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BSTRACT

QQ) With a view to improving the athlete's performance during the javelin throw, the

objective was to develop, based on the application of Newtonian mechanics to
the javelin flight process, a mathematical model and a computerized tool that
make it possible to determine the influence on javelin flight trajectory and
distance of the characteristic parameters of throwing release phase. As a result,
a mathematical model and software were obtained that make it possible to
predict the trajectory and flight distance of the implement in function of the
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properties of the javelin and ambient air, gravitational forces and initial throwing
parameters. The model was validated by comparing the flight distance predicted
by the model with experimental results obtained in the framework of this
research, as well as with data obtained from international competitions. The
mean prediction error obtained during the comparison of the javelin flight
distance calculated with the model, with the actual throwing results, ranged from
0.65% to 1.58%.

KEY WORDS: javelin, trajectory, mathematical modeling. %
RESUMEN Q

Con vistas al perfeccionamiento del desempeno del atleta4durante el
lanzamiento de la jabalina, se trazé como objetivo elaborar, sobrg la de la
aplicacion de la mecanica newtoniana al proceso de vuelo de E\&abalina, un
modelo matematico y una herramienta computarizag gue' posibiliten
determinar la influencia sobre la trayectoria de vuelo y AJe e de la jabalina de
los parametros del lanzamiento en la fase de liberacig plemento. Como
resultado se obtienen un modelo matematico y re que posibilitan
predecir el alcance del implemento en funcién de las propiedades de la jabalina
y del aire ambiente, asi como de las fue% avitacionales y de los
e

L)

Wd

parametros iniciales del lanzamiento. El e validado comparando la
prediccion con resultados experimental idos en el marco de esta
investigacion, asi como con datos obten competencias internacionales.
El error medio de prediccion del al la jabalina, oscil6, para diferentes

parametros iniciales, entre 0,65% .
PALABRAS CLAVE: jabali rayectoria, modelacion matematica.

INTRODUCTION %

ini tter performances from athletes in the athletic modalities
hether discus, hammer or javelin, is conditioned to the
the selection of the initial throwing parameters, of the laws of

physics that 8escribe the interaction of the implement with the athlete, with
gr forces and with the surrounding air.
% s carried out related with athletes of highest performance (Campos,
[

ela, and Ramon, 2004), in which the Cuban javelin thrower Emeterio

1999, reflected deficiencies in the release parameters during the throwings
executed by this athlete, that prevented him from being included in the medal
table, despite having given a high initial speed to the implement. These
deficiencies can be anticipated and avoided during training sessions by
applying a set of scientific results emanating from the application of the laws of
classical mechanics to the athlete-implement-gravity-air interaction process that
govern the javelin flight process.

Egonzélez was included, during the IAAF World Athletics championship held in
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From reported results related to javelin throwing, it is evident that it is not
possible to fully investigate the influence of the different parameters involved in
the throw and flight of the implement, if only experimental studies are carried
out. In this type of sporting event, it is practically impossible to execute an
experimental design in which certain variables can be fixed in order to study the
influence of others, since the athlete is not a machine in which a certain
parameter can be fixed with precision. This situation has led researchers to
develop theoretical models based on the application of the laws of physics and
mathematics, which make it possible, usually with the help of computers, to
unravel the essence of the javelin throwing and flight process.

White (2013) suggests that conducting a sensitivity analysis during throwmg
events, particularly in the case of the javelin, is only possible using a
mathematical model. He argues that in practice, it is not possible to request the
athlete to perform repeated throws, setting the release angle and applying
different release speeds to the implement. He suggests that by means of a
model and a computer, tens or thousands of (virtual) throws can be made in a
short time, and the input and output parameters can be perfectly controlled.
White (2013) also points out that the optimal relationship between the throwing
angle and the projection velocity of the implement, with a view to reaching the
greatest flight distance, may be particularly different for each athlete and that
the determination of this indicator is not possible without the help of
mathematical modeling in conjunction with experimentation. This is why the way
of conceptual modeling as a research method has been approached by an
important group of specialists (Hatton 2007; Maryniak et.al., 2009; Chiu, 2009).
The throwing and flight of the javehm ocess governed fundamentally by
the laws of mechanics, so it ha preference of scientists dedicated to
this subject the development@f math&matical models based on these laws,

which make it possible to e interrelationships between the different
input and output variables of§gaid process.

Morris and Bartle S
composed of threeNg
the initial pa tersof the throw (release parameters), which decisively
influence elin flight trajectory and distance. Related to this first
hierarc '% , several researchers from various countries such as United

Kin atton, 2007), Poland (Maryniak; tadyzynska-Kozdras & Golinska,

Irected to reveal the relative importance of each of these parameters in
ent flight trajectory and distance and, in this way, direct the process of
oving the throw with a strong scientific support base.

