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-« > ABSTRACT ‘

Tﬁe purpose of this study was to 1nvestigatg the
relationship between kinemafic and kinetic parameters of the pole
yault'event determined from biomechanics cinematography précedures
and direct meashrg?ents of horizontal and vertical force
components in the vaulting box. Cinematographic records of a side
view of the performance and simultaneous analog force data were
obtained from two phase-locked Photosonics 1PL cameras. The data
films were analyzed tq yield kinematic data, the translational,
rotatioﬁal and gravitational potential energy, angular and lihear ‘
momentum, and horizontal as well as vertical forces thrnghout
the vault. The force-time data Qas numerically integrated. The
impulses were compared to the changes in momentum obtained through

‘Biomechaqics cinematography procedures. The results indicate good
agreement between the data compute: from the cinematographic
record of the vaulting performance and the coécomitant forces and

impulses measured in the vaufting box.
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CHAPTER 1

-
STATEMENT OF THE PROBLEM

Introductton

Experimental biomechanics research of the pole vault event,
has, in the past, relied primarily on biomechanics cinematography
analysis. Although potential problems associated with this method
were recognized, reliability of the derived data was largely
assumed. To date only Dﬁ? study reported direct force and impulse
measurements from the vaulting box (Barlow, 1973). However, only
designated phases of the vault were involved. No comparison of
results obtained from biomechanics cinematography with simultaneous
direct force measurements throughout the vault have been made. The
present study was undertaken to compare data derived from biomechanics
cinematography to criterion data obtained from piezoelectric force
transducers.

Purpose

The purpose of the present study was to compare data-
derived from a two dimensional cinematographical analysis of the pole
vault event to direct measurements of the horizontal and vertical
force components acting on the tip of the pole throughout the vaul%_

Furthermore, selected variables contributing to the overall



performance were computed and interpreted.
Limitations

)
The results of the study were presented and interpreted

in 1ight of the following limitations: ’

(1) The limitations inherent to cinematographic data
collection and analysis, more épecifi§a11y the possibility
of perspective errors, film graininess and distortions
through the optical elements of the recording and/or
projection devices. The location of proximal and disfa?
end points of temporarily hidden segments had to be
c&reful]y estimated.

s (2) No correction was attempted for 'out ¢f the plane' motion
&nd fotation about any other but the transverse axis
through the sagittal plane.

(3) Use of the force summing device embedded into the pole
vaulting box and the laminated f?am inégrt designed to
guide the pole tip to the exact measuring area altered
the shape of the vaulting box and could have caused a
1;ading error.

(4) The sampling frequency of‘100 frames per second for the

force data did not allow accurate determination of the
duration of the striking impulse.

(5) The force transducers were designed to measure transient
phenomena. However only static and quasistatic calibration
were performed. The assumption was made that the

calibration would apply to dynamic phenomena.



)

(2)

Delimitations

The present study was delimitdd in ﬁhe following ways:
Data were collected on a single vault afreﬁe subject, -
a nationally ranked pole vaulter with a personal best of
5.50m.

A two dimensional analysis based on a cinematographical

record of movements in the sagittal plane was perfbrmed.

Force measurements were taken in the horizontal and
vertical directions.

Omly parameters listed under "Methbdds and Procedures"
were considered.

A sampling rate of 20 frames per second for the analysis

of the film showing the vaulting performance was chosen.

Definition of Terms

Adjusted predicted height (H, ). TheWaicted vertical

rise of the center of mass based on the initial and final kinetic

energy of the vaulter,

Bendix Pié;gpi The proper name of the digitizing board

employed in the present study.

the pole.

Chord. An imaginary line through the tip and the end of

Chordlength. A measure of the deflection or amount of

bending of the pole calculated from the distance of the tip of the

pole to the end of the pole.



CM. The center of mass of the body or body segment.

Copversion factor. A dimensionless number converting the
-

projectearimage size to real life size measure. .

¥
High Point (HP). The time or position at which the center

of mass reached its maximum elevation with respect to ground level.
Impact. The time instant at which the tip of the pole
contacts the vaulting box.

Maximum Pole Bend (MPB). The time instant at which the

‘measured chordlength reaches a minimum for a particular vault. __

Measured impulse. Impulse obtained from numerical

integration of force-time data recorded in the vaulting box.

Peak Vertical Extension Force (PVEF). The maximum

vertical force acting on the tip of the pole recorded during the

-

Phase-lock. A special electronics circuit ensuring frame

-~
by frame synchronization of several cameras.

Pole release. The time or position the vaulter releases
the pole.
Pole Straight (PS). The instant or position when the pole

is straight.

CM based on the initial energy of the system at impact as

calculated from biomechanics cinematography data. -

.f%w Predicted impulse. An 1{§u1se value obtafned from changes

of momentum as medSured through biémechaniés cinematography procedures.

