2.45 8.16 

Subject 6 1 66.06 104.30 104.30 3.59 12.87 

2 180.47 1119.50 1119.50 4.00 12.22 

3 110.19 41.50 42.60 5.53 11.93 



Back kick Trial RLA (g) HIC (15 ms) HIC (36 ms) HVEL (m/s) FVEL (m/s) 

Subject 7 1 15.32 37.90 37.90 2.84 9.95 

 2 93.35 230.20 234.10 5.05 11.58 

 3 30.42 46.00 97.90 7.12 11.96 

Subject 8 1 218.54 244.00 244.00 4.88 10.29 

 2 180.37 898.20 898.20 3.86 10.69 

 3 135.14 372.30 372.30 3.45 11.15 

Subject 9 1 79.92 469.20 469.20 3.82 9.47 

 2 76.10 1737.90 1737.90 3.43 11.46 

 3 98.92 699.30 699.30 4.24 11.91 

Subject 10 1 32.28 29.50 29.50 3.96 10.67 

 2 19.45 37.40 37.40 2.97 10.87 

 3 45.65 78.30 78.30 3.00 11.29 

Subject 11 1 46.62 151.10 196.90 6.41 12.38 

 2 29.14 17.50 19.90 4.41 7.57 

 3 28.26 71.70 118.40 5.16 7.55 

Subject 12 1 190.78 168.80 168.80 4.10 19.63 

 2 208.85 108.90 108.90 3.50 8.99 

 3 155.32 46.80 83.30 4.64 11.84 



Axe kick Trial RLA (g) HIC (15 ms) HIC (36 ms) HVEL (m/s) FVEL (m/s) 

Subject 1 1 44.36 40.40 40.40 3.36 15.85 

 2 7.73 17.20 26.40 1.45 8.49 

 3 10.80 27.80 32.90 1.94 8.84 

 4 11.80 3.80 4.80 2.34 9.07 

 5 36.04 2.90 5.50 3.48 8.96 

Subject 2 1 66.73 40.30 44.60 4.14 10.82 

 2 51.48 43.20 64.20 3.32 11.07 

 3 47.87 27.10 50.80 3.54 9.96 

 4 37.03 84.90 84.90 5.70 10.51 

 5 55.74 125.50 125.50 4.08 10.05 

Subject 3 1 24.37 90.40 141.20 2.50 7.92 

 2 8.18 95.40 103.90 2.46 7.46 

 3 10.55 79.60 84.90 2.54 7.81 

 4 10.86 47.30 53.20 1.82 6.93 

 5 87.42 64.90 76.10 2.94 8.61 

Subject 4 1 25.35 212.40 212.40 2.87 10.12 

 2 24.97 626.40 626.40 2.09 12.06 

 3 40.41 26.30 45.40 2.99 12.14 

 4 13.34 17.40 35.20 2.66 9.93 

 5 12.44 196.80 196.80 2.39 12.59 

Subject 5 1 34.81 5.30 9.80 6.42 8.15 

 2 18.52 9.10 17.10 3.02 7.72 

 3 11.18 122.70 122.70 2.64 7.45 

 4 6.64 98.10 98.10 1.99 7.71 

 5 34.73 90.80 90.80 3.69 7.26 

Subject 6 1 9.46 58.60 60.50 1.65 6.66 

 2 10.09 6.30 12.20 0.14 6.72 

 3 35.48 4.80 9.30 3.83 7.70 

 4 22.75 2.00 3.50 2.64 6.88 

 5 47.35 96.70 96.70 4.58 7.14 



Axe kick Trial RLA (g) HIC (15 ms) HIC (36 ms) HVEL (m/s) FVEL (m/s)

Subject 7 1 49.34 1.40 3.00 3.96 9.47 

 2 48.34 1.40 3.00 3.35 9.02 

 3 55.64 4.60 7.10 3.50 9.70 

 4 18.61 17.40 28.20 2.38 9.28 

 5 12.21 73.70 83.60 2.12 8.75 

Subject 8 1 5.16 12.50 12.50 1.93 13.42 

 2 36.45 64.40 64.40 3.11 8.47 

 3 33.26 41.30 41.30 3.11 7.85 

 4 18.95 289.20 289.20 3.29 8.61 

 5 36.75 287.10 287.10 3.19 12.40 

Subject 9  1 79.36 73.60 83.60 6.76 10.97 

 2 80.06 14.50 27.40 3.80 11.48 

 3 40.09 35.20 36.00 2.14 11.06 

 4 50.31 69.10 69.70 2.29 11.43 

 5 19.71 0.70 1.40 1.42 11.69 

Subject 10 1 68.99 4.60 7.00 4.96 7.15 

 2 19.82 5.30 10.80 4.08 6.37 

 3 21.33 70.60 70.60 4.69 6.55 

 4 128.09 20.30 20.30 4.21 7.92 

 5 73.42 31.70 32.70 4.16 8.35 

Subject 11 1 54.00 142.80 142.80 3.26 6.21 

 2 43.32 44.40 44.40 3.82 6.38 

 3 26.11 94.30 94.30 3.45 8.63 

 4 32.06 100.10 100.10 3.58 7.66 

 5 28.73 189.80 189.80 3.18 7.62 

Subject 12 1 39.84 286.80 286.80 2.98 9.30 

 2 38.86 3.80 6.10 3.43 9.07 

 3 50.58 4.80 9.20 3.71 8.90 

 4 46.13 69.10 69.70 3.44 9.57 

 5 40.48 24.00 24.30 3.89 9.00 



Clench  

Axe 
Trial RLA (g) HIC (15 ms) HIC (36 ms) HVEL (m/s) FVEL (m/s) 