Hatton (2005) elaborates a conceptual model based on the solution of a system
of differential equations that incorporate the three elements involved in the
movement of the javelin: drag, lift and rotation. The model takes into account
the intensity and direction of the wind and was calibrated against data from two
international competitions, achieving predictions in the flight distance with an
error within 1% for throws between 55-87 m, although making certain
assumptions regarding at wind speed, which was not recorded.

@%
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Maryniak et.al. (2009) develop a model of the man-javelin system together with
a mathematical model of the javelin flight, including the effect of transverse
elastic vibrations. They perform numerical evaluations of the model for different
release speeds and angles, although they do not report a validation of the
model based on its comparison with experimental data.

Chiu (2009) elaborates a model and a computerized method to establish %:
optimal conditions of the javelin throw and compares the results of the

application of the model with experimental data obtained by Best et. al. (1993

and by Mero et. al. (1994), obtaining a mean relative error between 4.2% (wi )%'

the Apollo Olympic New Rules javelin) and 6.8% (with the Held New Rul S\Q

javelin) when comparing the calculated and measured flight distances of the

implement. The applied numerical model considers the prevailing wij
conditions, as well as the drag and lift forces acting on the javelin rﬁ&g
position of the pressure center in relation to the implement's centenof gravity.
The drag and lift forces used by Best et. al. (1993) are determined from
expressions previously formulated by Soong (1982), alth rigin of the
values of the drag coefficients is not explained.

A
Jiang and Zhou (2014) propose a mathematical model that describes the flight

of the javelin, obtaining the data referring to the drag forces, lift and the angular
or throw moment (pitching moment) from tests in a wind tunnel. In their proposal
they expose the optimization calculations carried out by means of a computer,
giving as a result that when the initial throw speed is in the range of 25 m /s —
30 m /s, the best release angle is 60 = 40° (6o - angle of the absolute speed
vector of the javelin with the horizontal at the moment of release of the
implement), with an angle of attack oo = 11° (a0 - angle between the longitudinal
axis of the javelin and the relative velocity vector between the javelin and the air
at the instant of implement release). At the same time the authors define that an
angle of attack different from zero turned out to be a necessary and sufficient
condition to obtain aerodynamic efficiency in the flight of the javelin.
From the bibliographic analysis carried out, it is evident that experimentation by
itself does not constitute a sufficient way of investigation of the javelin throwing
process, being necessary to complement the experimental method with the
develop and application of a conceptual mathematical model that allow
unraveling the essence of the phenomena involved in this process. A
mathematical model of this nature, duly validated, which makes it possible to
predict the characteristics of the trajectory and flight distance of the javelin for
.different combinations of initial release parameters of the implement, constitutes
a tool of great value during the training of athletes, in particular during the
<correct selection of throwing parameters during the implement release phase.
Although the development of mathematical models that describe the javelin
throwing and flight process is reported in the literature, those that are available
Q) (Hatton, 2005) only offer as output the prediction of the flight distance of the
‘Q{ implement, not making it possible to determine all the variables required in the
studies and the level of the input parameters is also limited, so they cannot be
applied in smaller categories. In this way, the objectives set out below are
outlined for this research.



Rev.int.med.cienc.act.fis.deporte - vol. X - nimero X - ISSN: 1577-0354

OBJECTIVES

» To develop, based on the application of the laws of Newtonian Mechanics, a
conceptual model that makes it possible to predict the javelin flight trajectory
and distance, in function of: the parameters that characterize the release stage

of the implement throw; the gravitational forces and the magnitude and direction %
of prevailing wind; %%

* To validate the developed model, by comparing the flight distance calculated
by the model with the real distance obtained from experimental measurements
and with prediction results from other reported models.

; b4
THEORETICAL BASIS OF THE MODEL A

For the mechanical-mathematical modeling of the javelin flight, we start from the
free-body diagram of the implement (Fig. 1) at an instant of time t,
corresponding to a position (x, y) of its flight path (trajectory of the center of
gravity c.g.) represented in the figure by a dashed blue line.