Push-off angle. The angle with respect to the horizontal

of a line through the CM and the vaulter's top hand at the instant
[}



S

when the pole is released. ’

Striking force. The magnitude and direction of the force

recorded when the pole first contacts the force summing device,

Striking 1mpufse. The area under the quceftime curve

for the duration of the initial force peak at impact.
t(s!. A specified time based on the occurrence of impact

at t = 0.0 s.

wm
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CHAPTER 11

REVIEN -OF LITERATURE

coaching and research oriented publications. However, comparatively
few articles attempt a biomechanical analysis of the event and even
fewer report quantitative data. From a methodological point of view

three approaches are seen as being prevalent:

1. Investigators trying to isolate independent variables and
estimaté their empiric-statistic-performance relevance baéed on a
criterion such as the maximum vertical disp]acemen% of the vaulter's
center of mass. Primary kinematic data are usually obtained from a cine-
matographical analysis of the event.

WOZNIK (et ai)(iéao) presented a non-deterministic model de-
signed to ideﬁ;ify variables with a statistically significant influence
on the dependent variable (performance criterion). A similar approach
was chosen by STEBEN (1970) who used multiple regression techniques to
determine the influence of selected variables such as: run-up velocity
and take-off velocity on.the performance. HAia(TQS?) analyzed factors
that do influence the pole bend. Angle of take-off, horizontal take-
off velocity aigstQ§ ﬁcrizanta] distance between the top hand and the

take-off fgot were ttatistically significant.
\ .

5



2. Several researchers have reported kinematic and/or kinetic data.
DILLMAN (et ;])(1968) determined relative changes in kinettc and potential
energies occurring during the vault. A nine segment model was used to

compute the vaulter's center of mass. Kinetic energy was estimated from:

T= % " (sz * vyz) A

where m equals the mass of the vaulter and Vé. Vy are the horii?ntaI and
vertical velocities of the center of mass, respectively. The authors iden-
tified the efficient use of initially available energy as being crucial.
Predicted height (the height the vaulter would attain if the initial
kinetic energy was transformed completely into potential energy) and
adjusted predicted ﬁeight {the predicted vertical displacement after
subtracting the final from the initial kinetic enerqgy), in comparison to
each other, and the éctua]-maximum height of the center of mass pr@vided\\
a valuable tool to estimate the vaulter's ability to effective1y'use the
available energy. HAY (1968) presented a "preliminary analysis of mecha-
nical energy changes" throughout the vault. Translational and rotational
kinetic energy as well as gravitational pateniiai'enérgy were computed
for two vaults. Jranslational kinetic energy was calculated from mean

linear CM velocities. Rotational kinetic energy was estimated by summing

the contributions of fourteen body segments:

Teg) * (5 1 &%) -

where I represents the moment of inertia of the segmental center of mass

about the\body CM and w is the corresponding angular velocity. Results

~J



-
were discussed and presented in graphical form. HAY suggested that a
large rotational kinetic energy in the early swing phases of the vault
and a large translational kinetic energy in the pole uncoiling phase
produce better results provided that the ratio between kinetic and po- :
tential energy at bar clearance is favourable. Based on the available
Titerature the most comprehensive experimental study of the fibreglass
pole vault was performed by BARLOW (1973). BARLOW analyzed selected
kinematic and k%netic parameters using cigematography, a force plate
under the take-off area and a strain gage instrumented vaulting box.
Indiv%dua? and statistically treated data for performance oriented groups
and the total sample were reported. A brief summary of BARLOW's main
findings was published (BARLOW, 19783.
3. Several authors discuss mechanical factors influencing the
pole vault performancégpr selected phases thereof. These publications,
in general, do not present quantitative data but are concerned with theo-
retical discussions of mechanically sound approaches to the analysis
of the event.
BERGEMANN (1979) discussed mechanical factors of relevance
to the pole vault performance with respect to the traditional phases,
Hang-Swi%g, Swing-Tuck, Extension, Pull-up and Push-o f,AHALKER (et al)
(1973) and VERNON (1974) attempted to computer-model the pole vault
in order to isolate the influence of selected independent on the depen-
dent variable (performance). VERNON's model was used to derive charts
and equations desiéned to help the vaulter select the appropriate pole
for his size and speed. Furthermore, an estimate of the potential per-
formance, assuming perfect execution of the vault and the use of the

proper pole, was obtained. STEPP (1977) presented an equation for the



'energy budget of the pole vault' considering the following terms:

initial potential énEfgy;

kinetic energy of translation at take-off,

potential energy added by the take-off écticﬁ,

energy dissipated through intermal friction,

energy added due to the work done by the vaulter,

final kinetic energy at the peak of the vault.



e CHAPTER 1II1

METHOD AND PROCEDURES

\

Thévprimary purpose of the present study was to determine the
validity of B:Bmechanics Cinematography data collection and analysis
procedures. Valijation was sought because cinematography is a non-invasive
technique widely used as a source of data in situations where measure-
ments that do influence the athlete or his environment cannot be obtained.
This typically includes éampetitive situatiansc

The VETidatiDn\Df cinematographic précedures required a
criterion measure to provide a basis for the comparison of results. In
the present study direct force measurements in the vaulting box were
performed. The vaulting box is the only surface providing ground re-
action force to the pole and the vaulter after take-off.