Subject 1 1 49.36 88.30 92.20 6.05 12.00 

2 60.30 168.90 169.60 2.45 11.52 

3 27.70 178.80 178.80 5.93 11.78 

4 41.70 56.20 61.30 2.37 12.19 

5 66.87 149.70 149.80 3.31 12.72 

Subject 2 1 65.82 70.90 88.00 3.63 10.16 

2 66.13 59.60 60.00 3.32 10.49 

3 141.87 45.60 47.00 5.12 12.24 

4 112.92 64.70 64.70 3.43 11.09 

5 69.59 171.10 171.10 3.29 10.36 

Subject 3 1 39.70 145.00 148.50 4.78 10.71 

2 26.34 109.90 114.00 6.57 10.72 

3 36.57 151.10 151.60 2.75 10.72 

4 25.54 83.60 86.70 4.61 10.67 

5 23.20 127.40 127.40 6.30 10.19 

Subject 4 1 43.60 2099.80 2099.80 3.02 11.19 

2 24.54 120.70 120.70 1.87 11.52 

3 36.92 100.90 129.70 2.92 11.97 

4 38.35 378.20 378.20 2.59 11.37 

5 39.66 293.80 316.90 2.51 11.13 

Subject 5 1 44.82 293.80 293.80 2.74 10.00 

2 94.57 536.10 536.10 6.22 10.87 

3 59.93 410.20 410.20 3.45 9.38 

4 87.05 118.50 118.50 6.70 10.76 

5 55.94 490.40 490.40 4.04 9.63 

Subject 6 1 50.11 165.00 165.00 5.22 10.14 

2 31.10 71.20 71.20 3.54 10.39 

3 55.85 33.40 33.70 4.25 10.73 

4 51.50 149.00 149.00 4.07 10.27 

5 38.23 102.10 102.10 4.05 9.80 



Clench 

Axe 
Trial RLA (g) HIC (15 ms) HIC (36 ms) HVEL (m/s) FVEL (m/s) 

Subject 7 1 109.82 170.00 170.00 5.45 11.79 

2 52.47 349.20 349.20 4.61 13.84 

3 99.02 152.10 152.10 4.84 13.66 

4 121.18 167.60 167.60 4.23 14.47 

5 82.69 104.50 104.50 4.09 13.77 

Subject 8 1 63.42 346.40 346.40 2.94 11.04 

2 55.29 816.00 816.00 3.09 11.20 

3 58.06 205.80 205.80 5.03 11.62 

4 54.05 127.20 127.20 3.19 11.95 

5 43.32 90.20 90.20 3.44 12.04 

Subject 9 1 49.39 105.60 106.40 2.61 15.09 

2 55.73 103.90 103.90 2.87 14.61 

3 60.86 142.30 142.30 3.79 13.56 

4 148.44 131.20 131.20 5.13 16.21 

5 74.01 164.40 164.40 4.28 2.96 

Subject 10 1 100.54 97.60 99.00 6.17 14.39 

2 76.65 83.00 83.70 6.64 14.31 

3 38.41 80.10 87.40 5.42 12.64 

4 64.53 23.20 24.40 4.67 12.68 

5 218.13 91.20 91.20 7.27 14.36 

Subject 11 1 60.47 162.00 162.00 2.63 10.87 

2 39.23 220.60 220.60 2.13 10.62 

3 29.95 327.40 327.40 2.17 10.83 

4 34.47 153.40 153.40 2.08 10.73 

5 35.54 181.80 181.80 3.26 10.51 

Subject 12 1 48.26 26.30 36.10 3.74 10.75 

2 37.28 30.60 35.40 2.61 10.92 

3 52.20 74.00 75.50 3.54 10.96 

4 42.28 34.30 36.30 3.70 10.89 

5 46.04 67.90 68.50 3.71 10.21 



Spinning 

Hook 

Kick  

Trial RLA (g) HIC (15 ms) HIC (36 ms) HVEL (m/s) FVEL (m/s) 

Subject 1 1 73.00 412.00 412.00 3.74 13.75 

2 158.89 45.90 45.90 1.75 13.33 

3 124.56 567.90 567.90 9.58 12.99 

4 96.66 26.90 26.90 3.08 12.56 

5 95.33 544.30 544.30 2.37 14.61 

Subject 2 1 122.79 139.80 139.80 2.51 11.12 

2 50.71 552.90 552.90 4.55 10.44 

3 106.16 151.30 151.30 2.53 11.15 

4 121.51 328.80 328.80 4.79 9.89 

5 506.28 428.30 428.30 3.76 11.89 

Subject 3 1 134.72 111.40 111.40 3.37 11.27 

2 15.46 321.60 321.60 2.15 9.80 

3 111.83 488.20 488.20 3.64 10.64 

4 109.47 135.30 135.30 3.23 11.07 

5 16.58 346.60 346.60 6.90 10.61 

Subject 4 1 120.23 3807.00 3807.00 4.95 9.59 

2 107.59 723.00 723.00 2.73 9.37 

3 81.93 573.00 573.00 4.37 10.13 

4 121.87 131.30 131.30 4.82 10.94 

5 73.08 436.20 436.20 3.99 9.10 

Subject 5 1 45.90 20.50 20.60 7.57 9.31 

2 207.03 37.70 37.70 7.43 9.44 

3 186.70 112.40 112.40 6.96 9.32 

4 141.67 217.10 217.10 8.12 10.42 

5 132.47 243.70 243.70 6.42 10.23 

Subject 6 1 76.06 632.50 632.50 6.59 13.23 

2 81.36 936.80 936.80 5.24 11.30 

3 27.61 433.70 433.70 4.94 12.10 

4 581.83 125.70 125.70 2.95 9.95 

5 297.28 368.50 368.50 4.03 10.01 



Spinning 

Hook 

Kick  

Trial RLA (g) HIC (15 ms) HIC (36 ms) HVEL (m/s) FVEL (m/s) 

