
Kobe University Repository : Kernel

PDF issue: 2025-12-05

Measurement of Applied Force and Deflection in
the Javelin Throw

(Citation)
Journal of Applied Biomechanics,15(4):429-442

(Issue Date)
1999-11

(Resource Type)
journal article

(Version)
Version of Record

(URL)
https://hdl.handle.net/20.500.14094/90001657

Maeda, Masato
Shamoto, Eiji
Moriwaki, Toshimichi
Nomura, Haruo



JOURNAL OF APPLIED BIOMECHANICS, 1999, 15,429-442 
© 1999 by Human Kinetics Publishers, Inc. 

Measurement of Applied Force and 
Deflection in the Javelin Throw 

Masato Maeda, fiji Shamoto, Toshimichi Moriwaki, and 
Haruo Nomura 

The present paper presents a new sensor to measure 6 components of force and 2 
components of deflection applied to the javelin during the throw. Since the javelin is 
deflected and vibrated during throwing, measurement of force and deflection applied 
to the javelin will provide important information for throwers in how to better throw 
the javelin and to design javelins with hetter dynamic characteristics. The sensor is 
designed not to significantly change the static and dynamic characteristics of the 
javelin. The force sensor performs well in terms of linearity and crosstalk, and the 
javelin equipped with this sensor has similar characteristics to ordinary javelins. The 
present paper also presents an example of measurement in the javelin throw. 

Key Words: measurement of force, javelin throw, force sensor, deflection of javelin 

Hubbard and Bergman (1989) found that the javelin is accelerated and thrown with 
vibratory deflections. Since the acceleration and the vibrations are products of charac­
teristics of the javelin and the forces applied to the javelin by throwers, it is essential to 
clarify the characteristics of the javelin (Maeda, Nomura, Moriwaki, and Shamoto, 
1993) and to analyze the forces applied to the javelin. The revision of specifications for 
javelins in 1986 exemplifies this importance. The best performance in 1985 was 96.96 
m; after the specification revisions were initiated in 1986, the best performance was 
reduced to 85.74 m. 

While the static (Maeda, Nomura, & Miyagaki, 1990; Terauds, 1985) and 
dynamic (Maeda et aI., 1993) characteristics of the javelin have been studied, inputs to 
the javelin (i.e., forces) have not been measured. This is mainly because ordinary force 
sensors are too large and heavy to be attached to the javelin without changing its char­
acteristics. However, the measurement of the forces is crucial in creating accurate sim­
ulations of the physical outputs of the javelin such as acceleration, deflected vibrations, 
and rolation. This measurement and the consequent simulations are expected to give 
important information about developing better ways to design and throw javelins. 

M. Maeda and H. Nomura are with the Faculty of Human Development at Kobe Uni­
versity, Kobe, Japan, 657-8501. E. Shamoto and T. Moriwaki are with the Faculty of Engineering 
at Kobe University. 
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A new sensor is designed and developed in the present research to measure six 
components of force and two components of deflection applied to the javelin in the 
javelin throw in such a way that the javelin equipped with the sensor has similar char­
acteristics to ordinary javelins, both statically and dynamically. 

Development of the New Force Sensor 

The measurement of force applied to the javelin by throwers will be useful not only in 
determining the best throwing motion but also to determine the best characteristics of 
the javelin for each thrower. However, such measurements are difficult to obtain for the 
following reasons: (a) Characteristics of the javelin equipped with the force sensor, such 
as mass, stiffness, moment of inertia, position of center of gravity, and natural frequency, 
must be close to those of ordinary javelins; (b) the force sensor is deformed due to 
deflection of the javelin during throwing of the javelin; and (c) the javelin is accelerated 
in the throwing direction during throwing and vibrated in the normal directions. 

Figure 1 shows the force sensor developed in the present research, where the 
deflection is defined as Dy and Dz in the y and z directions, respectively. The middle part 
of the. pipe is gripped by the throwers, and both ends of the pipe are fixed on to the 
javelin with small bolts so that the gripped part of the pipe does not touch the body of 
the javelin. The strain gauges are attached to the semicircular beams on both sides of the 
pipe, and the strain of the beams caused by the force and the deflection applied to the 
javelin is measured. The present force sensor is designed in order to cope in the follow­
ing ways with the above mentioned difficulties. 

