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Kinematic Contribution to Javelin Velocity
at Different Run-Up Velocities in Male Athletes

by
Mizuki Makino ¥, Koichi Nakayama ', Yuka Ando !, Kenji Tauchi 2

In javelin training, many athletes improve their throwing technique by throwing from a slower run-up velocity
than in competitions. However, whether the acquisition of javelin velocity in throwing from a slower run-up velocity is
the same as in full run-up throwing is unclear. The purpose of this study was to clarify the differences in the contribution
of each movement to the javelin velocity caused by changes in the run-up velocity within an individual. Twelve collegiate
male javelin throwers were included in this study. Athletes performed two types of throws: one-cross throwing (Cross)
and full run-up throwing (Run). The coordinates of reflective markers attached to the thrower’s body and the javelin were
recorded using an optical motion capture system. The percentage contribution of each joint movement to the javelin
velocity was calculated and compared between Cross and Run. Cross had a lower contribution of trunk forward lean to
forward and upward javelin velocities compared to Run. On the other hand, Cross had a higher contribution of trunk
counter-clockwise rotation to forward and upward javelin velocities than Run. These results suggest that as the velocity
of run-up changes within an individual, the acquisition of javelin velocity also changes.

Keywords: mechanical energy; javelin throw; forward velocity; upward velocity; three-dimensional motion analysis

Introduction

A javelin throw is a track and field event in
which the athlete throws a javelin after a run-up
and competes for distance. Many studies have
shown that the distance of the javelin throw is
strongly related to the velocity of the javelin at the
time of release (release velocity) (Komi and Mero,
1985; Mero et al., 1994; Murakami et al.,, 2006;
Whiting et al., 1991). The appropriate release angle
for the javelin is about 30° (Hubbard and Alaways,
1987). Therefore, to throw the javelin further, it is
necessary to simultaneously increase both the
forward and upward release velocities, thereby
increasing the resultant release velocity while
maintaining a suitable release angle (Makino and
Tauchi, 2022). In the javelin throw, it is considered
that the thrower first acquires whole-body
momentum (mechanical energy) by the run-up,
then increases the velocity of the upper torso, by
slowing the legs and the lower torso, and

accelerates the throwing arm and the javelin with a
whip-like (Bartonietz, 2000).
Furthermore, biomechanical studies on the javelin
throw have revealed that javelin throwers with
superior records have a faster center of gravity

movement

velocity at the last rear foot touchdown (Bartlett et
al,, 1996; Murakami et al, 2017). Given these
considerations, it seems that in order to throw the
javelin farther, it is important to increase the
whole-body mechanical energy by making the run-
up faster, and to increase the release velocity by the
mechanism shown by Bartonietz (2000).

However, javelin throwers do not throw
from the same run-up velocity as in competitions
during their daily training throws. Many javelin
throwers work on improving their throwing
technique by throwing from a slower run-up
velocity than in competitions. Additionally, the
mechanical energy of the whole body is transferred
to the javelin after the final left-foot touchdown (in
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right-handed throwers) (Morriss et al., 2001). This
suggests that the slower the run-up velocity, the
smaller the kinetic energy in the whole body
(Bartonietz, 2000), and the smaller the kinetic
energy ultimately transferred to the javelin.
However, previous studies on the javelin throw
have not clarified how the forward and upward
release velocities change with a decrease in the
run-up velocity.

Furthermore, whether the acquisition of
javelin velocity in throws from a slower run-up
velocity differs from that in throws from a
competitive run-up velocity (full run-up throwing)
is unclear. If the acquisition of javelin velocity in
throws from a slower run-up velocity differs
significantly from that of a full run-up throw, then
throwers and coaches need to understand these
differences and adjust the run-up velocity of
throws in training.

Sprigings et al. (1994) proposed a method
to quantify the racket velocity acquired by each
movement by the outer product of each angular
velocity vector of the body and the displacement
vector from its center of rotation to the racket for
the tennis serve. In addition, Elliott et al. (1995)
evaluated the “contribution” of each movement to
racket velocity by relativizing the racket velocity
acquired by each body movement with the racket
velocity at the same moment. This contribution is a
relative assessment of how much velocity was
acquired by each movement of the body in the
subject part. Therefore, using the method
established by Elliott et al. (1995) to quantify the
contribution of each movement to javelin velocity
when throwing at different run-up velocities, we
can clarify how javelin velocity is acquired when
throwing from a slow run-up velocity. This
clarification will provide useful information for
considering how throwing from a slow run-up
velocity can be incorporated into training for
javelin throws.