Subject 7 1 85.15 344.30 344.30 3.96 10.33 

2 88.14 353.20 353.20 4.02 11.44 

3 56.57 376.40 376.40 3.76 11.22 

4 43.91 520.60 520.60 2.28 11.08 

5 29.56 51.80 51.80 1.87 11.70 

Subject 8 1 121.75 152.50 152.50 1.28 8.86 

2 29.68 137.10 137.10 3.60 8.94 

3 134.45 270.20 270.20 1.94 8.86 

4 40.42 735.30 735.30 5.42 10.65 

5 101.49 72.20 72.20 2.20 9.14 

Subject 9 1 89.47 148.40 148.40 4.84 10.21 

2 134.54 218.40 218.40 3.29 10.70 

3 114.40 22.80 22.80 4.51 10.66 

4 23.98 63.90 63.90 4.95 9.86 

5 36.24 46.00 46.00 3.69 9.42 

Subject 10 1 48.41 42.80 42.80 3.53 10.05 

2 54.38 16.30 16.30 3.20 11.77 

3 36.82 307.10 307.10 2.56 11.86 

4 76.22 419.80 419.80 2.02 10.65 

5 64.58 288.50 288.50 6.93 10.48 

Subject 11 1 104.00 510.70 510.70 4.78 10.54 

2 63.79 2597.10 2597.10 2.76 11.42 

3 135.21 42.50 48.30 2.39 10.38 

4 230.39 223.80 223.80 7.23 11.05 

5 173.14 185.90 185.90 7.80 11.90 

Subject 12 1 103.20 10.60 10.80 1.91 10.97 

2 70.73 364.40 364.40 2.80 10.64 

3 112.11 470.10 460.10 4.97 10.72 

4 91.39 4.80 4.80 4.01 10.72 

5 63.61 338.90 338.90 2.76 10.55 



Appendix 6: Study 4 data from the kicking of middle, high school and university 
athletes

