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Abstract

The jumping front-leg axe-kick is a valid attacking and counter-
attacking technique in Taekwondo competition (Streif, 1993).
Yet, the existing literature on this technique is sparse (Kloiber et
al., 2009). Therefore, the goal of this study was to determine
parameters contributing significantly to maximum linear speed
of the foot at impact. Parameters are timing of segment and joint
angular velocity characteristics and segment lengths of the
kicking leg. Moreover, we were interested in the prevalence of
proximal-to-distal-sequencing. Three-dimensional kinematics of
the kicks of 22 male Taekwondo-athletes (age: 23.3 + 5.3 years)
were recorded via a motion capturing system (Vicon Motion
Systems Limited, Oxford, UK). The participants performed
maximum effort kicks onto a rack-held kicking pad. Only the
kick with the highest impact velocity was analysed, as it was
assumed to represent the individual’s best performance. Signifi-
cant Pearson correlations to impact velocity were found for
pelvis tilt angular displacement (r = 0.468, p < 0.05) and for hip
extension angular velocity (r = -0.446, p < 0.05) and for the
timing of the minima of pelvis tilt velocity (r = -0.426, p < 0.05)
and knee flexion velocity (r = -0.480, p < 0.05). Backward step
linear regression analysis suggests a model consisting of three
predictor variables: pelvis tilt angular displacement, hip flexion
velocity at target contact and timing of pelvic tilt angular veloci-
ty minimum (adjusted R? = 0.524). Results of Chi-Squared tests
show that neither for the leg-raising period (¥° = 2.909) of the
technique, nor for the leg-lowering period a pattern of proximal-
to-distal sequencing is prevalent (3*> = 0.727). From the results
we conclude that the jumping front-leg axe-kick does not follow
a proximal-to-distal pattern. Raising the leg early in the tech-
nique and apprehending the upper body to be leant back during
the leg-lowering period seems to be beneficial for high impact
velocity. Furthermore, striking by extending the hip rather than
by flexing the knee could raise impact velocity.

Key words: Biomechanics, motion analysis, martial arts, tim-
ing, kicking velocity, joint angles

Introduction

Akin to boxing or other full-contact combat sports a
taekwondo match is generally won by knockout or by
points. Valid points are scored by punches to the torso
and kicks to the torso or the head of the opponent (World
Taekwondo Federation, 2015). Compared to punches
kicking techniques are more likely to score in tackwondo
competition (Kazemi et al., 2006). This preference of leg
skills is a stylistic peculiarity of tackwondo in comparison
to karate or wushu (Ahn et al., 2009). Streif (1993) pub-
lished the results of a Korean survey on the point-scoring
techniques of several Korean tournaments held in 1983.

He quoted that 4.5% of points were scored with the axe-
kick, which is therefore taking the third place in the rank-
ing of the most successful techniques. Recent data by
Matsushigue et al. (2009) on Brazilian national competi-
tion suggest that round kick and side kick are more fre-
quent techniques. Winners perform fewer direct attacks
than nonwinners (Menescardi et al., 2015), but none of
the used kicking techniques are specified.

Park (1999) describes the axe-kick as follows:
“The kicking foot is swung up across the body until it is
high in the air, then it is brought straight down onto the
target.” For a more detailed technique description refers
to Preuschl and Attarpour (2014). This technique is exe-
cuted with the front leg (nearer to the opponent) in a
jumping motion. Take-off is followed by a hip and knee
flexion movement, raising the striking leg. By using trunk
and hip extension and slight knee flexion movement the
foot returns from its high position into a down- and for-
ward motion, striking the opponent’s scull, face or clavi-
cle with the heel or the sole of the foot (see Figure 1). The
change in angular direction of the joints’ movements sets
the axe-kick apart from pushlike or throwlike kicking
movements as the leg’s momentum is stopped and re-
versed rather than transferred to another plane (Kim et al.,
2011).

Performance parameter

In WTF competition rules, article 18 describes the proce-
dure in the event of a knock down as follows: “1.4. When
a contestant who has been knocked down cannot demon-
strate the will to resume the contest by the count of *Yeo-
dul (eight)’, the referee shall announce the other contest-
ant winner by RSC (Referee Stops Contest)” (World
Taekwondo Federation, 2015, p. 39). The effect of a mar-
tial arts strike is often linked to peak impact force or
transferred linear momentum (Falco et al., 2009; Gulledge
and Dapena 2008; O’Sullivan et al., 2009; Walilko, et al.
2005).