The éiperimentai and analytical methods and procedures em-
ployed in the present study are described and discussed under the
f611owing headings: (1) Data Collection; (1.1) Cinematographic Pro-
cedures; (1.2) Force Measurements; (2) Analytical Procedures; (2.1)
Subject Film Analysis; (2.2) Force Data Analysis; (2.3) Comparison of
Cinematographic Data to Direct Force Measurements: and (3) Heésureaent

. Error. .
&

10
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Data Collection

Cinematographic and force data were collected at Point Loma
College, San Diego, California. The outdoor facility was equipped with
a tartan runup and standard vaulting box and landing pits. The subject,
a United States Olympic team member (1980) with a personal best of 5.5 m,
was 22 years old, weighed 820 N and was ?iaé m tall. A Skypole 16-175-B
Flex 7.1 was used for the analysed vau]ti

The vaulter was given a sufficient number of trials for warm-
up and to familiarize himself with the experimental procedure and the
modified vaulting box. No markings or any restrictive equipment were

placed on the vaulter. ' .

Cinematographic Procedures

Two Photo-Sonics 1PL pin registered and phase-locked 16 mm
cameras were used for the cinematographic data collection (Fiéure 1).
Camera one recorded the side view of the entire performance. It was set
40 m from and perpendicular to the ptane of motion. The optical axis
intersected the plane 2.5 m from the/ end of the vaulting box c]osestrta
the pit. The camera was levelled 2.0m ahove ground level.

The frame rate of 100 frames per second and a shutter angle
of 15° produced an exposure time of 1/2;65“;:%?ﬁéxAngenieux 12 - 120
zoom lens was set at 35 mm whizh gave a field of vféw encompassing the
penultimate runup stride and the entire vault. A 3.0 m segment of the.
uprights was used as a reference for the conversion of image to 1ife

size coordinates.
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Camera #1 recorded the analog force transducer output dis-
played on a Tektronix 465 oscilloscope. The exposure time was 1/2400 s
(15° at 100 frames per second), the oscilloscope - camera distance was
1.5 m.

Cameras #1 and #2 were connected through a phase-l1gck system
that ensured frame by frame synchronization. Furthermore, one timing
light generator produced 1ight marks on the edges of both films. These
marks were used for precise frame rate determination and event matching.
The flash frequency was set at 10 Hz and switched to 100 Hz for 0.1
second after the cameras had reached operating speed. This procedure
allowed the determination of a common frame for each camera and perfor-
mance. Both cameras used Ektachrome 7239 colour film rated at 160 ASA.

Light measurements were taken with a Pentax 1D-Spﬂtmeter V.

Force Measurements

Horizontal and vertical force components in the vaulting box
were measured throughout the vault using two PCB 208A04 piezoelectric
force transducers. Compressive stresses on the quartz element produced
a.positive output voltage, A V, directly proportional to the input
measurand. Built-in miniatg{e amplifiers yielded low 1mpedan¢e.'high
level output (Figure 2). The transducers were driven by two PCB 480A
DC power supplies through shielded coaxial cables (Figures 2 and 3).

The sensitivity of the transducer measuring the horizontal force com-
ponent was given by the manufacturer as 1.1758 mV/N. The corresponding
value for the vertical force transducer was 1.2455 mV/N. A special force

sumuing device that fit into a standard pole vaulting box was designed
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and machined to the mounting specifications of the transducer manu-
facturer (Figure 4).

The analog force signal was fed directly into a Tektronix 465
oscilloscope operating in X-Y display mode. Scope sensitivity was set
at 0.5 volts per division For the force measurements throughout the
vault, the force summing device was secured into the vaulting box. A
high density foam insert was shaped_and laminated to guide the pole tip

to the exact measuring area.

Analytical Procedures

The data films were edited and matched such that frame X in
tgg subject film corresponded to frame X in the oscilloscope film. The
“s}mage was projected onto a Bendix Platen using a TRIAD VR/100 pin
registered film analyser. The Bendix Platen was interfaced to a HP9825B
desk top computer via a HP§§54A digitizer. The primary accuracy of this
system as reported by the manufacturer a1iowed determination of carigh |
tesian coordinates accurate to 0.036 cm. The projected image was aligned
with the internal axis of the Bendix Platen.

The precise frame rate was determined using the light marks
produced by the timing 1ight generator on the edge of the films at .
0.1 second intervals. Both cameras operated at precisely 100 frames per

second in phase-lock mode.

Subject Film Analysis

A 3.0 m section of the uprights was used to compute the



LEGEND: \

y

A1l measures are given in inches and degrees.
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V9 : These surfaces are flat to within 0.001 TIR 125 uinch surface finish. ,

X : PCB 208A04 piezoelectric force transducers.