Subject Age Height Weight Roundhouse Back Spin 

1 15 180 87 9.98 10.58 13.32 

1 15 180 87 39.72 75.04 31.02 

1 15 180 87 43.04 92.76 32.28 

1 15 180 87 61.34 47.06 43.58 

1 15 180 87 69.66 81.76 46.88 

1 15 180 87 37.3 73.82 49.32 

1 15 180 87 37.96 83.48 11.92 

1 15 180 87 46.74 36.92 34.88 

1 15 180 87 60.44 109.76 34 

1 15 180 87 38.38 63.48 58 

2 14 160 60 28.36 38.46 23.38 

2 14 160 60 28.84 55.96 11.9 

2 14 160 60 45.5 33.22 19.52 

2 14 160 60 28.24 28.24 30.36 

2 14 160 60 38.4 55.2 51.76 

2 14 160 60 37.18 88.58 81.96 

2 14 160 60 39.14 21.52 39.36 

2 14 160 60 55 34.02 59.24 

2 14 160 60 37.12 22.44 29.78 

2 14 160 60 57.72 126.22 24.1 

3 15 165 50 20.98 176.38 33.22 

3 15 165 50 42.9 146.96 31.08 

3 15 165 50 26.7 130.58 19.4 

3 15 165 50 31.72 79.88 35.58 

3 15 165 50 52.58 14.4 31.288 

3 15 165 50 51.9 73.98 27.86 

3 15 165 50 45.08 54.28 34.58 

3 15 165 50 60.34 104.66 94.74 

3 15 165 50 51.06 14.26 80.68 



3 15 165 50 42.82 61.74 47.9 

4 15 154 39 62.9 86.64 18.98 

Subject Age Height Weight Roundhouse Back Spin 

4 15 154 39 63.12 50.26 12.36 

4 15 154 39 44.18 42.44 60.24 

4 15 154 39 50.48 113.82 21.44 

4 15 154 39 28.14 133.54 19.86 

4 15 154 39 59 102.96 128.48 

4 15 154 39 35.52 59.14 11.64 

4 15 154 39 40.98 74.28 82.02 

4 15 154 39 65.3 81.04 35.14 

4 15 154 39 35.96 55.74 37.88 

5 15 146 39 87.18 11.78 8.04 

5 15 146 39 35.58 13.6 19.88 

5 15 146 39 52.34 17.5 12.62 

5 15 146 39 35.18 14.36 18.38 

5 15 146 39 54.58 74.16 21.88 

5 15 146 39 36.52 63.74 20.84 

5 15 146 39 59.12 24.62 22 

5 15 146 39 55.82 39.76 11.56 

5 15 146 39 64.56 9.44 10.6 

5 15 146 39 54.04 88.48 26.9 

6 14 155 42 22.62 73.92 30.58 

6 14 155 42 24.3 56.34 21.36 

6 14 155 42 38.84 56.86 57.32 

6 14 155 42 31.38 57.86 10.04 

6 14 155 42 30.18 51.08 33.9 

6 14 155 42 26.02 24.68 18.62 

6 14 155 42 32.54 44.18 39.34 

6 14 155 42 27.56 62.94 6.48 

6 14 155 42 28.72 58.34 31.74 

6 14 155 42 23.84 36.48 27.02 

7 15 158 43.5 78.84 45.08 23.54 

7 15 158 43.5 30.94 7.2 21.36 



7 15 158 43.5 27.16 124.4 38.82 

7 15 158 43.5 40.84 39.62 27.42 

Subject Age Height Weight Roundhouse Back Spin 

7 15 158 43.5 45.76 100.12 31.94 

7 15 158 43.5 25.02 37.08 57.98 

7 15 158 43.5 31.48 93.46 32.06 

7 15 158 43.5 46.76 101.14 35.38 

7 15 158 43.5 38.02 181.62 23.36 

7 15 158 43.5 54.7 40.2 34.92 

8 15 159.5 48 32.58 13.02 17.88 

8 15 159.5 48 29.08 178.72 15.22 

8 15 159.5 48 23.44 63.32 9.2 

8 15 159.5 48 22.62 144.84 37.7 

8 15 159.5 48 40.78 115.3 34.12 

8 15 159.5 48 29.82 81.24 9.68 

8 15 159.5 48 31.58 122.04 42.94 

8 15 159.5 48 29.92 112.16 21.86 

8 15 159.5 48 32.64 100.02 8.74 

8 15 159.5 48 31.66 121.78 34.28 

9 14 150 55 19.3 20.38 14.24 

9 14 150 55 34.12 159.48 13.22 

9 14 150 55 46.36 6.5 12.56 

9 14 150 55 52.82 66.7 31.08 

9 14 150 55 29.28 48.52 21.58 

9 14 150 55 80.02 41.22 21.54 

9 14 150 55 44.2 31.58 12.02 

9 14 150 55 29.72 87.84 26.52 

9 14 150 55 40.26 16.12 14.26 

9 14 150 55 40.04 12.8 15.5 

10 15 163 53 36.8 165.76 43.66 

10 15 163 53 54.1 8.58 8.7 

10 15 163 53 55.9 177.72 41.84 

10 15 163 53 55.42 56.78 54.4 

10 15 163 53 39.34 18.42 17.84 



10 15 163 53 84.12 54.24 42.3 

10 15 163 53 102.34 89.12 32.12 

Subject Age Height Weight Roundhouse Back Spin 

10 15 163 53 53.28 45.52 25.52 

10 15 163 53 49.86 158.04 14.72 

10 15 163 53 47.76 126.64 31.88 

11 16 181 77 60.32 98.86 18.34 

11 16 181 77 61.74 67.22 50.04 

11 16 181 77 79.64 60.04 49.46 

11 16 181 77 104.2 83.2 54.42 

11 16 181 77 98.54 75.88 55.96 

11 16 181 77 78.22 89.52 103.86 

11 16 181 77 84.28 112.3 18.46 

11 16 181 77 73.98 164.22 37.56 

11 16 181 77 52.02 115.92 37.56 

11 16 181 77 82.34 101.42 24.68 

12 14 172 65.3 71.58 17.64 77.48 

12 14 172 65.3 23.02 19.38 126.98 

12 14 172 65.3 102.94 98.92 59.22 

12 14 172 65.3 89.18 98.82 114.28 

12 14 172 65.3 72.46 128.54 134.28 

12 14 172 65.3 78.02 30.84 81.16 

12 14 172 65.3 106.64 131.88 113.66 

12 14 172 65.3 107.16 192.66 147.94 

12 14 172 65.3 79.34 190.04 101.96 

12 14 172 65.3 105.3 32.82 94.32 

13 16 179 56.5 70.88 185.54 35.96 

13 16 179 56.5 110.64 9.46 147.1 

13 16 179 56.5 78.44 83.68 37.42 

13 16 179 56.5 93.62 11.4 51.44 

13 16 179 56.5 75.66 148.92 118.9 

13 16 179 56.5 85.22 129.04 12.94 

13 16 179 56.5 62.42 115.52 38.08 

13 16 179 56.5 81.46 100.1 66.76 



13 16 179 56.5 82.88 98.18 48.56 

13 16 179 56.5 114.58 81.52 37.1 

Subject Age Height Weight Roundhouse Back Spin 

14 15 184 69 144.9 17.54 9.98 

14 15 184 69 72.46 95.14 13.96 

14 15 184 69 46.76 131.64 21.84 