Blum (1977) theorised on the physics of martial
arts board breaking that “an adept practitioner is able to
combine the high speed and high effective mass necessary
to achieve success in multiboard breaking”. Pearson
(1997) stated that a higher linear velocity at initial target
contact correlates with a higher mean impact force (r =
0.66, p < 0.05) in taekwondo roundhouse kicks. To find
out what contributes to “high speed” (Blum 1977) in a
jumping front-leg axe-kick, Kloiber et al. (2009) investi-
gated the influence of several kinematic parameters on
vertical linear velocity of the ankle at initial target contact
and found positive correlation for the hip extension angle
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Figure 1. Sequential image of a jumping front-leg axe-kick. The variables TVPmin, TVHmax, TVKmin, TVHmin, TVPmax,
TVKmax indicate the timing of segment and joint angular velocity peaks. They are ordered sequentially according to mean/median
timing (normalized time) of the participants’ jumping front-leg axe-kicks. A short description is given in Table 1. Definitions are given in subchapter

“Temporal and kinematic parameters’. (adapted from Kloiber et al. 2009).

between maximum stretch and initial target contact (r =
0.542, p < 0.05). In a match of taekwondo, the foot
doesn’t necessarily have to hit the opponent in vertical
direction as valid target areas are also the face and the
sides and back of the head (World Taekwondo Federa-
tion, 2015). Consequently, not only the vertical compo-
nent, but all the ankle velocity components contribute to
the kick’s impact energy. Therefore, the Euclidean norm
of all 3 dimensions of impact velocity (IV) should be
selected to quantify performance.

Anthropometric parameters

In martial arts, studies on body composition and physio-
logical profiles have been performed by several authors
(Heller et al. 1998, Khanna and Manna 2006, Smith
2006). Kazemi et al. (2006) found non-significant differ-
ences between successful and non-successful fighters in
the 2004 Olympics’ tournament and concluded that “win-
ners overall tended to be younger in age and taller with
slightly lower BMI than their weight category average”.
In De Witt and Hinrichs” (2012) deterministic model of
factors contributing to a soccer kick’s ball velocity, seg-
ment lengths are taken into consideration to affect peak
linear velocity of the distal joints and therefore ball veloc-
ity. However, a segment’s moment of inertia depends on
its length and mass. Changes of these parameters could
affect an athlete’s ability to accelerate a respective seg-
ment around its proximal axis. Anthropometric parame-
ters that have hence been selected for investigating their
contribution to impact velocity are body mass BM, as
well as thigh length TL and shank length SL of the kick-

ing leg.

Temporal and kinematic parameters

According to Putnam (1993), throwing and striking
movements are generally classified according to their
“proximal-to-distal sequencing”. The author stated that
proximal-to-distal sequencing of striking and throwing

motions could be described either by the characteristics of
the technique’s linear velocities of segment endpoints,
joint angular velocities or segment angular velocities.
Proximal-to-distal sequencing is determined by the suc-
cessive occurrence of segmental velocity extrema. Put-
nam also stated that at least one angle must be a segment
angle that is measured relative to the laboratory’s coordi-
nate system if joint angular velocities are considered.
Timing of peak joint angular velocities were investigated
by Van den Tillaar and Ettema (2007) for their relation to
ball release velocity in overarm throwing of experienced
handball players. Based on analogous considerations we
calculated timing of the angular velocities of the pelvis
segment, hip joint flexion and knee joint flexion to deter-
mine the proximal-to-distal sequencing and to study their
impact on 1V.

Kellis and Katis (2007) review research on instep
soccer kicking. They report that flexion/extension angles
and angular velocities of the hip, knee and ankle joints as
well as rotation of the pelvis have been investigated by
several authors in order to describe kicking kinematics
(Levanon and Dapena, 1998; Nunome et al., 2002). In
their effort to investigate different tackwondo kicks, Kim
et al. (2011) used a model of pelvis, thigh and shank and
calculated flexion/extension, abduction/adduction and
internal/external rotation of the hip. For the knee joint,
only flexion and extension were determined. The angular
displacement of the pelvis was calculated relative to the
global coordinate system. In a roundhouse kick knee
flexion angular velocity correlates significantly with im-
pact force (Pearson, 1997). Tsai et al. (2005) investigated
knee joint angles in a front-leg axe-kick at three different
instants. For the back-leg axe-kick, Tsai et al. (2004)
investigated angular displacement and velocity of the
knee and hip. As mentioned earlier, Kloiber et al. (2009)
report significant correlation between hip extension angu-
lar displacement and vertical impact velocity in a jumping
front-leg axe-kick.
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Table 1. Selection of anthropometric, temporal and kinematic variables investigated. Flexion is positive, extension negative.