Based on the above, the purpose of this
study was to clarify the differences in the
contribution of each movement to javelin velocity
caused by changes in the run-up velocity of a
particular athlete. We hypothesized that a slower
run-up velocity would be associated with a higher
relative contribution from the trunk and the
throwing arm to javelin velocity.

Journal of Human Kinetics, volume 89/2023

Methods

Participants

Twelve collegiate male javelin throwers
were included in this study (body height: 1.78 +0.03
m, body mass: 75.6 + 6.5 kg, age: 19.5 + 1.5 years,
personal best record: 59.3 + 8.75 m [46.68-71.23 m]).
Prior to the experiment, all participants were
informed of the purpose of the study and the
experimental procedures, and their written
consent was obtained. This study was conducted
with the approval of the Ethics Committee of the
Chukyo University (protocol code 2021-51,
approval date: 15 February 2022).

Design and Procedures

The experiment was conducted in an indoor
throwing practice field (Figure 1A). Prior to the
experiment, participants were allowed to warm up
sufficiently without restriction. The equipment
used in the experiment was a men’s javelin
(SUPER, NISHI). The experiment was conducted
wearing the same spikes as during usual training.
Participants performed the following two types of
throws, twice each, at maximum effort: a one-cross
throw that the athlete throws from a one-step run-
up (Cross, Figure 1B), and a full run-up throw that
the athlete throws in the same way as in an actual
competition (Run). Of the two throws of each type,
the throw with the highest resultant velocity of the
grip of the javelin at the time of release was used
for further analysis.

The coordinates of reflective markers affixed
to 47 anatomical landmarks of the body and six
javelin points (Figure 1A) during the experimental
trials were recorded using a motion capture system
(VICON Mx, Vicon Motion System, 14 cameras,
250 Hz). The global coordinate system’s X, Y, and
Z axes were defined as the direction to the right of
the throwing direction, the throwing direction, and
the upward direction, respectively. The 3D
coordinates of reflective markers were smoothed
using a Butterworth low-pass digital filter with an
optimal cutoff frequency (7.5-20 Hz) determined
by residual analysis (Winter, 2009). The analysis
phase was from the last fore foot touchdown (L-on)
to the javelin release (Rel) (Figure 1B).

In this study, the whole-body center-of-
gravity (CG) velocity at L-on and the whole-body
mechanical energy at L-on (E\, ;) as well as the
mechanical energy at Rel (Ejq,) were calculated.
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Body segment mass and the moment of inertia
were calculated using body segment coefficients
obtained from youth Japanese athletes (Ae et al.,
1992). The mass and moment of inertia around the
short axis of the javelin were determined based on
a previous study (Maeda et al., 1990) that reported
the static characteristics of the same type of the
javelin as used in this study (mass: 811 g, moment
of inertia around the short axis: 0.41 kg-m?).
Rotation around the longitudinal axis of the javelin
was assumed to be negligible in this study. The
transfer efficiency of the mechanical energy of the
javelin was defined as the ratio of the mechanical
energy of the javelin at Rel to the whole-body
mechanical energy at L-on. The forward and
upward release velocities were calculated by
differentiating the midpoints of two reflective
markers affixed to the grip of the javelin with time,
and the values at the time of release were adopted.
The release angle was calculated from the forward
and upward release velocities. In addition, the
method of Elliott et al. (1995) was used as a
reference to calculate the javelin velocity acquired
by each joint movement (forward-backward lean,
leftward-rightward lean, and horizontal rotation of
the trunk; adduction-abduction, horizontal
adduction-abduction, internal-external rotation of
the shoulder; and flexion-extension of the elbow)
and the percentage (contribution) of the javelin
velocity acquired by each joint movement to the
javelin velocity at the same moment was
calculated. For example, the contribution of the
trunk joint coordinate system’s movement around
the k-axis (horizontal rotation) to the javelin
velocity can be calculated from the following
equations (Figure 2):

Vutk = Wye e X Tjue
Durk . 100

Contributiony; , =
jav

where Uy i, @yt i, Tjjue, and vjg, are the javelin
velocity acquired by trunk horizontal rotation,
angular velocity vector of trunk horizontal rotation
in the global coordinate system, displacement
vector from the trunk joint (center of the lower rib
end) to the grip of the javelin, and javelin velocity,
respectively. The segment (upper torso, upper arm,
and forearm) and joint (trunk, shoulder, and
elbow) coordinate systems were defined based on
the studies by Murata et al. (2022) and Kariyama et
al. (2016). The contribution of the lower limb and

lower torso movements was evaluated by
relativizing the velocity of the midpoint of the
lower end of both ribs by the javelin velocity. Since
the release velocity in the forward and upward
directions is strongly related to the throwing
record in the javelin (Makino and Tauchi, 2022), the
lateral direction was excluded. The joint motions of
pronation/supination of the elbow joint and
palmar/dorsal and radial/ulnar flexion of the wrist
joint were not calculated because the radius
relative to the joint angular velocity vector was
small.