14 15 184 69 104.72 111.88 64 

14 15 184 69 32.18 127.9 100.62 

14 15 184 69 20.76 87.86 90.7 

14 15 184 69 54.88 122.28 47.38 

14 15 184 69 82.76 49.6 44.82 

14 15 184 69 98.3 111.36 112.34 

14 15 184 69 81.8 70.64 40.22 

15 14 174 57 82.58 30.28 68.28 

15 14 174 57 86.3 125.14 35.4 

15 14 174 57 72.8 56.7 65.28 

15 14 174 57 57.9 63.72 20.1 

15 14 174 57 80.98 83.78 41.2 

15 14 174 57 60.66 85.66 23.08 

15 14 174 57 61.06 121 42.54 

15 14 174 57 62.78 45.42 16.48 

15 14 174 57 142.46 68.54 36.66 

15 14 174 57 116.82 105.94 44.94 

16 15 171 65 47.46 52.46 63.7 

16 15 171 65 60.84 64.96 45.16 

16 15 171 65 78.1 61.32 48.52 

16 15 171 65 57.72 86.24 48.24 

16 15 171 65 46.16 44.24 84.6 

16 15 171 65 34.08 48.34 49.62 

16 15 171 65 50.34 116.62 49.76 

16 15 171 65 43.3 52.84 91.48 

16 15 171 65 112.26 68.98 28.56 

16 15 171 65 132.5 48.72 100.26 

17 18 171 56.8 53.54 51.4  30.52 



17 18 171 56.8 57.02 39.3  17.04 

17 18 171 56.8 80.36 42.3  13.12 

Subject Age Height Weight Roundhouse Back Spin 

17 18 171 56.8 103.04 26.5  22.48 

17 18 171 56.8 67.26 24.9  11.14 

17 18 171 56.8 74.92 46.1  18.96 

17 18 171 56.8 83.7 21.8  22.54 

17 18 171 56.8 34.06 58.3  10 

17 18 171 56.8 51.42 16.4  23.92 

17 18 171 56.8 15.22 18.4  10.9 

18 17 168 62.1 32.34 89.5  10.54 

18 17 168 62.1 20.88 27.1  5.96 

18 17 168 62.1 40.52 36.6  35.42 

18 17 168 62.1 39.96 42.0  28.86 

18 17 168 62.1 59.44 40.9  38.38 

18 17 168 62.1 76.68 36.2  19.12 

18 17 168 62.1 29.82 51.2  7.96 

18 17 168 62.1 82.8 23.0  19.16 

18 17 168 62.1 53.24 27.1  29.42 

18 17 168 62.1 63.74 34.5  19.78 

19 18 178 63.3 60.94 55.3  11.06 

19 18 178 63.3 141.8 18.1  16.56 

19 18 178 63.3 32.18 49.5  23.7 

19 18 178 63.3 45.2 39.5  22.04 

19 18 178 63.3 57.74 53.5  30.38 

19 18 178 63.3 54.38 41.1  14.92 

19 18 178 63.3 145.62 53.2  17.5 

19 18 178 63.3 133.96 28.1  8.72 

19 18 178 63.3 106.66 68.6  22.42 

19 18 178 63.3 78.64 33.3  13.44 

20 18 177 64.8 27.42 22.8  16.9 

20 18 177 64.8 32.9 42.4  17.46 

20 18 177 64.8 29.4 31.9  51.08 

20 18 177 64.8 35.06 37.2  40.46 



20 18 177 64.8 46.34 41.3  6.76 

20 18 177 64.8 19.32 38.2  32.5 

Subject Age Height Weight Roundhouse Back Spin 

20 18 177 64.8 19.5 39.1  86.36 

20 18 177 64.8 20.56 45.4  20.94 

20 18 177 64.8 28.26 45.6  20.56 

20 18 177 64.8 18.56 35.8  46.62 

21 17 175 67.2 15.08 8.8  17.84 

21 17 175 67.2 63.86 11.3  35.06 

21 17 175 67.2 32.34 46.6  11.5 

21 17 175 67.2 109.44 18.2  22.54 

21 17 175 67.2 16.5 21.3  16.94 

21 17 175 67.2 53.96 63.5  23.14 

21 17 175 67.2 162.04 56.0  35.04 

21 17 175 67.2 20.18 37.2  45.58 

21 17 175 67.2 72.56 23.6  14.6 

21 17 175 67.2 39.06 19.9  35.78 

22 18 187 74.7 23.84 20.5  7.12 

22 18 187 74.7 48.48 58.5  8.9 

22 18 187 74.7 22.38 16.5  17.88 

22 18 187 74.7 27.06 53.4  8.12 

22 18 187 74.7 46.26 51.4  6.42 

22 18 187 74.7 41.4 56.8  11.8 

22 18 187 74.7 56.88 34.2  9.96 

22 18 187 74.7 64.12 32.8  7.1 

22 18 187 74.7 68.02 56.1  21.22 

22 18 187 74.7 59.96 48.8  18.06 

23 17 174 74 19.9 44.3  29.64 

23 17 174 74 8.48 59.6  14.8 

23 17 174 74 18.82 48.6  21.14 

23 17 174 74 13.1 61.3  41.12 

23 17 174 74 14.9 35.9  59.72 

23 17 174 74 16.52 116.7  51.74 

23 17 174 74 29 87.0  34.86 



23 17 174 74 56.36 63.4  61 

23 17 174 74 27.52 34.3  49.84 

Subject Age Height Weight Roundhouse Back Spin 

23 17 174 74 44.1 50.7  50.88 

24 17 182 77.3 32 60.3  23.92 

24 17 182 77.3 33.32 59.5  23.54 

24 17 182 77.3 37.26 37.6  66.38 

24 17 182 77.3 39.72 35.5  67.08 

24 17 182 77.3 14.26 47.3  25.76 

24 17 182 77.3 34.38 43.3  63.26 

24 17 182 77.3 58.46 62.7  147.26 

24 17 182 77.3 22.56 33.6  43.06 

24 17 182 77.3 24.36 80.4  38.72 

24 17 182 77.3 98.3 63.9  58.82 

25 18 183 80.1 80.08 24.3  24.8 

25 18 183 80.1 52.7 15.5  66.36 

25 18 183 80.1 31.82 71.7  11.26 

25 18 183 80.1 38.54 48.0  40.08 

25 18 183 80.1 34.54 29.9  35.66 

25 18 183 80.1 41.68 21.8  12.94 

25 18 183 80.1 42.2 22.7  27.06 

25 18 183 80.1 29.44 21.8  150.3 

25 18 183 80.1 50.18 33.3  30.14 

25 18 183 80.1 22.56 19.5  55.66 

26 17 167 65.7 83.58 34.3  88.9 

26 17 167 65.7 1.48 34.5  63.36 

26 17 167 65.7 64.06 118.5  47.98 

26 17 167 65.7 44.74 47.8  43.14 

26 17 167 65.7 87.6 46.5  52.8 

26 17 167 65.7 51.5 27.1  40.5 

26 17 167 65.7 61.3 93.9  27.84 

26 17 167 65.7 47.84 59.9  51.04 

26 17 167 65.7 65.34 56.0  56.5 

26 17 167 65.7 69.42 34.2  54.68 



27 18 171 56.5 40.72 25.8  39.22 

27 18 171 56.5 94.78 36.8  49.28 

Subject Age Height Weight Roundhouse Back Spin 