Parameter name Variable  Measure Comments
Impact Velocity v ms’ Euclidean norm of velocity vector of the
ankle marker (lateral malleolus) at impact
Thigh Length TL m -
Shank Length SL m -
Body Mass BM kg -
Pelvic Tilt Velocity Minimum Timing TVPmin % duration from take-off to instant of occur-
rence (time normalized)
Hip Flexion Velocity Maximum Timing TVHmax % duration from take-off to instant of occur-
rence (time normalized)
Knee Flexion Velocity Minimum Tim- TVKmin % duration from take-off to instant of occur-
ing rence (time normalized)
Pelvic Tilt Velocity Maximum Timing TVPmax % duration from take-off to instant of occur-
rence (time normalized)
Hip Flexion Velocity Minimum Timing TVHmMIn % duration from take-off to instant of occur-
rence (time normalized)
Knee Flexion Velocity Maximum Tim- TVKmax % duration from take-off to instant of occur-
ing rence (time normalized)
Pelvic Tilt Angle APT ° joint angle difference between minimum
and at impact
Hip Flexion Angle AHF ° joint angle difference between maximum
and at impact
Knee Flexion Angle AKF ° joint angle difference between minimum
and at impact
Pelvic Tilt Velocity VPT o.gt segment angular velocity at impact
Hip Flexion Velocity VHF o5t joint angular velocity at impact
Knee Flexion Velocity VKF o5t joint angular velocity at impact

As scientific literature on the jumping front-leg
axe kick is sparse, the aim of this study was to record
impact velocities (V) of the jumping front-leg axe-kick
and to determine anthropometric, kinematic and temporal
parameters that contribute to high impact velocity of the
foot and if proximal-to-distal sequencing was prevalent in
the techniques. Table 1 depicts the anthropometric, tem-
poral and kinematic parameters that were investigated.

target

-l

Figure 2. Test setup: Athlete in fighting stance wearing
reflective markers, ready to attack the target. The reference
axes are highlighted: x showing in direction of the attack, y
in the horizontal plane left to x and z in vertical direction.

Methods

Participants

A sample of 22 male taekwondo athletes aged from 17 to
43 years (age: 23 £ 5.3 years; body mass: 73 + 6.4 kg;
body height: 1.79 + 0.06 m; body mass index: 23 + 1.9

kg'm®) participated in this study. For the time of the study
all participants were in physically good condition and
reported no injuries or pain. The athletes were of various
performance levels. Each of them had at least 4 years of
training experience. Within the participants seven athletes
had been able to achieve a medal ranking at Austrian
National tournaments previous to the investigation. The
study was approved by the university’s ethics committee
and the participants signed informed consent.

Test procedure

First, the athlete’s anthropometric measurements required
by the Plug-in Gait model were collected. Then kinematic
data of a neutral standing position (T-pose) according to
the Vicon Plug-in Gait protocol was recorded in order to
calculate segment definitions and joint offsets (Vicon®,
2010). Then the participants had to perform a general
warm up for a total of 10 minutes, including stretching
and light kicking. They started from a fighting stance with
the kicking leg closer to the laterally placed target, a
marker equipped kicking pad that is common in Kkicking
technique training (PR1614 Hand Mit, Daedo, Barcelona,
Spain). The pad was mounted on an aluminium frame at
chin height (target height). Its hitting surface was kept in
an inclination angle of approximately 60° facing the ath-
lete (see Figure 2). The athletes were allowed to position
the target at their comfort distance (Kim et al., 2010). For
the recording, each participant was asked to perform five
maximum-effort kicks from the initial starting position
onto the target. After that the recording was halted and the
athlete was asked if he had accustomed to the laboratory
situation and felt to have performed well. If this was not
the case another five kicks were recorded. The actual total
number of kicks varied between 9 and 20, depending on
the occurrence of marker dropping during the recording.
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Table 2. Anatomical landmarks for marker placement according to the 39-marker Vicon® full-body Plug-In Gait (UPA and