Regarding the first difficulty, the diameter of the javelin around the gripped 
part is reduced from 30 mm to 26 mm, and the sensor (Figure 1) is installed (Figure 2). 
As the shape of the beam is kept similar and the dimensions are decreased, the stiffness 
and the sensitivity are increased, but the load capacity is decreased. Therefore, the thick­
ness/width of the beam is reduced to 3 mm. The width of the strain gauges are 2.4 mm, 
and the diameter of the semicircular beams is selected to be 10 mm, based on the beam 
analysis, so that the sensor can bear predicted maximum loads of 1000 N in the x direc­
tion and 500 N in the y and z directions. 

Fz 

Gripped pipe Dy 

oPij 
Dz 

Dy 

~h ~ 
~DZ 

Tz 

Circular beams for detection 

Figure 1 - Overview of developed sensor: Three components of force, three components of 
torque, and two components of deflection can be measured simultaneously with strain gauges 
attached to circular beams. 
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Javelin equippod with developed scnsof 

Ordinary javelin 

Figure 2 - Javelin equipped with developed sensor and ordinary javelin. 

Regarding the second difficulty, the eight semicircular beams shown in Figures 1 
and 3 are deformed by not only the six components of the force applied to the grip but 
also the deflection of the javelin. An example of such superposition is shown in Figure 
4. Although all six components of the force and the two components of the deflection 
are generally superposed during throwing, the eight components cause eight different 
modes of beam deformation. Thus, the Wheatstone bridge circuits shown in Figure 5 can 
eliminate crosstalk among the eight components. Figure 6 shows this measuring princi­
ple by taking an example of the axial force Fx. When Fx is applied, all beams are 
deformed and all the strain gauges have compressive or tensile strain. However, the 
changes in resistance of the strain gauges are added to each other only in the circuit EFx, 

Fixed part Detecting beames Gripped part Detecting beames Fixed part 

Figure 3 - Development view of force sensor and strain gauges attached to circular beams. 
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Figure 4 - Example of superposition of force and deflection. Two modes of beam deforma­
tion are superposed. 

and the changes are canceled in the other seven circuits. In the same way, each Wheat­
stone bridge circuit is designed to be sensitive to only one corresponding component of 
force or deflection and to cancel the changes in resistance caused by the other seven 
components. Furthermore, small crosstalk due to differences in sensitivity of the gauges 
is compensated by multiplying an 8 X 8 compensation matrix (discussed below). 

Regarding the third difficulty, the pipe, which is supported by the beams and 
gripped by the thrower, is designed to be thin and light (l mm in thickness and 0.1092 
kg in weight). The present sensor measures the force applied to the beam structure via 
the gripped pipe F', which is slightly different from the force applied to the grip by 

EFx EFy 

Elx Ely 

EFz 

Elz 

Eoy 

Eoz 

Applied 
"V voltage 

Figure 5 - Construction of Wheatstone bridge circuits. Each circuit is sensitive to only one 
mode of beam deformation caused by a corresponding component of force or deflection. 
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Figure 6 - Schematic illustration of measuring principle. Changes in resistances of gauges 
in each Wheatstone bridge circuit are added to each other only when one corresponding com­
ponent of force or deflection is applied. 

throwers F when it is accelerated. Below, this small inertial force due to the acceleration 
of the pipe (i.e., F-F') is estimated and its influence on the measurement is discussed. 

Calibration and Characteristics of Developed Sensor 

Figure 7a-7d schematically illustrates the setup for calibration of the sensor. The forces 
and deflections are applied by hanging weights in each direction while the javelin is kept 
precisely horizontal or vertical with the use of a level. The above mentioned forces F 
and F' are the same in this calibration, because the forces are applied statically. The 
deflections Dy' and Dz' are measured as the displacements of the grip center relative to 
the original straight centerline while the javelin is supported at the two nodal points of 
the first resonant mode (Figure 7d), Thus, Dy' and Dz' are approximately equal to the 
deflections Dy and Dz during throwing, since the first resonant mode is considered to be 
dominant. Note that this is an approximation, because the mode of the static deflection 
(shown in Figure 7d) is slightly different from the first resonant mode, and the strain 
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Javelin 
Gripped pipe Weight 

Fixture 

Figure 7a - Calibration of developed sensor for axial force Fx. Fx is applied by hanging 
weight, while the gripped pipe is fixed vertically. 

gauges measure the curvature of the javelin at the grip ends. According to Euler­
Bernoulli beam analysis with an uniform cross section, the actual displacements Dy and 
Dz are estimated to be 1.36 times larger than the measured values Dy' and Dz' if the 
javelin is deflected in the first resonant mode. 