27 18 171 56.5 18.86 66.7  45.46 

27 18 171 56.5 40.72 45.4  37.32 

27 18 171 56.5 35.84 71.5  40.9 

27 18 171 56.5 26.76 100.9  39.04 

27 18 171 56.5 24.92 69.9  100.36 

27 18 171 56.5 16.88 49.0  30.06 

27 18 171 56.5 33.56 60.9  43.5 

27 18 171 56.5 19.06 60.1  36.18 

28 18 175 63.4 94.06 157.0  52.86 

28 18 175 63.4 90.04 73.2  31.4 

28 18 175 63.4 71.66 77.0  71.66 

28 18 175 63.4 124.2 92.5  70.52 

28 18 175 63.4 71.44 52.9  26.9 

28 18 175 63.4 92.66 36.4  86.26 

28 18 175 63.4 84.54 14.8  26.32 

28 18 175 63.4 97.98 55.0  97.78 

28 18 175 63.4 80.48 103.1  19.54 

28 18 175 63.4 79.46 9.7  25.56 

29 17 172 68.3 24.26 86.3  73.78 

29 17 172 68.3 35.66 21.1  30.12 

29 17 172 68.3 35.12 21.7  88.44 

29 17 172 68.3 34.2 68.4  8.56 

29 17 172 68.3 65.82 127.6  21.88 

29 17 172 68.3 32.6 30.5  95.5 

29 17 172 68.3 35.56 59.8  28.04 

29 17 172 68.3 30.94 33.8  17.08 

29 17 172 68.3 37.46 42.2  33.56 

29 17 172 68.3 25.78 36.8  44.04 

30 18 185 73.9 94.62 102.0  27.5 

30 18 185 73.9 56.9 26.5  16.6 

30 18 185 73.9 77.56 85.0  31.38 



30 18 185 73.9 68.84 160.2  44.64 

30 18 185 73.9 118.48 90.5  65.42 

Subject Age Height Weight Roundhouse Back Spin 

30 18 185 73.9 34.64 157.1  64.02 

30 18 185 73.9 61.36 130.5  48.36 

30 18 185 73.9 115.96 125.9  98.84 

30 18 185 73.9 92.5 46.5  115.06 

30 18 185 73.9 95.26 128.0  54.76 

31 17 182 71.4 91.1 159.9  62.26 

31 17 182 71.4 82.96 11.1  12.16 

31 17 182 71.4 86.16 152.8  37.1 

31 17 182 71.4 78.12 153.0  45.52 

31 17 182 71.4 78.18 76.6  27.48 

31 17 182 71.4 47.04 100.0  107.74 

31 17 182 71.4 66.82 82.7  149.82 

31 17 182 71.4 57.1 117.0  68.02 

31 17 182 71.4 56.96 109.9  75.72 

31 17 182 71.4 21.26 132.3  38.84 

32 17 185 73.9 43.98 30.7  29.36 

32 17 185 73.9 56.24 18.8  26.76 

32 17 185 73.9 64.04 152.7  28.02 

32 17 185 73.9 30.1 32.7  13.32 

32 17 185 73.9 66.54 53.0  22.58 

32 17 185 73.9 101.58 13.8  22.78 

32 17 185 73.9 69.3 37.6  42.26 

32 17 185 73.9 30.1 163.5  46.96 

32 17 185 73.9 95.88 94.6  25.62 

32 17 185 73.9 86.52 113.5  43.26 

33 16 178 81.9 85.86 96.8  104.32 

33 16 178 81.9 56.84 92.3  124.18 

33 16 178 81.9 122.84 168.2  150.6 

33 16 178 81.9 96.9 146.4  119.46 

33 16 178 81.9 134.42 45.6  131.72 

33 16 178 81.9 151.56 142.9  131.96 



33 16 178 81.9 148.96 103.6  76.26 

33 16 178 81.9 148.5 112.9  30.3 

Subject Age Height Weight Roundhouse Back Spin 

33 16 178 81.9 140.24 144.7  155.34 

33 16 178 81.9 118.28 84.3  13.74 

34 21 185 77.9 92.02 142.36 50.4 

34 21 185 77.9 80.92 21.2 50.94 

34 21 185 77.9 154.14 61.2 63.94 

34 21 185 77.9 70.48 142.28 59.52 

34 21 185 77.9 140.62 157.46 69.2 

34 21 185 77.9 198.64 198.56 59.76 

34 21 185 77.9 177.96 190.06 55.24 

34 21 185 77.9 187.38 89.62 65.44 

34 21 185 77.9 165.38 65.24 55.76 

34 21 185 77.9 120.46 55.24 53.46 

35 20 180 81.2 52.58 24.1 19.64 

35 20 180 81.2 55.5 18.06 38.44 

35 20 180 81.2 89.44 14.94 40.02 

35 20 180 81.2 63.04 21.74 38.1 

35 20 180 81.2 72.28 30.16 34.84 

35 20 180 81.2 62.54 15.04 107.08 

35 20 180 81.2 82.58 62.24 21.18 

35 20 180 81.2 73.24 53.28 38.38 

35 20 180 81.2 90.84 35.58 21.1 

35 20 180 81.2 53.94 25.86 49.14 

36 20 183 82.1 72.04 43.8 45.32 

36 20 183 82.1 95.44 54.74 65.74 

36 20 183 82.1 125.08 16.4 83.74 

36 20 183 82.1 116.26 38.36 41.64 

36 20 183 82.1 56.46 21.2 81.2 

36 20 183 82.1 56.9 36.64 80.2 

36 20 183 82.1 70.24 57.9 106.08 

36 20 183 82.1 92.44 24.62 71.04 

36 20 183 82.1 71.06 49.1 76.72 



36 20 183 82.1 101.46 97.84 80.38 

37 20 183 80.9 57.62 15.46 10.64 

Subject Age Height Weight Roundhouse Back Spin 

37 20 183 80.9 52.44 26.58 22.02 

37 20 183 80.9 55.06 24.92 28.7 

37 20 183 80.9 21.96 31.36 35.44 

37 20 183 80.9 62.78 22.46 47.08 

37 20 183 80.9 27.78 76.56 46.96 

37 20 183 80.9 27.18 85.82 20.7 

37 20 183 80.9 90.24 29.72 42.52 

37 20 183 80.9 70.38 12.38 48.08 

37 20 183 80.9 89.34 32.46 43.3 

38 22 194 92.1 54.02 79.8 14.3 

38 22 194 92.1 61.22 12.74 12.76 

38 22 194 92.1 34.84 19.06 12.8 

38 22 194 92.1 45.5 19.38 23.14 

38 22 194 92.1 33.16 42.4 51.68 

38 22 194 92.1 39.5 15.88 13.12 

38 22 194 92.1 40.04 17.94 16.96 

38 22 194 92.1 43.44 10.42 21.86 

38 22 194 92.1 36.62 12.02 52.68 

38 22 194 92.1 41.22 13.76 63.08 

39 20 186 98.3 28.9 26.3 48.7 

39 20 186 98.3 38.08 38.98 37.06 

39 20 186 98.3 36.72 23.92 42.74 

39 20 186 98.3 45.62 40.22 49.86 

39 20 186 98.3 41.58 26.56 160.66 

39 20 186 98.3 34.6 22.3 32.96 

39 20 186 98.3 27.54 16.34 25.82 

39 20 186 98.3 65.1 22.22 38.28 

39 20 186 98.3 67.76 21.06 25.26 