FRM) Model.
Segment Marker Name Anatomical Location
left front head (LFHD) left temple
right front head (RFHD) right temple
Head left back head (LBHD) left back of head
right back head (RBHD) right back of head
LBHD and RBHD should lie on the head’s transversal plane together with the frontal markers.
7™ cervical vertebra (C7) spinous process of the 7™ cervical vertebra
10" thoracic vertebra (T10) spinous process of the 10" thoracic vertebra
Torso clavicle (CLAV) jugular notch where clavicles meet the sternum
sternum (STRN) xyphoid process of the sternum
right back (RBAK) anywhere on the right scapula
left/right shoulder (LSHO/RSHO) acromio-clavicular joint of the left/right shoulder
left upper arm (LUPA) upper lateral 1/3 surface of left upper arm (asymetrical to
RUPA)
right upper arm (RUPA) lower lateral 1/3 surface of right upper arm (asymetrical
to LUPA)
left/right elbow (LELB/RELB) lateral epicondyle of the left/right arm
Upper Limbs left forearm (LFRM) lower lateral 1/3 surface of left forearm (asymetrical to
RFRM)
right forearm (RFRM) upper lateral 1/3 surface of right forearm (asymetrical to
LFRM)
left/right wrist marker A (LWRA/RWRA) thumb side of a bar attached symmetrically with a wrist-
band on the posterior of the left/right wrist as close to the
wrist joint centre as possible
left/right wrist marker B (LWRB/RWRB) little finger side of a bar attached symmetrically with a
wristband on the posterior of the left/right wrist as close
to the wrist joint centre as possible
Pelvis left/right finger (LFIN/RFIN) proximal to the middle knuckle on the left/right hand
left/right anterior spina iliaca (LASI/RASI) left/right anterior superior iliac spine
left/right posterior spina iliaca (LASI/RASI) left/right posterior superior iliac spine (below the sacro-
iliac joints, where spine joins the pelvis)
left thigh (LTHI) lower lateral 1/3 surface of the left thigh in line with the
hip and knee joint centres
right thigh (RTHI) upper lateral 1/3 surface of the right thigh in line with the
hip and knee joint centres
left/right knee (LKNE/RKNE) lateral on the flexion-extension axis of the left/right knee
Lower Limbs left tibia (LTIB) lower lateral 1/3 surface of the left shank

right tibia (RTIB)
left/right ankle (LANK/RANK)
left/right toe (LTOE/RTOE)

left/right heel (LHEE/RHEE)

lower lateral 1/3 surface of the right shank
lateral malleolus of the left/right leg
second metatarsal head, midfoot-side of the equinus break
between forefoot and midfoot
calcaneus at the same height above the plantar surface of
the foot as the toe marker

Kinematic analysis

Kinematic data was recorded using a motion tracking
system (Vicon Motion Systems Limited, Oxford, UK)
sampling at 250 Hz. The system consisted of eight infra-
red cameras (six 1.3 Mega Pixel cameras, and two 4.0
Mega Pixel cameras), an acquisition station system (Vi-
con MX Net), a personal computer and 3D reconstruction
software (Vicon Nexus 1.6.1). 39 reflective markers were
attached to specific anatomical landmarks (see Table 2)
according to the “Plug-In Gait Full Body (UPA and
FRM)” marker set (Vicon®, 2010). After raw data acqui-
sition, the anatomical landmarks were assigned to the
trajectories. Data were smoothed using a Woltring filter
routine (Woltring, 1986). Using a three dimensional mod-
el (Plug-In Gait, Vicon Peak, Oxford, UK) joint centres
were located and segment and joint angles and offsets
were calculated (Wagner et al., 2010). The kicking leg’s
ankle marker velocity vectors in the three Cartesian coor-

dinates of all kicks were read out using the Vicon Nexus
software. Euclidean norm of the ankle velocity vector was
calculated for all kicks at the instant of target contact. The
kick with the highest impact velocity (IV) was selected
for further processing (Serensen et al., 1996, Landeo and
Mclintosh, 2007). A force plate (Kistler 9281B, Winter-
thur, Switzerland) was used to measure ground reaction
forces (at 1000 Hz) in order to determine the instant of
loss of contact to the ground at take-off. The temporal and
kinematic parameters were read out using Polygon 3.5.1
software (Vicon Peak, Oxford, UK).

Kinematic parameters

Three-dimensional segment angles (Cardan angles) of the
pelvis are calculated relative to the global coordinate
system. Pelvic tilt is the angle between the sagittal axis of
the pelvis and the floor, where positive values of pelvic
tilt angle (angular velocity) correspond to an anterior tilt
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(tilting movement). The hip joint angle is determined by
the thigh segment’s orientation relative to the pelvis seg-
ment. Hip flexion is the angle between the thigh’s sagittal
axis and the pelvis’ transversal plane. Positive hip flexion
corresponds to raising the thigh so that the thigh’s front
moves towards the pelvis’ transversal plane - negative hip
flexion straightens the thigh again or hyperextends it
backwards. Knee joint angles are calculated by the orien-
tation of the shank segment relative to the thigh segment.
Knee flexion is the angle between the shanks sagittal axis
and the thigh’s transversal plane. Positive knee flexion
rotates the calves closer towards the hamstrings - bends
the knee, negative flexion extends the knee. Positive seg-
ment and joint angles are depicted in Figure 1.

Pelvic tilt angle range (APT) and knee flexion an-
gle range (AKF) are determined by the difference be-
tween the minimum angle and that at target contact. Hip
flexion angle range (AHF) has been defined as the differ-
ence between the maximum angle and that at target con-
tact. We investigated pelvic tilt angular segment velocity
(VPT), hip flexion angular joint velocity (VHF) and knee
flexion angular joint velocity (VKF) at the instant of ini-
tial contact of the foot with the target.