The results of the calibration (i.e., the relationships between the force in each axis 
and the outputs of all Wheatstone bridge circuits) are shown in Figure 8. Dy' and Dz' 

Figure 7b - Calibration of developed sensor for lateral forces Fy and Fz, and torques Ty and 
Tz. Fy and Fz are applied with deflections Dy and Dz by hanging weight at the center of the 
gripped pipe. Ty and Tz are applied with Fz and Dz, and Fy and Dy, respectively, by hanging 
weight at the end of the pipe. The javelin is supported horizontaUy at the two nodal points of 
the first resonant mode. 
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Weight 

Figure 7c - Calibration of developed sensor for axial torque Tx. Tx is applied with Fy and 
Dy by hanging weight, while the javelin is supported horizontally at the two nodal points of 
the first resonant mode. 

are expressed as forces in this figure that can be converted into the above mentioned dis­
placements by mUltiplying by the compliance of the javelin 0.074 mmIN. Since Fy', Fz', 
Tx', Ty', and Tz' are difficult to apply individually by weights, the strains due to these 
forces (shown in Figure 8) are calculated by subtracting the strains due to the other 

Figure 7d - Calibration of developed sensor for deflections Dy and Dz. Dy and Dz are 
applied by hanging weight, while the javelin is supported horizontally at the two nodal points 
of the first resonant mode. 
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FigureS - Force in each axis and outputs of all Wheatstone bridge circuits. Each relation· 
ship is measured by changing weights and tuming javelin upside down. 

forces applied simultaneously. For example, when F)' I is applied as shown in Figure 7b. 
Dy' is also applied simultaneously. Thus, the strains plotted against Fy' in Figure 8 arc 
calculated by subtracting the strains due to U)" from those due to f) , and Dy I . As shown 
in Figure 8, the developed sensor has good linearity and small crosstalk. The crosstalk 
is further compensated by utilizing the following compensation matrix (Hatamura. 
1986) for precise measurement. 

{F/} = [C]{E} 

where {F'} is the vector of force applied to beam structure via gripped pipe, LC] is the 
compensation matrix, and {E) is the vector of strain measured by Wheatstone bridge cir-
cuits, or 

Fx' 195.35 -5.30 -4.69 3.23 3.06 -2.31 0.55 -4.18 f_ F.~ 

Fy' 9.91 12201 5.11 9.79 --0.88 3.29 o.n 2.12 Ef'y 

Fz' 7.85 -10.25 122.23 8.37 -S.62 5.17 -1.70 1.:12 EFz 
Tx' 1.35 - 0.01 -0.03 1.95 0.04 - 0.01 0.02 -O.OR Erx 
Ty' -0.02 0.42 0.14 -0.08 5.54 1.08 0.06 D04 E'Ji 

Tz' 0.03 -0.26 --0.43 -0.11 -0.87 6.51 0.01 -0.24 
ET:. 

0)" -0.03 -0.36 0.12 -0.01 0.06 -0.19 4.38 ·-0.52 
ED\ 

OZ' 0.04 0.09 -0.02 O.OS -0.12 - 0.09 0.52 4.19 ED: 

where Fx', Fy', Fz', 1'x', 1'y', and 1'z' are the six components of force applied to beam 
structure; Dy' and Dz I are the two components of deflection of javelin calibrated by 
static load; and EFx' EFy' EFz' ETx' Err ETz, ED)" and EDz are outputs of Wheatstone bridge 
circuits. The units of the first, second, and third columns in the compensation matrix are 
N; the fourth, fifth , and sixth columns, Nm; and the seventh and eighth columns, mm. 
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Table 1 Applied Force and Measuring Errors After Utilizing Compensation Matrix 

Error Error Error Error Error Error Error Error 
in Fy' in in in Ty' in in Dy' in in 

Fx' Fx' Fz' Fy' Fz' Tx' Tx' Tz' Ty' Tz' Dz' Dy' Dz' 
(N) (%) (N) (%) (%) (Nm) (%) (Nm) (%) (%) (N) (%) (%) 