FIGURE 4



correction factor f#cted image size to real life size. The en-

tire performance from the penultimate stride to post bar clearance was
digitized at five frame intervals. Each frame required input of the pro-
ximal and distal X and Y coordinates for the following body segments:
head artd neck, trunk, as well as right and left upper arm, lower arm,
hand. thigh, leg and foot. In addition five pointg along the pole (end
of the pole, top hand, bottom hand, mid-pole and box) and tﬁe location
of the cross‘bar were digitized. The data digitizing and storage pro-
gram was set to store all raw 'data points on magnetic tape for subse-
quent analysis.
Massachusetts Institute of Technology 'Humanscale' data

(Figure 5)(Table I) for the location of the segmental CM relative to the
proximal end point and the percent mass of the segment were used to
compute the segmental and total CM (Diffrient. 1974). Moments of Inertia
for thé'segments about a transverse axis through their CM were taken
from Dapena (1978)(Table II).

| Analysis of\the subject film entailed quantification of the
following parameters: i___-i\‘\“-_‘\\\‘\
(1) Horizental, vertical and linear velocities (m/s) of the segmental

&nd body CM's between frames x and x+]

; V(g - X024 (0 - 10D (0)
At

where:

' a = average velocity of a point between adjacent frames;
X,Y = cartesian coordinates of a point in frames x and x+1;
C = conversion factor converting displacenent:to life

size units,

18
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TABLE 1
MIT HUMANSCALE: RELATIVE MASSES OF THE BODY SEGMENTS
— .

’ 1,

Head | 7.1
Neck s ' 2.5
Trunk ‘ 45.8
Upper Amms . | 6.6
Forearms - . ' 3.8
Hands o | 1.3
Thighs o ,' 21.0
Legs v . 90
Feet o 2.9
. , —
100 %

7
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TABLE 11
MOMENTS OF INERTIA ABOUT THE TRANSVERSE AXIS
THROUGH THE  SEGMENTAL CM

(Dapena, 1978)

Segment I (kg mz) ‘
“Head B 0.0248

Upper Arm 0.0213
\Foreafm 0.0076

Hand 0.0005

Trunk 1.3080
. Thigh - 0.1052 °

 __
Lower Leg 0.0505
Foot 0.0038 9
: '

el



(2) Horizontal, vertical and 1inear momentum (Ns) of the vaulter

M= (my) Viy

where:

M = momentum;

™

vb"
(3) Angular displacement (rad) and velocity (rad/s) of each segment

(M™Y.
tan T:EGFETE

At

where: .
P = angular velocity of segment {; (iisg

m .M, = slope of the line through proximal and distal joint

mass of the Vaulter;

velocity of the center of mass.

“1

centers of segment 1 in frames x and x+1 obtained
from:

. .(Px - DM)

(P, - D)

where:

m = slope of the line through proximal and distai segmen-
tal endpoints;

Py;Dy.Px.Dx are the proximal and distal x and y coordinates of

: ' the segment.

(8) Translational kinetic energy (Joule) of the vaulter

T f '
A h w2,y 2
T”)ihh%Hni*n”]

o
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= translational kinetic erfergy;

—
w—
—
o

W

mass of the ith segment; .

m
V,.» V, are the horizontal and vertical velocities of the
1 i .

segmental CM between frames x and x+1.

(5) Rotational kinetic energy (Joule)

T(,, = rotational kinetic energy;
N

moment of inertia of segment i about the transverse

ot
L]

axis -through the segmental CM;

E
o
W

angular velocity of segment i between frames x and x+1.
(6) The tota) kinetic energy of the vaultér (Joule)

14 . L
4 1 v 2.9 2.1, =2
[2‘"‘1 (v;i "'V_y,i )+ 1 “i]

. L
§:> i=1
- where:

T = total kinetic energy comprised of tramslational and

rotational components.

(7) Gravitational potenttal energy (Joule)

T(g) = ™ 9"

where:

T(g) = gravitational potential energy;
my = mass of the vaulter;

acceleration due to gravity;

= ¥« |
N "

height of the vaulter's CM above ground level.
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(8) Total angular momentum (Kg mz/s) of the vaulter _

SR PPN
= I I, w,*+m r.cuw
ORI T A T B 72 .
where:
N H} = average tStal angular momentum of the body between

frames x and x+1;
.I1 = moment of inertia of segment i about the transverse
axis througﬁ its CM;
. ' wy = average angular velocity of segment i between frames

x and x+1 about jits CM; ‘

m, = mass of the ith segment; : <
r = distance between the axis of rotation and the CM of
segment { between frames x and x+1;
ZH/A = average angular velocity of the CM of segment i about
C e the ax1§ of rotatior\.befween frames x and x+1.

I1 wy is the local angular momentum of segment 1, m1"51/A

is the transfer term'or‘remoté angular momentum about the axis

of rotation. .
The cinematographic raw data wg=2 smoothed using the finite

differences method, a local approximation technique providing formulae

to compute first and second derivatives of functions (Miller/Nelson, 1973).

Fufthenmore'a cubic spliqe function was employed. A third degree poly-

nomial was fitted through user de;;ned points. The curve was integrated

for eaé‘ interval (x1 - x::l). differentiated for each y = f (x) and

interpolated.