Temporal parameters

For determination of proximal-to-distal sequencing the
movement was time-normalized between the take-off of
the kicking leg (0%) and the instant of initial target con-
tact (100%). The timing of pelvic tilt velocity minimum
(TVPmin), hip flexion velocity maximum (TVHmax) and
knee flexion velocity minimum (TVKmin) was deter-
mined during the lifting motion of the kicking leg. This
lifting motion is terminated by the hip angular velocity’s
directional change from flexion to extension movement at
T1 - the curve going from positive to negative (TVPmin,
TVHmax, TVKmin < T1). The timing of pelvic tilt veloc-
ity maximum (TVPmax), hip flexion velocity minimum
(TVHmin) and knee flexion velocity maximum
(TVKmax) was determined during the lowering of the leg

onto the target (T1 < TVPmax, TVHmin, TVKmax).
Proximal-to-distal sequencing was assigned if TVPmin <
TVHmax < TVKmin and TVPmax < TVHmin <
TVKmax, respectively. For T > T1, if the lowest (highest)
value for hip angular velocity (pelvis angular velocity,
knee angular velocity) occurred at 100% but hadn’t
reached its’ local extremum yet, we assigned 100% for
the timing. Otherwise, an earlier extremum was sought
(see Figures 3-5).

Statistical analysis

Statistical analyses were performed using SPSS ver. 22
(IBM Corp., Chicago, Illinois). All variables were tested
for normal distribution using a Shapiro-Wilk Test. Mean,
median, minima and maxima, and standard deviations
were calculated for descriptive statistics. The occurrence
of a proximal-to-distal sequencing for the leg-raising
period and the leg-lowering period of each analysed kick
was determined. Two Chi-Square tests were used to de-
termine if the number of kicks with proximal-to-distal
sequencing was significantly greater than 50% (df = 1) -
one test for the leg-raising period and one for the leg-
lowering period. The relations between the dependent
variable (IV) and the independent anthropometric, tem-
poral and kinematic variables were determined using
Pearson’s correlation coefficient if the data showed nor-
mal distribution. Otherwise, Spearman’s correlation was
used. Significance level was set to p = 0.05. Effect size
was determined by the Pearson’s (Spearman’s) correlation
coefficient and is considered to be of practical relevance
above r=0.2 (p = 0.2), of moderate effect forr=0.5 (p =
0.5) and strong for r = 0.8 (p = 0.8) and above (Cohen
1988, Ferguson 2009). Using the significant correlated
normally distributed variables, a forward and a backwards
step linear regression analysis was conducted in order to
identify the most influential variables. If both procedures
result in different predicting models, the one with higher
adjusted R2 is selected (Diez et al., 2015).
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Figure 3. Diagram of pelvis, hip and knee angular velocities and temporal parameters TVPmin/max, TVHmax/min, TVK-
min/max and T1. This technique shows a proximal-to-distal sequencing characteristic for the leg raising period (TVPmin <
TVHmax < TVKmin < T1) but no such pattern for the leg lowering period (T1 < TVHmIin < TVPmax < TVKmax).
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extension velocity is much higher after target contact, TVHmin is assigned 91% normalized time. As TVPmax and TVHmin
happen at the same time, no proximal-to-distal sequencing is found in this leg lowering period.

Results

The test for normality shows that the temporal parameters
TVHmax, TVPmax, TVHmIin, TVKmax and the kinemat-
ic parameters AKF, VKF significantly differ from a nor-
mal distribution. Descriptive statistics, findings on nor-
mality and correlations are presented in Table 3. No sig-
nificant correlations were found between impact velocity
(7.780 + 0.918 m's™) and the anthropometric parameters.
Significant Pearson correlations of relevant effect were
found between impact velocity and the kinematic parame-
ters APT (r = 0.468, p = 0.028) and VHF (r = -0.446, p =
0.037). Furthermore, our data show significant correla-
tions of relevance between 1V and the temporal parame-
ters TVPmin (r = -0.426, p = 0.048) and TVKmin (r = -
0.480, p = 0.024).

The parameters chosen on basis of their signifi-
cance in the correlation analysis were TVPmin, TVKmin,
APT and VHF. Forward step linear regression analysis
revealed a model (M1) with only one, the most significant
correlated parameter TVKmin and a constant as predic-
tors (adjusted R?= 0.192).

M1: IV = 10.712 — 0.043 TVKmin

Backward step linear regression analysis resulted
in a different model (M2) of a constant and three predictor
variables: VHF, APT and TVPmin. This model achieved
a better strength of fit to our data (adjusted R®= 0.524)
than the forward step model.