Statistical Analysis

The normality of each variable was
confirmed using the Shapiro-Wilk test. Differences
in variables between Cross and Run were
confirmed using a paired t-test for those that
followed a normal distribution and the Wilcoxon
signed rank test for those that did not (a = 0.05).
Hedges’ g was calculated as the effect size (ES)
from the following equation:

tedges' g = (e X0) (1o 2
€49es 9= \"sp, 4(ng +ng) — 9

where X, X, SD,,, n¢, ng are the mean in Cross

and Run, pooled standard deviation, and the
number of samples in Cross and Run, respectively.
The threshold for determining the magnitude of ES
were 0.20, 0.50, and 0.80 for small, moderate, and
large, respectively, with absolute value of ES <0.20
considered trivial (Lakens, 2013). Differences in
contributions to javelin velocity were confirmed
using a paired f-test in statistical parametric
mapping (o = 0.05).

Results

Table 1 shows the mean =+ standard
deviation (SD) of various variables for Cross and
Run. In Cross, the CG velocity at L-on, the whole
body’s mechanical energy at L-on, and the javelin
at Rel showed significantly lower values than in
Run. On the other hand, the transfer efficiency was
significantly higher in Cross than in Run. In
addition, Cross showed significantly lower
forward release velocity and higher values for the
release angle than Run.

Figure 3 shows the mean + SD in the
contribution to the forward javelin velocity.
Compared to Run, Cross had significantly lower
contributions to forward javelin velocity due to the
forward velocity of the center of the lower limbs
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(45-100%), forward lean of the trunk (6-16%), and
external rotation of the shoulder (49-61%). In
contrast, Cross had significantly  higher
contributions to forward javelin velocity due to
counter-clockwise rotation of the trunk (53-92%)
and flexion of the elbow (6-25%) than Run.

Figure 4 shows the mean + SD in the contribution

significantly lower contributions to upward javelin
velocity due to forward lean of the trunk (15-35%),
abduction (63-93%), and horizontal abduction of
the shoulder (96-99%) compared to Run. In
contrast, Cross had a significantly higher
contribution to upward javelin velocity due to
counter-clockwise rotation of the trunk (43-94%)

to the upward javelin velocity. Cross had than Run.

Table 1. Mean + standard deviation of variables in Cross and Run.

Variables Cross Run p Hedges’ g effect

Selected variables

CG velocity at L-on [m/s] 33 = 02 53 + 05 <0.001" -5.38 Large
Eynote at L-on 1 11406 + 592 18324 + 199.1  0.002%2 -4.67 Large
Ejqp at Rel 1 1592 =+ 212 2050 + 285 <0.001" -1.81 Large
Efficiency [%] 140 + 17 112 = 14 <0.001" 1.75 Large
Release variables
Forward velocity [m/s] 157 = 15 187 = 16 <0.001" -1.87 Large
Upward velocity [m/s] 101 + 13 105 + 10 0.115 040  Small
Release angle [deg] 327 = 45 294 = 29 0.009 0.85 Large

*: Significant difference (p < 0.05)
a: Wilcoxon signed-rank test

A. Experiment environment and reflective marker placement

T —

B. Stick pictures of one-cross throwing (Cross) /

_ \\ ‘.
/ / /AR

Figure 1. Experimental environment and representative illustration of one-cross
throwing.

The markers affixed to the body were located at the parietal, ear, superior border of the sternum, C7, xiphoid
process, T10, inferior end of the ribs, superior anterior iliac spine, superior posterior iliac spine, hand, lateral
and medial side of the wrist, lateral and medial side of the elbow, front and back side of the shoulder,
acromion, toe, lateral and medial side of the ball, heel, lateral and medial side of the ankle, lateral and medial
side of the knee, and the greater trochanter.