Force Data Analysis

=

The film obtained!frﬁm camera two was used as data source for
the forces acting on the tip of the pole in X and Y directions through-
out thejsault. The analysis program first aligned the oscilloscope grid
with the‘internaT X and Y axis of tHe digitizing board. A correction-
factor based on the projected image size was computed. The X,Y coordi-
nates of the input point representing the instantaneous X,Y force com-
ponents were digitized at one frame intervals and converted to force
values in Newtons adjusted for the different sensitivities of the trans-
ducers. Numerical putput and graphs of the horizontal, vertical and re-
sultant force were provided. Temporal and qﬁantitative data were taken
from the raw data which ue}e subsequently processed through the cubic
spline program. The following parameters were determined:

(1) Duration of application of horizontal and vertical forces (s);
(2) The time at which the maximum vertical extension force occurred (s);
(3) The Eeak horizontal force (N);

(4) The peak vertical extension force (N);

(5) The horizontal striking impulse was computed by assuming a triangular

%

peak over a period of 0.01 second;
(6) The horizontal and vertical impulses for the entire vault and speci-
fied phases thereof were obtained through numerical integration of

the force-time data:

_ tz
Impulse = s F (dt)
' t1 .

(7) Numerical and graphical output of the force-time history of the

entire performance was provided.

[
w



Comparison of Cinematographic Data to Direct Force Measurements

The comparison of data derived from biomechanics cinematography

p#gtedures to data obtained through bi-axial force measurements in the

vaulting box was performed using the following procedures:

(1) The total momen tum (Ns) of the vaulter, accounting for the rotational -

component was

where:
My
mo -
Yy =
my =
Ti/cH
“iscm ”

(2) The change in
AH(T) =
where:

M)

t1it2

computed as:

14

i

= total momentum;
= mass of the vaulter;

= average velocity of the CM between frames x and x+1;

mass of the ith segment;
average distance of the segmental CM to the body CH;V
angular velocity of the segmental CM about the body

CM between frames x and x+1.

E L
mﬁt@ was obtained from:

Moy, M

2 Y
change in momentum;
two distinct times 1imiting the interval over which

the change in momentum was computed.

(3).The difference between the impulse measured in the vaulting box and

the rgsu1§?hg

change in momentum was computed by subtracting the



change in momentum determined from the cinematographical analysis from

! the impulse obtained from the direct force measurements:

t2
E. = s/ F (dt) - Mivy =M
N 1 My, (M,
° where
Ea’ = absolute error of the changes in momentum as obtained

from biomechanics cinematography procedures with res-

pect to the criterion force measurements.

Measurement Error

“The magnitude and impact of random and systematic errors depend
upon the method and procedures employed in any specific study and the
parameters to be quantified and derived. In the following section poten-
tial sources of errors are identified, discussed and, in some cases, ope-
rationally defined. The actual absolute and relative errors incurred in

this study are reported in Chapter IV.

An assessment of the performance characteristics of the measure-

ment chain employed to record and digitize the horizontal and vertical
force comporfents in the vaulting ba; was made to estimate the error asso-
ciated with the criterion force measurementsuffhe PCB 208A04 piezoelec-
tric force transducers were calibrated by the manufacturer: linearity

was tested in a range from 0.0 to 4.5 kN and was reported to be better
than 1%. Hysteresis was less than 1%.

The operator precision in digitizing the analog force signal

was assessed from repeated measures. Each digital force value was ob-

27



tained by digitizing the analog force signal which was displayed as a
point on the oscilloscope. This point represented the magnituée and
direction of the resulting force vector. Each measurement had an abso- ‘
lute uncertainty caused by the size of the displayed point and/or its
positional change during the exposure time of the film. This uncertainty
was independent of the magnitu@e of the horizontal and vertical force
-components and was referred to as resolution limit of the force data

analysis.

The two basic sources of error inherent in cinematographical
analysis are time error and displacement error. Time error is caused
by inconsistent or incorrectly determined frame rates and results in
systematic or random errors when derivatives with respect to time are

computed from the displacement data. Displacement error is caused by

frames. Factors that aggravate displacement error include: poor film
quality, distortion through the optical elements of the camera and pro-
jection systems, incorrect determination of the conversion factor and
the fact that coordinates of temporarily obscured segments have to be
estimated based on the segment's location in adjacent frames. Further-
more, the anatomical input data for the location of the segmental CM's
with respect to the proximal endpoint, the percent body mass of each
segment and the data for moments of inertia of each segment about the
transverse axis through the segmental center of mass are derived from
statistical analysis and cadaver studies; they do not necessarily re-
flect the individual characteristics of the subject.

In the present study, operator error was operationally defined

as the researcher's ability to precisely determine the proximal and
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distal coordinates of any body segment. The precision of the researcher
was estimated from repeated digitization; of all input points from frames

#20 and #39 of the subject film. The average mean error was obtained from:

nfr — - . =
: 2, 4, 2
I [J(xl S X7 Xy - Xy ]
E = t 121 —_— ,,—‘L— ——— 1 e —
7 n
where:
Ep = average mean absolute error;
X} = mean measurement at time 1;
n = number of measurements;

in. Xzi are the first and second measurement taken at tiﬁe i.
The effect of the error in reproducing a number of single input points
on the computed location of the total body CM was stessed through com-
parison of the resulting X and Y coordinates of the center of mass.