@ 4 Fig.1 Javelin free body diagram.
rameters are represented in the figure (units in the International

The fol &&
syst

arteS|an coordinate system fixed to the ground and containing the
plane of the trajectory of the javelin, where o-x is the surface of the

ground;
%E c.p. - center of pressures;

- distance from the center of pressures to the center of gravity;

v - absolute speed (tangent to the trajectory) of the center of gravity of the
javelin;



Rev.int.med.cienc.act.fis.deporte - vol. X - nimero X - ISSN: 1577-0354

Va - horizontal component of the velocity of the ambient air stream in the x-o-y
plane of the javelin trajectory;

vr - relative velocity between air and javelin in the x-o0-y plane;

o - angle of attack of the javelin (angle between the longitudinal axis of the

javelin and the relative velocity of the javelin with respect to the air); %% :

B - attitude angle of the javelin (angle formed by the central axis of the javelin
with horizontal);

0 - trajectory angle of the javelin (angle formed by the absolute veloci e
javelin with the horizontal);

¢ - angle with the horizontal of the relative velocity of the jave!ﬁsvhf\ respect to

the air); |

ent of the javelin,

Ra - aerodynamic drag force offered by the air to the.d
@ ts in the opposite

which is applied at the center of pressures (c.p

direction to the relative speed v;;
<orce); the x and y axes;

Rax, Ray - components of the air resistan&
Rs - aerodynamic lift force, which i pliedat the center of pressures (c.p.)

and is perpendicular to the f relative velocity v;;

Rsx; Rsy - components of th forge’in the x and y axes;

m - mass of the javel@
g - acceleration t (9=9.8 m/s?);
Xo, Yo - CO of the javelin release point.

The differential equations of the javelin flight dynamics can be determined
n the application of Newton's 2nd Law to the javelin's free body. In order
® the model and therefore the mathematical treatment for its solution,

strictions that are set out below have been taken into account during

b
e
Qe dealization of the phenomenon.
%é ™ "The first restriction is associated with not considering the effect of the moment

of forces acting on the javelin in the plane of its trajectory. From previous
studies (Hatton, 2005; Maheras, 2013) it is known that during the flight of the
javelin the center of pressure does not coincide with the center of gravity,
causing a resulting moment of forces called “pitching moment”. This moment
causes an angular acceleration that is variable and of an alternative nature,
since in addition, the distances between the center of pressures and the center
of gravity are variable (Gonzalez-Martinez, et. al., 2019). This variable angular

6
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acceleration causes the javelin to rotate in the plane of its trajectory and

contributes to flight stability. In the proposed model, the effect of this rotation on

javelin trajectory and flight distance is neglected. For this, it is assumed that the

effects of the oscillation towards one side of the position that the javelin would

have if it did not oscillate, are canceled out with the effects towards the other

side of said position. On the other hand, in a previous work by the authors %
(Gonzéalez-Martinez, et. al., 2019) it was determined that the maximum %
rotational moments that occur in the javelin do not exceed 0.2 N.m. %

relative to neglecting the effect of the elastic vibrations of the javelin on it

Another restriction that is assumed during the idealization of the phenomenQ'
trajectory and flight distance. According to Maryniak et.al. (2009) this vibratory

effect does not have a decisive influence on the trajectory and flight.di of
the implement.
A third restriction consisted in not considering the possible gffe okhe javelin
trajectory and flight distance of the precessional movenien javelin
could make in transversal direction to the theoretical Ii ht x-o0-y.
As a result of these restrictions, during the application of Newton's 2nd Law,
only the equations that describe the relationshi en the forces and
accelerations contained in the plane of the {raje of the javelin are
considered, which are expressed as:

% ..................................................... 1

Ra, +Rs, =4 -
w
m-g+R %m av, 2
g g\’\gy el
a

The components Rax &re determined based on the aerodynamic drag
force R which is ef:r ed as (White, F.M., 2011; Golf, J.E., 2013):

1
% Raza-Ca-Ss-y-vrz ............................................. 3
where: &

Cq- oi-gimensional aerodynamic drag coefficient for the javelin, which varies
X a function of the angle of attack ( Ca = f1(a));

Q — air density;
% Ss— area of the longitudinal section of the javelin.

Q The components Rsx and Rsy are determined starting from the aerodynamic lift
force Rs of the javelin, which is expressed as (White, F.M., 2011; Golf, J.E.,
2013):
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being:

Cs— non-dimensional aerodynamic lift coefficient for the javelin, which varies as
a function of the angle of attack ( Cs = f2(a)).

The functions Cz = f1(a)and Cs = f2(a), for the javelins of both sexes, are

obtained by the authors through the application of Computational Fluid %‘ )

Dynamics tools (Gonzalez-Martinez, et. al., 2019), resulting in third-order
polyomials with coefficiens of determination R?2 0,99, given by the following

Ca:c3-a3+cz-a2+cl-a+co .......................... \%5

Cs =c3 (@+5)3+c, - (@+5)2%+c¢; " (@+5)+coNeweedleennnnn. 6

functions:

The values of the coefficients C; are provided in Table 1 e f
corresponds to the male and female sexes respectiveLxV

elins of both sexes.