156.8 0.63 78.4 0.88 -0.61 2.4 1.13 3.1 1.04 -4.49 78.4 1.35 0.13 
117.6 0.57 58.8 0.07 -0.99 1.8 0.93 2.4 -1.81 -4.74 58.8 0.66 0.55 
78.4 0.08 39.2 0.16 -0.10 1.2 0.66 1.6 -0.70 -4.17 39.2 -0.01 0.Q7 
39.2 1.31 19.6 -3.80 1.85 0.6 0.43 0.8 -3.89 -3.02 19.6 -1.90 0.08 

0 0 0 0 0 0 0 0 0 0 0 0 0 
-19.6 -1.03 -19.6 3.04 0.27 -0.6 -2.84 -0.8 -0.43 3.71 -19.6 -1.25 -2.02 
-39.2 -1.24 -39.2 0.70 -0.15 -1.2 -0.84 -1.6 0.67 3.92 -39.2 -0.45 -0.70 
-58.8 -1.77 -58.8 -1.16 -0.02 -1.8 -0.46 -2.4 0.14 3.64 -58.8 0.11 -0.03 
-78.4 -1.26 -78.4 -0.47 0.24 -2.4 -0.04 -3.1 -2.77 2.15 -78.4 0.14 0.47 

The above compensation matrix [C) is calculated from the relationships between 
{F '} and {E} shown in Figure 8, where the inclinations of the 64 lines (i.e., E Fx / Fx', 
EFyIFx', EF/Fx', etc.) are the elements of the inverse compensation matrix [C)-I. After 
compensation, the remaining errors between the applied force and the measured one are 
small as shown in Table 1. The measuring errors are less than 4% in each component of 
the force and the deflection. 

Figure 9 shows the frequency responses of the sensor, which are measured by 
employing the impulse response method, where the input is the applied force measured 
by a commercial piezoelectric force transducer fixed to the impulse hammer, and the 
output is the force measured and compensated for by the compensation matrix. As 
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Figure 9 - Frequency responses of developed force sensor in force components Fx', Fy' , and 
Fz'. Input: force measured by commercial force transducer rlXed to impulse hammer. 
Output: force measured and compensated for. Vertical axis: output/input after Fourier trans­
formation of impulse forces to frequency domain. 
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Table 2 Basic Characteristics of Javelin With Force Sensor and Ordinary Javelin 

Variable Javelin with sensor Ordinary javelin 

Length (m) 2.603 2.615 
Mass (kg) 0.8135 0.8108 
Center of gravity (m) 1.058 1.056 
Grip (m) 1.204 1.206 
Moment of inertia (kgm2) 

Around lateral direction 0.307 0.411 
Around axial direction 0.133 X 10-3 0.128 X Hy3 

Resonant frequency (Hz) 25.6 25.9 

Note. Center of gravity is distance from tip to center of gravity; grip is distance from tip to 
end of grip; and moment of inertia is the moment of inertia around center of gravity. 

shown in Figure 9, the response in gain of the sensor (i.e., magnitude of outputJinput 
after Fourier transformation of the impulse forces to the frequency domain) is almost 
constant, within ±0.7 dB in Fx in a wide range of frequencies up to 100 Hz. This means 
that the axial force Fx measured by the present sensor is almost the same as that meas­
ured by the reliable piezoelectric force transducer over a sufficient range of frequency. 
Fy and Fz measured by the present sensor have large errors of about ±8 dB around 25 
Hz due to the vibratory deflection at the first resonant vibration. The influence of this 
dynamic characteristic of the sensor on the practical measurement is discussed below. 

The basic characteristics of the javelin (Maeda et aI., 1990; Maeda et aI., 1993) 
equipped with the sensor and an ordinary javelin are compared in Table 2. Most of their 
characteristic values are similar, although the javelin with the sensor has a slightly 
smaller moment of inertia around the lateral direction compared to the ordinary one. 

Measurement of Force and Deflection Applied to Javelin 

Measuring System 

The experimental setup to measure the force and the deflection applied to the javelin is 
shown in Figure 10. Six components of the force and two components of the deflection 
applied to the javelin are measured for a period from run-up to release by using the pres­
ent measuring system. The throwing motion is videotaped simultaneously on the right 
side of the throwing area by a high-speed video camera operating at 200 frames per 
second. A small connector is set up between the sensor and the thrower so that the sensor 
is disconnected from the strain amplifiers just after the javelin is released. The outputs 
from the eight Wheatstone bridge circuits are recorded in a computer via AID convert­
ers together with a pulse signal generated at each frame of the high-speed video image. 
The sampling frequency of the AID converters is 1 kHz. 