The influence of smoothing the raw displacement data on the
subsequent computation of the first derivative was determined by inte-
grating smoothed velocity-time data and comparing th results to the

raw displacement data. The discrepancy was mathematically defined as:

t2 .

D= /s V (dt) - ds

tl

where:

D = discrepancy between the displacement obtained from
smoothed and integrated velocity-time curves and the
raw displacement data;

t2.

/ V(dt) = area under the smoothed velocity-time graph;

t1

ds = raw diSplacement data for the time interval t2 - til.



The data derived from the cinematographical analysis should
ideally match the criterion force and impulse measures obtained from the
force summing device in the vaulting box. The difference between the
measures, plus or minus the error of the criterion force data, was
defined as the total absolute or reTétive error of the cinematographic
analysis. The relative error was computed for each measurement based on
the criterion force (impulse) measure:

) I - AH(T) N
E = ————— 100

relative error;

— m
1] L]

impulse measured in the vaulting box;
= change in momentum as determined from biomechanfcs
cinematography.

The mean relative error was obtained from:

a3 = mean relative error;
n = number of measuremengg.

Similarly, the absolute error was defined as:

™
]
L}
—
1

M)

absolute err;r of the changes in momentum computed from

cinematographic data.

30



The mean absolute error was computed from:

\g

t(E )
t (| E
j=1 @
E, =

.
where

(3 = mean absolute error.

K}



CCHAPTER IV

RESULTS AND DISCUSSION
: s
The resu]ts‘oﬁiained from the present study are reported in
graphical and tabular form. A1l raw data are contained in the res;ec-
tive appendices. This chapter is subdivided into the following sections:
(1) Phase Structure of the Pole Vault; (2) Kinematic Parameters:
(3) Energy; (4) Force Measurements; (5) Angular Momentum; (6) Comparison
‘~‘\\nf/0ata Derived from Biomechanics Cinematography to the Criterion Direct

Force Measurements in the Vaulting Box; and (7) Measurement Error.

Phase Structure of the Pole Vault
The following phases of the performance were identified to
.provide an unambiguous temporal frame of reference, based on kinematic
and kinetic parameters, for the presentation and the discussion of the
results (Figure 6):

(1) f;gact (t=0.0s). The instant at which the pole makes contact with
the force summing divice in the vaulting box. A1l times and time
intervals are meaéurea from impact.

(2) Take-off (t=0.03s). The last visible foot contact with the gréund.
(3) Maximum Pole Bend (MPB) (t=0.55s). The time at which the pole reaches

~1ts maximum deflection as measured from a reduction in chord length.

32
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(4) Peak Vertical Extension Force (PVEF) (£i0@785)g The instant at uthhgsfs
the maximum vertical force component is measured during the pole |
uncoiling phase.

(5) Pole Straight (PS) (t=1.01s).The time at which the pole is fully
uncoiled.

(6) Pole Release (PR) (t=1.31s). The instant at which the last contact
between tﬁi pole and the vaulter is observed. Force application ceases. .

(7) Highgpaint:(HP) (t=1,4%s)g The time or position where the vaulter's

CM has reached its maximum height above ground level.

Kinematic Parameters

A graphical reprgsentation of the-ve1ccityst1me curves of the
CM for the horizontal velocity, ¥he vertical velocity and the 1inear
velocity is presented in Figure 7. The following majﬁ trends were ob-
served: The horizontal velocity reached a peak value of 8.02 m/s at the
end of the positively accelerating phase of the last stride. During
émartizatian and until take-off the linear veTaéity decreased to 6.8 m/s.
At the same time the vertical velocity increased, due to the active take-
phase was 23 m/sz_ After take-off the horizontal CM velocity decreased

at a rate of -8.9 m/sz. At maximum polg bend the horizontal acceleration

was -5 m/s2 and continued to decreaseAeaching values close to zero at
approximately G;EBISECDﬂng Throughout the remainder of the vault the
horfzontal velocity-varied from 1.7 m/s to 2.2 m/s (mean: 1.85 m/s).