M2: IV = 7.549 + 0.800 APT - 0.010 VHF - 0.130

TVPmin

Table 4 shows the output of the regression analysis
for M2. For the period that the kicking leg is lifted, the
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Table 3. Descriptive statistics of the investigated variables of the jumping front-foot axe-kick (n = 22). Pearson (r) and
Spearman (p) correlation coefficients of variables relate to impact velocity.

Variable Measure minimum maximum mean / median’ S r/p
v ms™ 5.9 9.5 7.78 918 -

TL m 38 A7 42 .025 r=0.053
SL m 38 A7 42 .025 r=-0.064
BM kg 63 83 73 6.4 r=0.182
TVPmin % 2 87 30.9 23.60 r=-0.426*
TVHmax' % 34 65 447 - p =-0.297
TVKmin % 49 82 67.7 10.15 r =-0.480*
TVPmax' % 71 100 92.7" - p=0.161
TVHmin' % 63 100 86.6" - p=0.294
TVKmax' % 85 100 99.3 - p =-0.206
APT ° -13 19 3.0 6.63 r=0.468*
AHF ° -65 5 -26.0 14.42 r=-0.294
AKFT ° 2 70 15" - p=-0.028
VPT o5t -74 -343 98.2 114.20 r=0.220
VHF o5t -713 498 -267.4 272.30 r=-0.446*
VKF! o5t 105 1389 447" - p =-0.256

*p < 0.05; " variable is not normally distributed.

Table 4. Partial regression coefficients B, p coefficients, standard error of the mean SEM and significance for

estimated variables of M2,

Variable B SEM B t sig

constant 7.549 .328 22.986 .000
APT .080 .021 0.574 3.757 .001
VHF -.001 .001 -0.419 -2.530 .021
TVPmin -.013 .006 -0.321 -1.958 .066

timing of TVPmin, TVHmax and TVKmin shows a prox-
imal-to-distal pattern in 15 out of 22 participants. During
the leg-lowering period only 9 persons kick with
TVPmax, TVHmin and TVKmax in a proximal-to-distal
sequence. The Chi-Square tests show no significant re-
sults, neither for the leg-raising (x* = 2.909) nor the leg-
lowering period (x* = 0.727).

Discussion

Impact velocity

Bercades and Pieter (2006) reviewed literature on
taekwondo axe-kicks. Concerning peak linear foot veloci-
ty, they cite values ranging up to 10.4 m-s™ for jumping
front leg axe-kicks (Sung, 1987) without giving number
or level of participants. In Yu et al. (2012) the 4 profes-
sional subjects created a maximal speed of ankle during
the drive of 10.9 + 1.2 ms™ with back leg axe-kicks. Yet
it has to be distinguished between maximal speed and
speed at the instant of impact, which not necessarily has
to be identical. Other studies report considerably lower
linear foot velocities at impact. Tsai et al. (2004) and Tsai
et al. (2005) report movement velocities of 5.30 + 0.35
m's™ and linear velocities of the ankle at impact of 4.64 +
1.02 m's™, respectively.

These values are considerably different from our
results with a mean impact velocity of 7.78 + 0.918 m-s™.
This may be caused by differences in the task of execut-
ing a forceful blow in our case and to deliver an attack of
short duration in Tsai et al. (2005). Other reasons that the
athletes were able to achieve higher linear impact velocity
of the ankle in this study could be a result of the jumping
motion or the kind of target that was chosen. Tsai and

Huang (2006) found attack velocity on target of 7.74 +
0.75 ms™ for straight axe-kick analysing five female and
three male athletes from the National Taiwan Normal
University taeckwondo team. Fife et al. (2010) report peak
foot velocities of 8.48 + 1.86 m-s™ for two male partici-
pants kicking against an instrumented head form. Kloiber
et al. (2009) report vertical impact velocities of 8 + Im-s™
for the best jumping front-leg axe-kicks of 19 male and
female Taekwondo athletes, which is consistent with our
findings. Jumping front-leg axe-kicks have end-point
velocities at impact in the range between the throwlike
and the slower pushlike (Kim et al., 2011) kicking move-
ments.