Table 1. Coefficients of functions Ca=f1(11) y Cs= fz(T)@

C3 C2 /\ x C1 Co
Can -2-107° 2.42419°* ) 0 0.077
Car —-1.4-107° ' 0 0.075
Csh -2-107° 35, 2074 0.001 0
Csr —-1-107° 20-107* 0.0025 0

javelin with respect to'air velocity is given by:

4 v-sen@
(%%)Q ¢ =tan (mj ............................................. 7

and the angl that forms the absolute velocity of the javelin with respect to the
hopizontal 1s given by:

Q/h\le 9=tan‘1[\\i—ij ...................................................... ’
&

The angle ¢ that for%s%e horizontal axis the relative velocity of the

The coordinates of the trajectory of the center of mass of the javelin are
determined as:



Rev.int.med.cienc.act.fis.deporte - vol. X - nimero X - ISSN: 1577-0354

In this way, a system of equations is formed whose solution allows the
determination of all the main parameters inherent to the javelin fligh (Ra, Rax,

Ray, Rs, Rsx, Rsy, Vv, Vx, Vy, Vr, Vrx, Vry, o, 6, ¢,X,Y). %
For the solution of the system of equations, a computer program supported in b
Mathcad and based in the application of Runge-Kutta method was developed.

In this way, the expressions are evaluated for small time intervals At, whose %
duration is selected in the program itself. Between these time intervals, a Q

movement with constant acceleration is assumed, which facilitates the

THEORETICAL MODEL

|
The validation of the theoretical model for the predictig ajectory and
flight distance of the implement was carried out in ttk

treatment of the expressions. \
MATERIALS AND METHODS USED FOR THE VALIDATIO:EOI}\{HE

— Evaluating the developed model with the inp m throwing’s
experiments carried out as part of this rese en comparing the flight
distance of the experimental throws with Qe ulated by the developed

mathematical model and by others mode ed in the literature;

— Evaluating the model with inp xzesponding to throws performed in
international competitions (Be . 993) and comparing the output results
of the model with the fligh% cg obtained in said throws, as well as

ai

comparing with the result d with other models reported in the literature.

The experimental res€archywas carried out in the sports area of the Faculty of
Physical Culture =% to the Agrarian University of Havana. For the
execution of the threyg planned in the experimental design, two male students
of 4th and 5 se of the multi-event specialty, specialized in javelin throwing
were seleéted.Yptotal 15 throws were executed, in which were determined the

followi afameters:
ependent variables (Fig. 2) the followings were considered:

i
,va/elin release velocity: Vo ;

‘% — Initial angle of the trajectory (release angle): 6, ;
Q{Q) — Initial attack angle: ay ;

— Release height (distance from the ground to the center of gravity of the
implement at the moment it loses contact with the athlete's hand): yo ;

— Horizontal distance between the release point and the foul line: xo, m.

9
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Fig. 2. Independet ariables to b emine by image processing
The main dependent variable was the implement's flight distance kﬁured

XF)
from the foul line to the tip of the javelin at the conclusion of its flig\pat .

=

he plane of the

As control variables the followings were determined:

\

— Magnitude and direction of the component of air velogj
javelin flight path, measured at a mean height of said pat

— Mass of the javelin used in the experimer@
— Position of the center of gravity of t %
the tip of the javelin): Lcg;

— Acceleration of gravity: g.

- Va,

distance between the c. g. and

To determine the indepenﬂ;/arlables, which ultimately constitute the initial

throwing parameters, opti®al method of motion capture (Pueo y Jiménez,
hig, digital films were taken from the 15 throws that

2017), was applied
made up the sam @ r investigation, for subsequent analysis with
computerized smageNprocessing means.

g%n EOS 70 D video camera was used with a 70.2 mm

laged at a filming distance L = 10 m, as shown in Fig. 3. The filming
out with a resolution of 1280 X 720 at 60 frames per second, with a
ed of 1/4000 seconds. To determine the scale during image

ing, images of topography graduated rulers were taken in horizontal and
al positions prior to the filming. The films were processed in the Laboratory
Educational Technologies of the Agrarian University of Havana (LATED)
using the Adobe After-Effect CC 2017 software, obtaining the images of each
frame for subsequent processing in an image editor, using in this case the
software Windows Paintbrush.