St /H F,) / / /3 //X

ﬁ /}‘
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Javelin velocity
Javelin velocity acquired by
trunk horizental rotation

Forward velocity [m/s]
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Time [s]

| Contribution of trunk horizontal
rotation to forward javelin velocity

Contribution [%]

~0.12 -0.1 -008 -006 -004 -002 0

Time [s]
Figure 2. Calculation of the contribution to javelin velocity.

A. Forward velocity of
the center of the ribs B. Trunk forward/backward lean
40

FWL
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C. Trunk rightward/leftward lean
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Figure 3. Contribution of each movement to the forward javelin velocity.
The alphabets in the figures indicate the mean interval for each throw in which the movement was mainly
performed to accelerate the javelin (FWD: forward movement of the center of the ribs, FWL: trunk forward
lean, LWL: trunk leftward lean, CCR: trunk counter-clockwise rotation, ABD: shoulder abduction, HAD:
shoulder horizontal adduction, INR: shoulder internal rotation, EXT: elbow extension).
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Figure 4. Contribution of each movement to the upward javelin velocity.
The alphabets in the figures indicate the mean interval for each throw in which the movement was mainly performed
to accelerate the javelin (UWD: upward movement of the center of the ribs, FWL: trunk forward lean,
LWL: trunk leftward lean, CCR: trunk counter-clockwise rotation, ABD: shoulder abduction, HAD: shoulder
horizontal adduction, INR: shoulder internal rotation, EXT: elbow extension).

Javelin velocity vector acquired

by trunk horizontal rotation >/

Large downward

Close to upright

Angular velocity vector of
trunk horizontal rotation

Cross Run

Figure 5. A typical example of throwing movement in Cross and Run before Rel (90%
normalized time) in one participant.
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Discussion

In the present study, we found that Cross
had a lower CG velocity at L-on than Run. Cross
showed a lower contribution of the forward
velocity of the center of ribs and the forward lean
of the trunk and a higher contribution of the
counter-clockwise rotation of the trunk to forward
javelin velocity than Run. In addition, Cross
showed a lower contribution of the forward lean of
the trunk and abduction of the shoulder and a
higher contribution of the counter-clockwise
rotation of the trunk to upward javelin velocity
than Run. These results differed from the
hypothesis of the present study that a slower run-
up velocity would be associated with a higher
relative contribution from the trunk and the
throwing arm to javelin velocity.

First, the whole-body’s mechanical energy
at L-on was smaller in Cross than in Run (Table 1).
Kinetic energy, a factor of mechanical energy, is
determined by half the product of mass and
velocity squared. In other words, in Cross, where
the whole-body’s CG velocity was lower than in
Run (Table 1), the whole-body’s mechanical energy
was correspondingly reduced.

Furthermore, the javelin’s mechanical
energy at Rel was smaller in Cross than in Run
(Table 1). The whole body’s mechanical energy is
believed to be transferred to the javelin after the L-
on (Morriss et al., 2001). Based on this, it can be
inferred that because Cross had small whole-
body’s mechanical energy at L-on compared to
Run, mechanical energy ultimately transferred to
the javelin was likewise small. However, the
efficiency of energy transfer was higher in Cross
than in Run (Table 1). In other words, in the javelin
throw, the ratio of energy transferred from the
body to the javelin decreased as the run-up speed
increased.

Next, focusing on the release variables,
Cross had a lower forward release velocity than
Run, and no significant difference was observed in
the upward release velocity (Table 1). This
suggests that both forward and upward release
velocities do not increase or decrease linearly with
changes in intra-individual run-up velocity in the
javelin throw. In addition, the release angle is
determined by the forward and upward release
velocity ratios. Therefore, the higher release angle
observed in Cross than in Run (Table 1) may have
been caused primarily by the decreased forward

release velocity in Cross.

Focusing on the contribution to the
forward javelin velocity, Cross had a lower
contribution of forward velocity of the center of
ribs in the second half of the phase than Run
(Figure 3A). The forward velocity of the center of
ribs in the javelin throw is a factor that is increased
by the whole body moving forward by the run-up.
Thus, we believe that the forward velocity of the
center of the ribs was not higher in Cross than in
Run, because there was only one step to the run-up
in Cross, and the contribution to the forward
javelin velocity was correspondingly lower.
Furthermore, at Rel, the contributions of forward
velocity of the center of ribs in Cross and Run were
3.7 £ 2.8 % and 13.4 * 2.7 %, respectively. This
clarifies that in Cross, most of the forward release
velocity was acquired by the trunk and throwing
arm movements, whereas in Run, about one-eighth
of the forward release velocity was acquired by the
forward velocity of the center of the ribs.