Anthropometric parameters

The chosen anthropometric parameters did not contribute
significantly to impact velocity. The segment lengths of
both thigh and shank we found for the participating ath-
letes were 0.42 £ 0.025 m. These lengths are consistent
with the data of Plagenhoef et al. (1983). From a kinemat-
ic perspective the length of the involved segments is like-
ly to play a role in the production of a high linear velocity
of the distal end. However, benefits from the longer radi-
us seem to be compromised by an increase of the moment
of inertia, which inhibits angular acceleration. For martial
art kicks, no studies analysing correlation between seg-
ment lengths and impact velocity could be found. In soc-
cer kicks, De Witt and Hinrichs (2012) reported that seg-
ment lengths did not correlate with ball velocity. Taking
into account that high foot velocity correlates strongly
with ball velocity (r = 0.83, p < 0.01) we assume that
thigh and shank lengths did not contribute to foot velocity
either. This would be in accordance to the role of TL and
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SL for the production of high IV in the jumping front-leg
axe-kick.

We found similar BM for this study’s participants
(73 + 6.4 kg) compared to Estevan et al. (2013) with
72.94 * 16.09 kg who include both male and female ath-
letes. In addition, body mass index lies in a normal range
with BMI = 23 + 1.9 kg'm™ in this study. Considering that
an athlete who strikes or kicks a target does not have to
accelerate an external mass before impact, the ratio be-
tween that external mass and the power-producing body
mass does not play a role for reaching high impact veloci-
ties. If the impact’s transfer of linear momentum is ana-
lysed BM is likely to play a role. Congruently, Walilko et
al. (2005) report no significant correlation between body
mass and hand velocity at impact of boxing punches but
found a significant correlation between body mass and
punch force (r = 0.539). According to Heller et al. (1998),
Taekwondo athletes have low body fat (8.2% of body
mass or 62.1% of the norm) and high anaerobic power
output (14.7 W-kg-1 or 160% of the norm). We can there-
fore assume that Taekwondo athletes are not likely to be
inhibited by excess body mass in generating high segment
velocities. A good power to body mass ratio seems to be
of such basic requirement that no effect of body mass on
impact velocity could be found in this study. However,
we believe that an effect of body mass could be detectable
if weight distribution varied in a wider range than it did in
the group of this study.

Kinematic parameters
The pelvis tilt angle APT (3.0 £ 6.63°) corresponds to the
angular displacement of the pelvis’ front towards the floor
in direction of the attack. Often, Masters of Asian martial
arts stress the importance of starting the movement of
kicks and strikes from the pelvis. This teaching seems to
get support from our study on the jumping front-leg axe-
kick as APT correlates significantly (r = 0.468) with im-
pact velocity. It is also part of the linear regression model
M2 and has a positive coefficient. So, does a greater APT
lead to higher IV by accelerating the involved segments
through a larger acceleration angle? A prerequisite for this
is tilting the pelvis backwards beforehand by arching the
lower back in kyphosis during the period of raising the
leg. This is done by the most participants in this study.
Main differences occur from the time the leg is lowered
onto the target. As indicated by the descriptive statistics,
about half of the athletes kept APT at a minimum angle or
even continued to tilt the pelvis backwards, which is
counter-directive in the leg-lowering period. As this is
done by leaning back the torso, this behaviour helps the
athlete to lengthen the distance to a counter-attacking
opponent but might compromise efforts to accelerate the
kicking leg by hip extension. Moreover, athletes expect a
better dynamic balance through a counter-directive
movement between torso and kicking leg. We think that
rather the backward tilt of the pelvis in the leg-lowering
period is detrimental in reaching high IV than a high
APT-level is mandatory.

The athletes in our study reached VHF values of
-267.4 + 272.30°s™. The assumption, that hip extension
is a main propulsive action in the leg-lowering period, is

supported by the significant correlation of VHF with 1V (r
= -0.446). In the M2 model VHF has a negative coeffi-
cient. According to M2, maximizing the angular velocity
of the hip extension leads to higher 1V. Other strategies
would be to maximise VPT or to maximise VKF. Alt-
hough we found a significant correlation for APT, we
think that maximising VPT is rather inconvenient as this
is achieved by fast contraction of the lower back muscles,
leading to high flexion moments in the lower back. This
might lead to high pressure in the intervertebral discs.
Three of four hamstring muscles that flex the knee are
stretched over the hip and knee joint. Contraction of these
muscles is therefore inducing hip extension and knee
flexion moments. If rotation occurs around the hip or knee
axis is therefore depending on which antagonist muscles’
contract. Maximising VKF is therefore leading to mini-
mized capacities to reach high extension velocity in the
hip. Zajac (1993) even stated that “angular acceleration of
the joints spanned by a bi-articular muscle can be oppo-
site to the joint torques it produces.” This might be the
case for two athletes who showed counter-acting positive
VHF and unusually high values of VKF and VVPT, respec-
tively. The radius of the ankle trajectory’s curvature di-
minishes with flexion of the knee, whereas it keeps its
length in an exclusive hip extension. So maximising VKF
leads to a shorter fighting range. Looking at our results,
we think that an athlete considering the trade-off between
knee flexion and hip extension velocity through hamstring
contraction should rather concentrate on minimizing
VHF. In other words, rapid hip extension should be pre-
ferred to a rapid knee flexion for high IV in a jumping
front-leg axe-kick.