The vertical vé?c:ity after take-off dropped to 1.7 m/s (t=0.33s). A%

t = 0.6 seconds, the vertical CM veTaciti éxceeé&d the horfzontal veiaa

&

ey

gl

T Tt I
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city: The center of mass moved at an angle greater than 45° to the hori-
zontal. The vertical CM velocity reached a peak of 3.8 m/s at the instant
when the pole was fully uncoiled (t=1.01s). After the pole was sfraight
and until the vaulter released the pole the average vertical acceleration
was determined as -7.5 n/sz. The vertical acceleration after the vaul-
ter broke contact with the pole was -8.6 m/sz! The error of the mean,
compared to the acceleration due to gravity, was 12.3%. The vertical ve-
locity at the instant when the pole was released was 1.74 m/s. The theo-

retical vertical displacemgnt after release obtained from:

2

(=4

<
]

| =<
|

]
w0

where:

Ay theoretical vertical displacement;

Vy = measured vertical velocity;

9

acceleration due to gravity

was 0.17 m. The measured vertical displacement in this phase was 0.115 m.
The difference between the theoretical and actual vertical displacement
was 0.015 m (8.8%). The linear velocity reached relative minima at

t . 0.58 seconds (3_3am/s) and t = 1.5 seconds (2.0 m/é) corresponding
to the maximum pole bend and the time when the CM reached the peak of its
flight curve. A relative maximum of 4.2 m/s was observed at the instant

when the pole was straigﬁtg

ENERGY

° &=
o

Translatfonal and rotatiopal kinetic energy as well as gravi-

tational potentfal energy and the total energy of the vaulter through-

[
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out the performance are plotted versus time in Figure 8. At impact the
kinetic energy of the system was 2444 J. Added to the initial gravita-
tional potential energy this yielded a total kinetic energy of 3419 J.
Assuming complete conversion to p@teétiai energy, the predicted vertical

rise of the center of mass was:

= predicted vertical CM displacement;

pu o4
L

?(K)i = initial kinetic energy;

T(g)1 = initial gravitational potential energy;

mg weight of the vaulter.

Accoupting for the final kinetic energy, defined as the amount of kinetic

Ho= KT TK)E T (@)1 | g g

ap -

H__ = adjusted predicted height;
_ T(K)F = final kinetic energy. o
The difference.between adjusted predicted height and predicted height
was 0.27 m. The difference between the actually achieved height of 4.66 m
and the adjusted predicted height was 0.78 m. This is a measure for the
net work done by the vaulter where the net work is defined as the total
work done by the vaulter minus the energy converted to non-usable forms.
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Hence:

x
]
-~
]

T, = 621 .

_where: -

W "= net work done by the vaulter;

—f
"

total final energy of the system;

T * = total initial energy of the system.

Conversely, the work done by the vaulter is equal to the energy equi-
valent of the difference between actually achieved height and the ad-

Justed predicted height

N s W-H_ =0.76m .

mg ap

where:

mg = weight of the vaulter; 7
H = actually achieved height of the center of mass.

The rotational kinetic enery calculated from the rotation of each seg-
ment about the transverse axis through its CM was found to have absolute

values varying between 2.0 and 32.0 J throughout the vault.

Force Measurements

The force summing device in the vaulting box in conjunction
with the display and recording devices allowed measurement of horizontal
and vertical force components throughout the vault at 0.01 second inter-
vals. Graphical representations of the horizontal force, the vertical
force and the resultant force are given in Figures 9,10 and N respec-
tively. The peak horizontal striking force, measured when the pole tip

made contact with the force plate, was 3734 N. The horizontal force
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varied in a range from 700 N to 900 N from t = 0.04 seconds to t = 0.29
seconds. A relative maximum was observed at t = 0.32 seconds followed
by a constant drop to 33 N at t = 0.6 seconds. After maximum pole bend
the horizontal force remained below 130 N. Application of force in the
horizontal direction ceased at t = 0.98 seconds, three onehundredths of
a second before the pole was straight at 89.5 degrees to the horizontal.
At impact the vertical force component was 2021 N. The recorded vertical
force varied between 160 and 350 N before reaching a first relative maxi-
mum of 762 N at t = 0.31 seconds. Between t = 0.37 and 0.49 seconds

the vertical force decreased to 200 to 350 N. A fast increase (t=0.62s)
was followed by a moderate rise to the peak vertical ‘extension force of
1322 N (t=0.78s). Over the interval t = 0.6 to 0.95 seconds the vertical
force recorded exceeded the body weight of the vaulter. After tﬁe pole
reached the initial unbent position and until the vaulter broke contact

with the pole the force reading fluctuated between 0.0 and 150 N.

Angular Momen tum

The angular momentum of the vaulter about the transverse axis
lhrough the center‘of mass is plotted versus time in Figure 12. TQQ}CDW-
ponents, namely moment of inertja and angular ve1oc1ty,are"graph1c;%1y |
represented in Figure 13. During the final stride prior to take-off,

2 were measured. After impact and un-

moments of inertia of 10 to 12 Kgm
ti1 t = 0.275 seéonds the moment of inertia increased to a maximum of
13.3 Kgmz. In the following phase o; the vau]t’the athlete decreased
the moment of 1qert1a in order to facilitate the transition from the