39 20 186 98.3 51.28 22.16 35.24 

40 19 180 72.9 149.42 56.64 28.2 

40 19 180 72.9 87.12 40.06 156 



40 19 180 72.9 77.54 59.08 94.6 

40 19 180 72.9 93.72 32.52 82.18 

Subject Age Height Weight Roundhouse Back Spin 

40 19 180 72.9 141.88 36.52 103 

40 19 180 72.9 109.88 44.06 111.22 

40 19 180 72.9 143.18 58.14 85.94 

40 19 180 72.9 146.28 42.66 114.02 

40 19 180 72.9 198.78 34.96 82.92 

40 19 180 72.9 181.2 68.74 74.64 

41 22 182 72.9 191.8 57.96 60.56 

41 22 182 72.9 144.9 45.68 146.62 

41 22 182 72.9 205.42 44.94 45.28 

41 22 182 72.9 131.12 41.56 101.22 

41 22 182 72.9 136.94 64.38 83.68 

41 22 182 72.9 104.58 135.94 44.28 

41 22 182 72.9 112.68 96.26 93.7 

41 22 182 72.9 157.16 36.1 91.36 

41 22 182 72.9 128.3 88.86 77.9 

41 22 182 72.9 157.08 70.76 88 

42 22 180 69.1 122.78 69.58 9.42 

42 22 180 69.1 146.78 105.08 131.92 

42 22 180 69.1 129.12 115.4 65.08 

42 22 180 69.1 237.42 98.92 90.96 

42 22 180 69.1 158.18 116.02 99.32 

42 22 180 69.1 165.08 74.04 113.2 

42 22 180 69.1 159.76 90.08 151.74 

42 22 180 69.1 211.06 22.4 154.08 

42 22 180 69.1 212.62 97.04 113.48 

42 22 180 69.1 143.68 148.52 39.24 

43 22 177 71.8 77.6 59.38 43.66 

43 22 177 71.8 84.14 35.7 73.36 

43 22 177 71.8 86.68 53.02 80.8 

43 22 177 71.8 98.56 44.86 67.2 

43 22 177 71.8 99.56 106.92 85 



43 22 177 71.8 112.18 54.74 96.64 

43 22 177 71.8 147.66 55.76 67.2 

Subject Age Height Weight Roundhouse Back Spin 

43 22 177 71.8 107.74 36.98 68.78 

43 22 177 71.8 60.68 17.66 91.04 

43 22 177 71.8 117.86 90.6 61.76 

44 19 173 65 55.7 119.28 69.48 

44 19 173 65 36.88 42.62 109.04 

44 19 173 65 58.9 80.62 92.24 

44 19 173 65 56.72 106.48 172.82 

44 19 173 65 58.56 93.4 134.4 

44 19 173 65 68.76 170.8 102.98 

44 19 173 65 46.02 85.14 107.68 

44 19 173 65 68.24 160.64 95.08 

44 19 173 65 86.28 72.66 89 

44 19 173 65 61.92 128.02 107.32 

45 18 178 67 145.92 34.5 60.52 

45 18 178 67 81.62 54.52 81.32 

45 18 178 67 90.58 72.62 32.66 

45 18 178 67 64.08 51.26 47.52 

45 18 178 67 63.06 45.82 30.16 

45 18 178 67 63.84 25.66 40.36 

45 18 178 67 65.98 49.12 26.94 

45 18 178 67 46.72 88.96 66.42 

45 18 178 67 154.96 45.8 96.1 

45 18 178 67 141.64 40.7 33.44 

46 19 175 62.1 109.02 68.06 26.2 

46 19 175 62.1 66.22 71.24 40.26 

46 19 175 62.1 95.98 56.62 59.52 

46 19 175 62.1 53 71.42 53.1 

46 19 175 62.1 105.94 95.2 37.42 

46 19 175 62.1 117.04 186.7 49.6 

46 19 175 62.1 111.46 90.04 52.4 

46 19 175 62.1 75.42 85.62 28.68 



46 19 175 62.1 152.02 114.12 53.06 

46 19 175 62.1 87.02 103.04 52.88 

Subject Age Height Weight Roundhouse Back Spin 

47 20 165 65.9 103.98 19.88 57.5 

47 20 165 65.9 154.22 114.94 56.66 

47 20 165 65.9 155.7 135 57.98 

47 20 165 65.9 134.04 92.14 58.38 

47 20 165 65.9 102.92 79.12 71.68 

47 20 165 65.9 84.4 55.58 65.72 

47 20 165 65.9 117.24 60.6 119.64 

47 20 165 65.9 96.92 156.78 133.34 

47 20 165 65.9 148.08 57.66 68.9 

47 20 165 65.9 81.76 45.52 91.18 

48 21 174 62.9 132.42 150.22 47.48 

48 21 174 62.9 86.04 39.04 80.14 

48 21 174 62.9 98.5 99.9 88.52 

48 21 174 62.9 110.66 51.82 137.7 

48 21 174 62.9 144.46 40.28 71.38 

48 21 174 62.9 160.8 57.54 94.04 

48 21 174 62.9 124.08 88.9 166.32 

48 21 174 62.9 130.14 55.1 74.4 

48 21 174 62.9 87.92 65.86 69.18 

48 21 174 62.9 129.08 157.46 31.5 



Appendix 7: Study 5 data from the headgear testing

RLA and HIC values for A collapsed over all energy levels 

Back Front Left Right 

RLA 

(g) 

HIC RLA 

(g) 

HIC RLA 

(g)

HIC RLA 

(g) 

HIC

92.27 116.5 122.5 162 105.01 151.2 101.0  117.8  

98.69 113.7 124.5 131.4 111.80 100.6 92.3  94.6  

101.05 116 136.6 151.2 110.86 114.4 92.9  90.9  

122.35 133.7 144.1 213.6 150.55 152.7 122.0  131.5  

127.38 135 143.7 204.4 153.31 148.4 119.8  120.9  

129.39 107.2 142.7 177.8 154.33 140.2 120.4  116.0  

131.69 126.8 174.9 234.7 164.9 200.3 130.6  139.9  

129.73 127.9 185.4 271.6 170.7 197.4 135.0  139.0  

RLA and HIC values for B collapsed over all energy levels 

Back Front Left Right 

RLA 

(g) 

HIC RLA 

(g) 

HIC RLA 

(g)

HIC RLA 

(g) 

HIC

91.0  92.4  84.6 101.8 104.8 110.2 72.9  98.6  

74.9  96.3  85.6 102.9 76.0 89.5 72.2  100.2  

75.7  102.3  92.2 107.8 75.3 89.3 72.3  101.1  

95.2  113.0  114.3 124.2 94.9 101.2 88.9  119.6  

98.8  117.6  114.0 126.9 94.2 104.3 94.5  112.3  

96.1  124.2  116.8 128.8 97.0 108.8 93.1  114.3  

107.7  92.4  136.1 144.4 113.9 119.7 112.3  117.6  

114.0  96.3  133.1 137.2 111.6 123.8 112.0  130.5  



RLA and HIC values for C collapsed over all energy levels 

Back Front Left Right 

RLA 

(g) 