The contribution of the forward lean of the
trunk to the forward and upward javelin velocities
was lower in Cross than in Run (Figures 3B, 4B).
The forward lean of the trunk in the javelin throw
is thought to be caused by a decrease in left knee
flexion at L-on which effectively converts the
momentum of the whole body into trunk rotation
(Bartlett and Best, 1988; Bartonietz, 2000; Morriss
and Bartlett, 1996). However, the perspectives of
these previous studies differ from those of the
present study in that they only focused on full run-
up throwing. Based on the difference in CG
velocity, the momentum of the whole body at L-on
in Cross was smaller than in Run. Therefore, even
if the left knee flexion at L-on was reduced in
Cross, the trunk leant forward only slightly
because the amount of momentum converted into
the trunk rotation was small. Given this, it is
possible that less whole-body momentum was
observed at L-on in Cross and that the forward lean
of the trunk was subsequently less than in Run,
with a concomitant decrease in their contribution
to the forward and upward javelin velocities. In
addition, Morriss et al. (2001) reported that the
total amount of whole-body’s mechanical energy
was clearly reduced after L-on. This means that not
only is mechanical energy transferred from the
lower limbs to the trunk after L-on, but also more
energy is absorbed. In other words, the lower
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energy transfer efficiency of Run compared to
Cross (Table 1) may be due to the greater energy
absorbed by the body after L-on.

In addition, Cross had a lower contribution
of shoulder abduction to the upward javelin
velocity than Run (Figure 4E). Shoulder abduction
is the most effective movement in the shoulder
joint for moving the javelin upward. In the javelin,
athletes acquire javelin velocity by transferring the
whole-body mechanical energy obtained in the
run-up from the torso to the throwing arm
(Campos et al., 2004; Mero et al., 1994; Whiting et
al., 1991). Therefore, it is likely that in Cross, where
the whole-body mechanical energy at L-on was
less than in Run (Table 1), the energy transferred
from the trunk to the throwing arm was also less,
thus decreasing the contribution of shoulder
abduction to the upward javelin velocity.

In contrast to previous trends, the
contribution of the counter-clockwise rotation of
the trunk to the forward and upward javelin
velocities was higher in Cross than in Run (Figures
3D, 4D). This may be related to the fact that in
Cross, the forward-leaning of the trunk after L-on
was not more than that in Run. A larger angle of
the trunk forward lean after L-on is associated with
an increased forward release velocity (Makino and
Tauchi, 2022). Therefore, it is possible that in Run,
where the forward release velocity was higher than
in Cross, the angle of the trunk forward lean after
L-on was large. A significant difference was
confirmed in the posture of one participant at 90%
normalized time, with the trunk being close to
upright in Cross while leaning forward in Run
(Figure 5). The larger angle of the trunk forward
lean means that the angular velocity vector of the
trunk counter-clockwise rotation was more
oriented in the throwing direction. In such a
posture, the counter-clockwise rotation causes the
javelin to move obliquely downward. On the other

hand, when the trunk is upright, its counter-
clockwise rotation is a factor in moving the javelin
forward. Therefore, the contribution of the
counter-clockwise rotation of the trunk to the
forward and wupward javelin velocities was
considered higher in Cross than in Run because the
trunk was more upright and rotated counter-
clockwise.

Finally, there are some limitations in the
present study. First, this study does not clarify the
specific differences in movement between Cross
and Run. Future research should examine the
actual changes in movement (angle and angular
velocity) that may have caused the differences in
contribution. Second, since the present study
shows the percentage of contribution to the javelin
velocity, it is not clear which movements were
responsible for the change in release velocity. To
clarify this, it is necessary to directly examine the
javelin velocity acquired by each movement. Third,
the present study describes the transfer of
mechanical energy, but the details are not clear.
Future research should analyze energetics such as
joint power.

Conclusions

Cross had a lower CG velocity of the whole
body at L-on than Run. Cross had a lower
contribution of the forward velocity of the center of
ribs to forward javelin velocity, shoulder
abduction to upward javelin velocity, and trunk
forward lean to forward and upward javelin
velocities than Run. On the other hand, Cross had
a higher contribution of the trunk counter-
clockwise rotation to the forward and upward
javelin velocities than Run. These results indicate
that Cross tends to emphasize the contribution of
rotational motion to javelin velocity, whereas Run
tends to emphasize more linear movements.
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