10
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Fig. 3. Scheme of the filming of the throwing events.1) foul line; 2) athlete; 3) gradu le;
4) filming field; 5) digital video camera; L: distance from the camera to the t‘iz pjane.
fi

On the images corresponding to the frames under study, im d from
paintbrush software, the significant coordinates are locate =4). The values
of these coordinates are taken to an Excel spreadsheet e equations

rs are

that make it possible to determine the initial throwin
programmed, using the expressions shown in Fig. é

directly in the throwing field, using a meas e with a smaller division of 1

The distance reached by the implement (depen ariable) was measured
ing
cm. The distance was measured from t @e to the point of contact of the

AVM-01 digital anemometer aracy up to 0.1 m/s. For the
measurement, the air spe was placed with its axis of rotation parallel
to the direction of the horizOwial axis contained in the plane of the implement's
flight and at a height ffom theground between 6 and 10 m. To prevent any

accident, the wind »eloBity feadings were taken immediately before and after
each throw, and % ues were subsequently averaged.

javelin tip with the ground at the endge) ight path.
The component of airspeed on lane was measured with a PROVA
)("!th §

A Yomt — Yo
x Ang.uf,a de Ia |:> 8 = arctai Jem1 = em?,
trayectoria.: Xemi — Xemz
- ¥ - ¥
Aﬂgldﬂ de _ cml 11
. —a = aretan
Va1 actitud: p-ato Xemi — Xy

A'nguf,ade
atague: E:> a=p-6

Velocidad del \‘(x‘mi‘ Xem2 )* 4 (Vims — Yemz )’
% Xemi1 implemento: E:> V= t
XZI !
< : v

Fig. 4. Significant coordinates taken during image processing.

11
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In order to achieve a level of variability in the experiments, the athletes were
guided to try to execute the throws with different initial implement release
angles, as well as with different angles of attack. Likewise, during the throwing
execution the air direction was taken into account, both for and against the
throwing direction.

RESULTS AND DISCUSSION %:
A sample of processed frames, corresponding to one of the 15 throws @
t ;

performed with a view to validating the prediction model, is shown in Fig.5.
images correspond to moments before and after the implement release, tha
the short period of time in which it is possible to calculate the initial throwi

parameters. \'
| | \

Fig. 5. Succession of frames aroynd lin release.

It is interesting to note that given the fil d, the time elapsed between
one frame and another is 1/60 = 16.7g¢housandths of a second, enough to
“stop” the javelin with sufficient clggi &}d)o be able to specify the
characteristic points according osed methodology (Fig. 4). The result
of the processing of the data fro elected frames, made it possible,
through the application of rgssions of Fig. 4 and their programming in
Excel spreadsheets, to bu'@ée graphics of the javelin position in x-o0-y plane
(Fig. 6) and determin initlal parameters of the filmed throws.

N

Coordenada wibcal y (om)

: A0} L S00) S50 500 E50 TG 50 00
Cogrdenada honzomal, x {cm)

Fig. 6. Graphic result of a sequence of javelin positions in the X-O-y plane near at release
instant, corresponding to throw No. 1

12
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A resume of release parameters obtained as a result of frames processing, is
shown in Table 2.

Distance
Release Positive | Negative | High of from
throwing | Release |attack |attack |javelin release
velocity | throwing |angle at |angle at |release point to
Vo ( angle release |release |pointy, foul line

Mean 18,21 32,22 5,40 -4,38 2,10 2,34

Std.

Deviation. 1,13 3,53 2,75 4,95 0,10 wk

Max. Value | 20,17 38,98 8,15 -11,25 2,35 \%y
0,53

Min. Value 15,32 23,69 1,79 -0,57 1,904 \ ,
Table 2. Summary of the statistics of the initial parameters ofdi throws.

Ambient air velocity, taken in the horizontal direction of tRy plement's path
plane, ranged from -3 m/s (against implement moveme +1.5 m/s (in favor
of implement movement). Finally, the measuremer& of th) flight distance,

measured from the foul line, averaged 31.03 min» from 23.22 to 35.65 m.
e

For the evaluation of the prediction mod ,%{{‘ m of equations arising from
the analysis of the dynamics and kine % e interaction between javelin,
air and gravity during flight, was solve®,thrgdgh programming in Mathcad,
een registered in the Copyright
Center of the Republic of Cub , 2018 y 2018a). The deterministic
nce of uncertainty in the result, that is, for
a given set of input varia ame output result or response is always
obtained. As a funda tal Oytput the software provides a graph of the javelin
trajectory, as well as%ed data from which output parameters can be
determined, sucn@’ implement flight distance, the flight time, the maximum
y

height reached b ajectory, the values of the drag and lift forces as a
function of t ition of the javelin throughout the trajectory, the angles that
characterige th sition of the javelin during flight and other data of interest.