HIC RLA 

(g) 

HIC RLA 

(g)

HIC RLA 

(g) 

HIC

60.9  87.5  117.0 145.7 97.8 80.5 122.9  130.1  

91.7  73.8  127.2 73.8 111.8 84.4 86.6  94.2  

96.4  40.0  171.9 40.0 97.7 82.0 86.9  100.5  

107.0  128.7  205.6 206.5 145.2 132.5 109.9  113.8  

106.4  101.1  139.7 182.4 162.2 142.2 165.1  151.0  

113.7  113.0  149.8 238.5 161.6 150.7 118.7  140.2  

121.7  133.1  185.5 286.1 175.0 195.5 155.5  240.6  

114.9  127.7  165.6 278.4 157.2 207.4 200.0  298.2  

RLA and HIC values for D collapsed over all energy levels 

Back Front Left Right 

RLA 

(g) 

HIC RLA 

(g) 

HIC RLA 

(g)

HIC RLA 

(g) 

HIC

111.8  101.8  175.3 190.2 149.5 121.3 173.4  129.5  

127.2  114.5  145.6 182.2 141.8 129.3 191.2  140.2  

148.6  104.8  173.1 157.1 148.7 132.3 157.4  140.9  

159.2  138.4  149.1 182.9 158.1 159.0 199.9  169.1  

170.5  143.0  205.9 223.4 214.9 164.5 171.4  180.0  

167.6  132.0  229.4 253.6 164.6 177.1 151.5  168.5  

196.8  101.8  158.6 190.2 194.1 198.7 223.4  202.4  

176.6  114.5  209.8 182.2 187.6 226.0 136.8  221.8  



RLA and HIC values for E collapsed over all energy levels 

Back Front Left Right 

RLA 

(g) 

HIC RLA 

(g) 

HIC RLA 

(g)

HIC RLA 

(g) 

HIC

97.8 90.8 132.9 125.7 107.9 108.1 132.7 253.7 

92.2 90.4 119.6 140.1 119.3 124.2 96.6 99.9 

94.6 87.1 116.4 157.4 120.9 126.8 156.5 154.1 

128.9 134.7 184.8 164.8 168.3 184.8 207.6 279.1 

144.8 115.6 167.8 165.3 150.0 173.9 214.1 235.5 

122.9 134.6 188.0 171.1 131.9 175.9 223.6 218.9 

136.9 167.2 162.1 226.3 176.7 246.4 251.0 300.8 

157.3 166.9 165.9 209.4 168.5 178.4 219.5 301.7 
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 The overall purpose of this dissertation was to increase the understanding of head 

injury forces in taekwondo and headgear safety performance in an effort to increase safety. 

The first study was a literature review of prospective studies on taekwondo injuries in adult 

athletes. An injury was defined as any circumstance for which the athlete sought the 

assistance from the on-site medical personnel. Injury rates were expressed per athlete-

exposures (A-E) and 95% confidence intervals calculated. Differences in total injury rates, 

injury mechanicsms, injury sites and timeloss, between men and women, were shown. The 

turning kick was most often involved in causing injury: 56.9% of all injuries in the men and 

49.8% in the women. Lack of blocking skills was identified as one of the main injury 

mechanisms. Recommendations for rule changes, employment of qualified medical personnel 

and the introduction of an ongoing injury surveillance system should be a top priority.

The purpose of the second study was to assess the effect of taekwondo kicks on 

resultant head linear acceleration (RLA) and head injury criterion (HIC). Two male and two 

female elite taekwondo athletes participated in this study. RLAF data were collected from five 

different head kicks randomly performed five times on an accelerometer in a Hybrid II Crash 

Dummy head and kinematics were recorded by 8 infra red motion cameras. The results 

showed significant differences between kicks RLA and HIC in men and women, and 

differences between the impact measures between the different techniques. The values of both 

RLA and HIC recorded for taekwondo were higher than those in boxing. These high 

magnitude head injury measures stress the need for further investigation in the impact 



mechanics of taekwondo kicks and head protection used.  

The purpose of the third study was to assess the effect of taekwondo kicks and peak 

foot velocity (FVEL) on RLA, HIC15 and head velocity (HVEL). Each subject randomly 

performed five repetitions of the turning kick, clench axe kick, front leg axe kick, jump back 

kick and jump spinning hook kick at the average standing head height for competitors in their 

weight division. RLA, HVEL, FVEL data were captured and processed using Qualysis Track 

Manager. The TK produced a higher RLA than the clench axe and a higher HIC15 than the 

jumping hook kick. There was no difference in HVEL of the turning kick and that of the 

jumping back kick. The turning kick is of concern because it is the most common technique 

and cause of concussion in taekwondo. Future studies should aim to understand rotational 

accelerations of the head. 

The purpose of the forth study was to investigate the effect that demographics had 

on the head injury measures in adolescent to collegiate athletes. Subjects were recruited from 

middle school, high school and university teams. Age, weight and height are responsible for 

approximately 20% of the variance in the RLA of the turning kick, 6.4% and 4.8% for the 

spinning hook and back kick, respectively. The magnitudes produced by the athletes even at a 

younger age (middle school) were as high as those recorded in adult boxers. These results are 

especially important especially when they are applied to an undeveloped brain.  

The purpose of the fifth study was to examine impact attenuation differences 

between the anterior, posterior and side of selected taekwondo headgear brands. Five different 

commercially available taekwondo headgear were selected for impact testing. A 50th 

percentile Hybrid II Dummy Crash Test Head and neck were fitted with the selected headgear 

and accelerometer was used for testing. Each headgear model was impacted 8 times to the 

anterior, posterior and sides to produce a 52.25 J, 85 J and 144 J magnitude strikes. Results 

show a 2-way (Headgear x Location) interaction for acceleration. All the headgear tested 

either failed both or one of the low or high level impact energy levels. Taekwondo headgear 

manufacturers and sport governing bodies must consider improving the design of anterior 

headgear properties.  

keywords  : taekwondo, concussion, injury, headgear, biomechanics 

Student Number  : 2008-30732 
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