Temporal parameters

The temporal parameters that correlate significantly with
impact velocity are TVPmin (r = -0.426) and TVKmin (r
= -0.480). Both correlation coefficients have negative
values. However, in the backward step linear regression
model M2, TVKmin does not contribute to predict IV.
The pelvis backwards tilt and the knee extension should
be performed early in the leg-raising period. We assume
that this promotes the shortening of the leg-raising period
in comparison to the leg-lowering period of the technique.
By this, the athlete has more time to accelerate his foot in
the leg-lowering direction onto the target, therefore reach-
ing higher linear velocity of the ankle.

Proximal-to-distal sequencing

According to Tsai et al. (2005), the kinetic chain principle
applies only to the leg-raising period of the front-leg axe-
kick, not during the pull-down. Looking at the results
from our data, we cannot confirm any of the two findings
for the jumping front-leg axe-kick as the analysed kicks
show no significant difference from uniform distribution
of occurrence and absence of proximal-to-distal sequenc-
ing. However, Tsai et al. (2005) analysed the sequencing
based on linear velocity magnitudes of the hip, knee and
ankle joint of a selected athlete. In contrast, we analysed
angular segment and joint velocities of each athlete’s best
kick in this study. In the presented study, the athletes did
not kick onto a rigid target. The kicking pad flexed
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downwards when hit by the foot, so that the foot was
allowed to further accelerate towards the ground. Hence,
often the magnitude of linear ankle velocity reached high-
er levels after target contact than before or at initial target
contact, with the maximum approximately when the ankle
reached hip height. The same applies for the peaks of hip
flexion and knee flexion velocity. Hip flexion reached
lower negative values (higher hip extension velocity) and
knee flexion higher positive values after target contact
than within the analysed period of the technique. Even
though the kick is usually used to hit head high targets, its
functional optimum for high impact velocity seems to be
at hip height. That height does not have any practical
relevance in a Taekwondo match. However, using an
experimental setup with a hip height target might reveal a
proximal-to-distal sequencing for the leg-lowering period.
An analysis like that might be useful in the art of board
breaking.

Limitations

In this study, a few athletes wore a tight lycra suit (as seen
in Figure 2). Reflective markers were attached onto the
suit using hook-and-pile fasteners. Compared to the trials
with the markers directly applied on skin additional errors
may be expected. In order to assess this error we investi-
gated the segmental lengths of the calculated femur seg-
ments of two fighters during one series of kicks. Results
showed a coefficient of variance of 0.018 for the femur
length without suit compared to 0.034 of the person wear-
ing a suit. From this, it may be concluded that the kine-
matic data obtained for the athletes wearing the suit are
less accurate than those having the markers attached to
the skin.

Conclusion

Examining the jumping front-leg axe-kick we found high-
er impact velocities of the ankle compared to Tsai et al.
(2005) for the front-leg axe-kick and consistent values
with Kloiber et al. (2009) who also investigated jumping
front-leg axe-kicks. The kinematic parameters that corre-
lated significantly with IV were APT and VHF. The posi-
tive correlation of APT supports an attacking behaviour
with an upright torso rather than leaning back during the
leg-lowering period if high IV is needed and no counter-
attack is expected, like in board breaking. The significant
negative correlation of VHF and IV points to the im-
portance of reaching a high extension velocity of the hip.
As there is no significant correlation of IV with VKF, we
propose that athletes should concentrate on hip extension
in the leg-lowering period rather than knee flexion. Ath-
letes, who were able to reach early TVPmin and TVKmin
peaks, accomplished the task of raising the leg earlier and
therefore had more time to accelerate the involved seg-
ments in the actual attacking direction. In contrast to Tsai
et al. (2005), we couldn’t find statistical evidence for
proximal-to-distal sequencing by the characteristics of
pelvis tilt, hip and knee flexion velocities, neither for the
leg-raising nor the leg-lowering period.
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Key points

e Angular velocity characteristics of the pelvis seg-
ment and the kicking leg’s hip and knee joint show
no proximal-to-distal sequencing, neither for the
leg-raising or leg-lowering period in a jumping
front-leg axe-kick.

e Anthropometric parameters of taekwondo athlete’s
do not influence their impact velocities.

e In order to raise the impact velocity in the jumping
front-leg axe-kick an athlete should avoid tilting
back with the torso. Instead, an upright position
should be maintained.

e In the leg-lowering period, we suggest hitting the
target by using hip extension with a rather straight
knee, instead of flexing the knee.
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