aphical output of the software "Javelin" is shown. Input data were
Campos et al. (2004), corresponding to the best perform of the
rower Emeterio Gonzalez (84.32 m) during the IAAF World Athletics

13

Stadigraph | m/seg) 0. (°) o (9) (o (°) (m) Xo (M)
(1) (2) (3) (4) 5) (6) () Q



Rev.int.med.cienc.act.fis.deporte - vol. X - nimero X - ISSN: 1577-0354

Vp.m o, «++ javelin trajectory
15 . ] — ground level
| . n LA - _xp.¥p coordinates of
"+ | javelin tip

-
'
&
-
-
15 0 " -] 30 3% 4 LH 50 55 &0 &5 L 75 Ed L] 0 25 100 %

ip. m
Fig. 7. Output of software “Javelin” representing the javelin trajectory corresponding to be
throw performed by Emeterio Gonzalez in the World Athletics Championships, 199

The first validation way was carried out by evaluating the model with input
data obtained from filmed throws and then comparing the flight distafnceNoutput
or dependent variable) experimentally measured in the 15 performed t S,
with flight distances calculated by the model.

Figure 8 shows the results of a regression analysis carri tween the
flight distances measured experimentally and the predic tained by
evaluating the model with the initial data from eac (o) om the trend lines
obtained, it can be seen that there is a strong relatignshjp between the model
predictions and the experimental data, charactet a high coefficient of
determination R?. A perfect result (almost i %to achieve, not only from
of thé accuracy of the experimental
and a correlation coefficient
is not achieved, the result

the point of view of the model, but a pro
measurements) would be a slope eq
R = 1. It can be seen that althoug
(y=1,003 x; R?=0,989) is very sati

relation to the experimental mea
than 2%, while the mean m& ue of the errors averaged 0.65%.

Measured flicht distance, m

® 26 28 30 32 14 2] 18
Q Prediction, m
ig. 8. Correlation between throw distances measured experimentally and calculated using the
% model and the software “Javelin” (Regression equation: y = 1.003 x; Coefficient of

determination: R? = 0.989)

)S« A second way of validation consisted of evaluating the model with data from
international competitions, as well as with results of the evaluation of other
models reported in the literature. For this, a group of initial throws data taken by
Best et. al. (1993) in the World Student Games held in Sheffield, England, in
1991, corresponding to a selection of the best throws executed in the female

14
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modality were evaluated. These data were also evaluated by Chiu (2009) using
computerized simulation, so it served as a comparative basis as a validation
way of the “Javelin” model presented in this work.

Table 3 shows the results compiled by Best et. al. (1993), as well as the results
of the evaluation of the “Javelin” model and the Chiu model (2009). Both models
present a satisfactory approximation to the real results, however, the errors
obtained with the “Javelin” model were lower than those obtained by Chiu
(2009).

o=

e

&7

Flight Flight

Attack | High Measu- |distance |distance
Release angle |of red calculate | calculate or |Error
throwing | Release |at javelin | flight d with d with ith | with
velocity | throwing |releas |releas |distanc |“Javelin” ju “Javelin | Chiu
Vo angle e e point | e model | ” model | model

Throw | (m/seg) |8 (°) 7)) |Yo(m) |xs(m) | Xfc (m) h (m) (%) (%)

(1 (2) (3) (4) () (6)

) 18) 9 | (10)
Fem1 24,2 34,5 1,5 1,66 57,22 /96, '/57,68 -0,979 0,8

Fem2 | 24,6 39 1 1,68 | 59,34 60,5)5y 61,33 2,039 3,3

Fem3 24,8 38 0,5 1,62 62‘,3%» ,02 60,70 -1,218 | -3,5

Femd4 | 242 | 335 | 135 | 1,72 | 8828 { 5899 | 56,24 | 2,084 | -25

A Modularmeanerror(%)\ 1,58 \2,56

Table 3. Results of the evaluation of the

Wmodels vs. experimental results obtained by
Best et al (1993) in w0

etition of the female modality

Another way of validation ed of evaluating the available online Hatton
model (Hatton, 2005), wit ut data taken of throwing’s experiments carried
out as part of this resgarch, amd then comparing the results with those obtained
during the evaluation Javelin" model with these same input data and taking
into account that4{ atton software does not understand v, values below 18

s betgw 30°. In Fig. 9 the comparison of the experimentally
ith those from the evaluation of both models is shown.

m/s, or 6o va
measured

15
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38
36 &

3L 5
32 c

30
28
26

+ real data

&[0
(3

& = @ g O"Javelin" prediction

Flight distance, m

01 2 3 45 6 7 8 9 101112 13 14 :

Throwing’s number

Fig. 9. Comparison of actual implement flight distance with results from the vaIM of
“Javelin” and Hatton models.