Subject 

The subject was a male Japanese javelin thrower with a height and weight of 1.83 m and 93.0 
kg, respectively. He was considered a middle class thrower, and his best record was 65.68 m. 
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Strain BmpUflers 
(sampling channels:8ch) --------------~--------~~ r-------, 

AID Converters 
(samplina fiequency: 1kHz) 

(acquisition pcriod:14.46scc) 

Figure 10 - Experimental setup for measurement during throwing. Force and deflection are 
recorded by personal computer via strain amplifiers and AID converters synchronized with 
high-speed video images. 

Measurement of Force and Deflection Applied to Javelin in Throwing 

Figure 11 shows an example of the measured force and deflection applied to the javelin 
in throwing. The pictures labeled from (a) to (g) show the throwing forms at different 
moments. The horizontal axis is time, and the moment of release of the javelin (see pic­
ture (g» is chosen to be zero. Fyz " Tyz " and Dyz' are resultant vectors of Fy' and Fz " 
Ty' and Tz " and Dy' and Dz " respectively. 

The peaks of the force components appear just before the release of the javelin, 
and the peak forces are 192 N in the axial direction and 233 N in the lateral direction. 
The peak torques are 1.4 Nm and 7.6 Nm around the axial and lateral directions, respec­
tively. The peak deflection is 18.1 mm. 

It has been reported that the main throwing motion starts at the moment (d) when 
the left foot touches the ground and ends at the moment (g) when the javelin is released. 
However, it should be noted that the forces start to rise at the moment (c) before the left 
foot touches the ground. 

At the moment (t), all components become almost zero except Fx, and the axial 
force Fx decreases slightly. These correspond to the lateral rotation of the shoulder with 
bending of the elbow as shown in the picture (t). 

After release, the force components become almost zero, while the deflection 
remains oscillatory. This indicates that the javelin is released with the remaining vibra­
tory deflection. 

Estimation of Inertial Force Applied to Gripped Part 

The present sensor measures the force applied to the beam structure via the gripped pipe 
F', which is slightly different from the force applied to the grip by the thrower F when 
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Figure 11- Components of force and deflection measured during throwing. Fx' and Tx' are 
the forces in the axial direction and the torque around the axial direction, respectively.IFyz'l, 
l1Yz'l and lDyz'l are magnitudes of resultant force in the lateral direction, resultant torque 
around the lateral direction, and the resultant deflection, respectively. Fyz', Tyz', and Dyz' 
are their phases. Pictures (a)-(g) are copied from high-speed video images taken at corre­
sponding moments. 

it is accelerated. In order to obtain the small inertial force (i.e., the difference F - F'), 
the acceleration applied to the gripped pipe must be known. Although it is difficult to 
obtain this acceleration precisely, the amount of the inertial force can be estimated 
roughly by assuming: (a) the javelin is flexible only in the lateral direction y and z. and 
is deflected in the first resonant mode; (b) the change in the direction of the x axis is neg­
ligible; (c) the deformation of the beams is negligible, and (d) the lateral force F\'~ and 
the deflection Dyz is applied only in one direction while the javelin is rotated. 

LFyz' or LDyz' shown in Figure 11 is the relative rotational angle of the javelin 
to the ground plus the change in the phase angle of the lateral force applied by the 
thrower. The above assumption is equivalent to assuming that the latter angle is negligi­
ble compared to the former. Figure 12 shows the lateral force Fyz' and the detlection 
Dyz' (assumed to be unidirectional), which are obtained by adding a positive or nega­
tive sign to the magnitudes of the vectors. Under the above assumptions. the axial force 
and torque Fx and Tx, and the lateral torque Tvz are proportional to the measured com-