The figure shows that the results of the "Javelin" model a better level of
approximation to the experimental results in relation tqct ton model. A
statistical analysis of the mean modular prediction ISfded an porcentual

error of 0.65% in "Javelin" model versus 2.1% in Hattonymodel.

CONCLUSIONS QE y
elin

A mechanical-mathematical model of the | flight, in its interaction with the
surrounding air and with the gravita W e, is obtained. The evaluation of
the model with aids of a software ‘@ eloped for this purpose, makes it possible
to obtain the main parameters that Characterize the flight trajectory of the
javelin, in function of input parameters such as the speed and angles of release

and attack of the implem » d the coordinates of the release point, as well as
the inertial and aerodyriamic Properties of the javelin.

The validation pr o¥'the model by comparing the results of the calculated
javelin flight distancé&and that obtained by means of experimental
ried out within this research and through the comparison with

erngtional competitions, yielded a mean prediction error between
%, which was lower than that obtained with other reported

0,65% and

mo .
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ANEXO 1

1.1 Muestra de capturas de pantalla del programa “Javelin M”

"

|§|Ja1.reﬁn—M para capturas || -2 |[é]

S

Javelin-M 3

INTRODUCCION DE DATOS PARA LA CORRIDA DEL PROGRAMA:

Posicion x=0; y=0 j=20

¥ - e5 |la coordenada horizontal del centro de masa de la jabalina;
¥ - 5 la coordenada vertical del centro de masa de la jaballina;
¥p -es la coordenada horizontal de la punta de la jabalina;

¥p - es la coordenada vertical de la punta de la jabalina.

Angulo del lanzamiento {angulo inicial de la trayectoria):

_ Bgr =343  grades
Math =
B = Egr-% 8; = 0602 rad — =
‘ B+ [
_Angulo de ataque inicial: = I% Y
ogrg = 13pgrados g = ﬁ.gm-% op = 0026 rad Ej ceff

Angulo de actitud inicial de la jabalina:

Bj=18;+oj Bj= 0.628 rad
180
Perj = Bj-T Berj= 36 grados

Velocidad inicial del lanzamiento:

vi=202 = 3.6 = 105.12 =0
5 hr
Velocidad del aire:
m a
Va=-28 — Elsigno menos de Va . o
¥ significa aire en contra del \jr phr = Va-3.6
movimiento, VaKmphr = —10.08

18



Rev.int.med.cienc.act.fis.deporte - vol. X - nimero X - ISSN: 1577-0354

yj =180 m Yo = 1.8

X=-15 m Xg =-1.5

Dimensiones de la jabalina:

Diametro enla empunadura: d=0025 m

Area de la seccion longitudinal:  Ss = 0.0613 m*
Distancia del c.g a la punta: b=110m

Masa de lajabalina m = 0800 kg

Coordenadas de la punta
xpj = xj+bcos(B;)  yp; = y;j+b-sin(B))

Densidad del aire: 7 =12 E;
m

Aceleracion dela gravedad g:=9.8

s
DESARROLLO DE LOS CALCULOS
Posicion =1 P

Angulo que formala velocidad relativa con la horizontal
entre dos posiciones:

Vi-1-sin(6;-1) ]

$; = atan
: (Vi-l'm‘[ﬁj-l)‘ Va

19
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e 180
= 03552 rad D= e —
Ui bErj = 9 - berj = 31_451_{*3}

Determinar angulo de atagque de la jabalina:

j = op+ Bj-1 — ¥j

. i
i = yp-——  1ad =0
o s oprj = 43824%

Determinar angulo de actitud:

150

Bi=#j+ 0y Bj= 0628 rad Ber i = Bj Ber j = 36 {D}

Determinar Coeficiente de resistencia (arrastre) para la jabalina
maodalidad femenino:

Caj = | 210" {ogr;)’ | + 242107 {ngrj)* + 0.077
Caj = 0.081

Determinar Coeficiente de sustentacion para la jabalina modalidad
femenino:

Csj = 2107 *{ogrj+3) +235.107 *ogr j + 3% + 1.107 . (;gr + 5)
Cs; = 0.028

Determinar magnitud de la velocidad relativa entre la jabalina y el aire
entre dos posiciones:

1|l.'ri'j = J{‘vrj_l- E-i.ﬂ{ﬁj_l}}l + {vj_l -ms{ﬁj_l} - \'ra}l 1|l.'ri'j = 31.54?—

™
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Determinar Fuerza de resistencia (fuerza de arrastre o drag force) del aire n
entre dos posiciones:

1 ,
Raj = 5 CajSs-sinfog) - (Ve N Raj=0228 N

Determinar Componentes de la fuerza de resistenciadel aireenx ey
entre dos posiciones:
Math (&

Rax; = Rajcos(9;) Ray; = Raysin(ty) B A

Raxj = (0.194 N xr= I% {f_
Rayj= 0118 N il cf

Determinar Fuerza de sustentacion:

1 ,
Rs; = i.f:sj.ss.ms{mj}.-.f.qﬂwj}i N Rsj = 1.037 N

Componentes de la fuerza de sustentacion (lift force)enx ey
entre dos posiciones:

Rsyj = Rspsin(g;)]  Rsyj = Rsjcos(pj) Rsyj = 0344 N
Rsyj= 0.883 N
Determinar aceleracion, velocidad y posicion del centro de masa:

Determinar Aceleracion en x

Rﬂﬁj +E_'=-Kj

afj -
. il

Determinar Aceleracion en y

Rayj+ mg—Rsy; =

ayj =

[l
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Declararintervalo de tiempo aevaluar:

At=01 =
Dete minar Welocid ad en x

Vi = Vi_1-cos{6;_1)— ax;- At
j i-1 5{ i 1} 1 Vxj = 23.973
DeterminarVelocidad en y:

Determminar Recorndoen x:
Xj = Ej-1 +‘u’j_1-ms{ﬁj_1}-ﬁt— %axj-ﬁtl xj = 0802

Deteminarrecorndoen y (altura del c.m. de la jabalina con respecto
3l oalnls

0 e e

: 1 2
¥ = ¥j-1 +vj—1'5m{ﬁj—l}"ﬂ't_ Eﬂb’j'ﬂt ¥ = 341

Deteminar Coordenad as de la punta de la jabalina:

Xpj = X+ h-ms{ﬁj} YPj = ¥jt b E-i.ﬂ{ﬁj} xpj= 1782 m

) . ) vpj=4036 m
Dvete minar Modulo de la Velocid ad Absoluta:

Vi = o (Ve + (V) vi=28631 =
=

Determinarangulo tangente a la traye ctoria que define la direccion
+de la velocidad absoluta de la jabalina:

Berj = 33.143
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(3] Javelin-F para capturas folla/=s
pa

Se repiten los calculos para j=1..n
+

PRESENTACION DE LOS RESULTADOS

t=1,11.10
0 0 0 Q
25135 25| 57.98 25|15.221 25| -10.64
26|36 26| 60.285 26| 14543 2612816
27| 3.7 27| 62.549 27|13.774 27114953
28|38 28| 64.895 281 12.911 2B8117.044
29139 29 67.2 29 11.8957 29+19.087
30] 4 30| 69.507 301 1091 30421075
3141 31| 71.814 31| 9.771 31F23.007
t=|32|42 Xp = [32|74122| YP = |32| 8539 ﬁE[ = 132| -24.88
33143 33| 76.434 33| 7.215 33126.691
34|44 34| 78747 34| 5797 34128441
35145 35| 81.062 35| 4.287 35130127
36|46 36| 83.38 36| 2.684 36131.751
ar 4.7 3785701 37| 04887 37+33.213
28148 I:> 28] 88.025 28| -0.802 38+34.813
39149 39]90.352 39| -2.686 39436253
401 5 401 92 683 40| -4.662 40 37,633

El valor de xp correspondiente a yp=0 coincidira con el alcance
maximo del implemento. En este caso estara entre 85,70 y 88,02 m,
lo cual se precisa en el grafico de la trayectoria. D

L

<
&
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Grafico de |la trayectoria de la punta del
implemento:

LR

— _!;' § ]
.t_u_‘I | | | -
1235 ' 1 - . ) .
-138 + : . ! |
Pl i B [ 1 [ ]] | [
0 3 10 13 20 23 30 33 40 45 50 35 60 63 70 73 80 35 90 95 100
0 xp,2 100

Detalle de la zona de contacto de la punta
del implemento con el suelo.
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Otros resultados;
Angulo de actitud, (°)

Velocidades absoluta V' y relativa \r (respecto al aire), mis
50

40

=

10 20 30 40 50 &0 0 ] %0
® 90
Fuerzas de arrastre y sustentacion, M

"""""=h...._,__ e

] 3

:\’
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