The Javelin Throw 

20 300 

~ 

~ 
~ 0 
rf 

1 
-20 -300 

441 

Oyz 

__ ~ ____ ~~~~~~~ __ ~~ __ ~~~Fyz 

~ g 
.2 S = 50 E A mgd

2
0yzldt

2 

.. 4>'£ 0 ----_ ... >4'.,.. ... ___ ......... _lIIofJ ____ ~_ ... 4"""'.""'''''' .. - .... ,.,. .. __ ,."'1~ .. c#-

t!-6.8 -50 

.9 ~ 
.{l.3 -0.2 

Time (sec) 

-0.1 o 

Figure 12 - Lateral force Fyz' and deflection Dyz' assumed to be unidirectional, and esti­
mated inertial force applied to gripped part due to deflection mtf12Dyz'ldt2. 

ponents Fx', Tx', and Tyz' and are slightly larger than the measured ones, while only the 
lateral force Fyz is affected by the vibratory deflection Dyz as follows. 

d2x 
Fx = Fx' + m -- = Fx' + m 

g dt 2 g m·- m 
J g 

Fx' __ m.!....j _ Fx' = 1.16 Fx' 
mj-mg 

dlyz (FYZ' dlDyz' ) dlDyz' 
Fyz = Fyz' + mg --- = Fyz' + mg + --- = 1.16 Fyz' + mg ---

dt 2 m· - m dt 2 dt 2 
J g 

d2fh Tx' I 
Tx = Tx' + Ig -- = Tx' + 19 --- = __ 1 - Tx' = 1.02 Tx' 

dt 2 lj-lg lj-lg 

d2fJyz 
Tyz = Tyz' + 1 -- = Tyz' 

g dt 2 

where Fx, Fyz, Tx, and Tyz are components of force applied to grip by the thrower; x and 
yz are axial and radial positions of gripped part; fJx and fJyz are rotational angle around 
axial direction and resultant rotational angle around lateral direction; mg = 0.1092 kg is 
the mass of gripped part; mj = 0.8135 kg is the mass of javelin including gripped part; 
19 = 0.02 X 10-3 kg m2 is the moment of inertia of gripped part around axial direction; 
lj = 0.133 X 10-3 kg m2 is the moment of inertia of javelin around axial direction; and 
19 = 0.52 X 10-3 kg m2 is the moment of inertia of the gripped part around the lateral 
direction. The influence of the deflection on the lateral force mg d2Dyz 'ldt 2 is calculated 
numerically in Figure 12. As shown in the figure, the measurement error due to this 
influence is negligible for most of the throwing period, although it reaches 15% of the 
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peak force just before release. The maximum error of 15% becomes 21 % when consid­
ering the 1.36 ratio calculated by Euler-Bernoulli beam analysis. 

In summary, all force components applied to the javelin via the beams {F '} 
including the deflection Dyz' can be measured precisely with the present system, and the 
axial force and torque Fx and Tx, and the lateral torque Tyz can be obtained using the 
above equation. Only the lateral force Fyz contains a relatively large error, which is esti­
mated to be a maximum of 21 % of the peak force. 

Conclusion 

A new force sensor was developed to measure six components of the force and two com­
ponents of the deflection applied to the javelin during the javelin throw. The force sensor 
and the javelin are designed to cope with the difficulties found in particular in the force 
measurement of the javelin throw, and it was confirmed that the sensor developed here 
has good linearity and small crosstalk. Based on this research, it is hoped that the throw­
ing process and the dynamic interaction between the throwers and the javelin will be 
better understood. 

References 

Hatamura, Y. (1986). Force and torque sensor. Journal of the Japan Society of Mechanical Engi­
neers, 89,1055-1058. (in Japanese) 

Hubbard, M., & Bergman, C.D. (1989). Effect of vibrations on javelin lift and drag. International 
Journal of Sport Biomechanics, 5,40-59. 

Maeda, M., Nomura, H., & Miyagaki, M. (1990). Static characteristics of javelin-Form and 
moment of inertia. Research Quarterly for Athletics, 2, 18-28. (in Japanese) 

Maeda, M., Nomura, H., Moriwaki, T., & Shamoto, E. (1993). Dynamic characteristics of javelin. 
Japanese Journal of Sports Sciences, 12, 130-136. (in Japanese) 

Maeda, M., Nomura, H., Shamoto E., & Moriwaki, T. (1994). Measurement of force applied to 
javelin in javelin throw. Japan Journal of Physical Education, 39, 109-117. (in Japanese) 

Terauds, J. (1985). Biomechanics of the javelin throw. Del Mar, CA: Academic. 