hang to the inverted hang position. The rock-back phase was completed,
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as indicated by the smallest moment of inertia value (3.5 Kgnz), 0.1
seconds after the pole was maximally bent. From this instant on, and un-
til after the pole was released (PR at t=1.31s), an increase in the
moment of inertia to 12.1 Kgmz. which was indicative of full body exten-
sion, was observed. -
The angular velocity (mCH) increased from values close to zero
radians per second to a rélative maximum of 5.3 rad/s between 0.475 and
0.575 seconds (MPB). During the pole uncoiling phase wey decreased, re-
versing to a clockwise rotation at t = 0.85 seconds. Following pole re-
lease, the angular veTaci%i about the vaulter's center of mass varied
between 3.0 and 4.4 rad/s (clockwise). The reversal of the direction of
rotation was caused by gravitj_ From the time when the pole was straight
until the vaulter released the pole the center of mass was not in line
with the axis of rotation (the top hand). This caused an early dropping
of the legs and resulted in a push-off angle of 127° to t;e vertical,
The total angular momentum, comprised of the transfer and lo§§1
terms, sheweg an increase to a maximum of 48 Kgmzjs_at t = 0.325 seconds
followed by é decrease to -25 Kgmzls at the instant when the pole was
straight. After pole release the angular momentum varied between -28 and

-38 Kgmzfs with a mean of 34 Kgmz/s and a standard deviation of 3.2.

46

Comparison of Cinematographic Data to Criterion Direct Force Measurements

In the following section the results of the comparison between
data derived from biamgchanics cinematography procedures and criterion
data obtained from direct force measurements in the vaulting box are

reported. Table III summarizes the values of the prediéted horizontal



TABLE

I .

COMPARISON OF HORIZONTAL IMPULSE AS COMPUTED FROM CR%IERiON FORCE

MEASUREMENTS AND BIOMECHANICS CINEMATOGRAPHY

TIME My IS E, E, I E, E,
(s) (Ns)  (Ns)  (Ns) % (Ns)  (Ns) %
0.05 60 68 8  -11.8 43  -17  39.5
0.10 120 12 -8 7.0 87 --33  37.9
0.15 151 158 7 -4.4 133 -18  13.5
0.20 229 205  -24 1.7 180  -49  %7.2
0.25 258 252 -6 2.4 227 -3 13.7
0.30 308  306° , -2 0.7 28l -27 9.6
0.35 350 357 7. -2.0 332  -18 5.4
0.40 37 394 23 5.8 369 -2 0.5
0.45 396 422 26 -6.2 397 1 -0.2
0.50 415 438 23 -5.3 413 -2 0.5
0.55 429 444 15 -3.4 419 210 2.4
0.60 414 446 32 -7.2 421 7 7
0.65 442 450 8 1.8 425 17 4.0
" 0.70 440 455 15 -3.3 430 -10 2.3
0.75 437 455 18 -4.0 430 -7 1.6
0.80 439 459 20 4.4 434 a5 1.5
0.85 \428 460 32 -7.0 435 7 -1.6
- . ‘¢ - - -
MEAN: 16.1 5.2 15.4 9.5
E, E, E, E.

LEGEND: Ea’Er

absolute and relative error of the cinematographic data;

= change in horizontal momentum from time t=0.0s to t

as determined from biomechanics cinematography;

horizontal impulse measured in the vaulting box;

Ih plus the estimated striking impulse of 24.5 Ns.



J

1mpulsés (AM(T)) and the'impu;ses derived from the force measurements

with and without coftsideration of the initial estimated horizontal
str1k1n§ impulse. When the hori;ontal striking impulse was omftted, the

mean absolute difference was 15.4 Ns with a range of -47 to +7 Ns. This
corresponded to an average relative error of 9.5%. Adding the estimated
horizontal striking impulse of 24.5 Ns yielded an average absolute
difference of 16.4 Ns ( -24 to +32 Ns ) ;this corresponded to an average
relative error of 5.2%, Negative values for the differences in Table III
indicate that the measufed impulse is smaller than the change in mcmEﬁi‘
tum computed through biomechanics cinematography procedures. Figure 14

s a graphigal representation of the comparison between predicted and
me;;ured impulses. Figure ls‘fllustrates the influence of the rotational
component of the total momentum on the predicted impulse. -

Consideration of the striking impulse results in an overall
smaller relative error of 5.4% as compared to 9.5%. However the mean ab-
solute error is slightly greater (16.1 as compared to™5.4 Ns). This
reflects the fact,that, in the case of the calculations cagsidering‘the
horizontatl striking impulse, the larger absolute differences are found |
in the last part of the considered time -interval.

Figures 16 and 17 represent the absolute and relative diffe-
rences between predicted and measured impulse values. The data suggest
that consideration of the striking impulse results in a better approxi-

‘mation for the time interval t = 0.0 to t = 0.3 seconds. Throughout the
remainder of the vault the measured impulse minus the estimated hori-
zontal striking impulse differed less from the predicted impulse.

This indfcates that the initial striking impulse was absorbed through

tnternal friction 0.3 seconds after the pole contacted the vaulting box.

%
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(Ih, I,+5 = horizontal impulse and impulse plus estimated striking impulse)
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Vertical impulse and predicted change in vertical momentum were

compared over the time interval when the vertical force measured exceeded

't = 1.0 seconds. Table Iy summarizes the results. The computed predicted
and measured impulses are plotted in‘Figure 18; a graphical representa-
tion of the relative and absolute differences is given in Figure 19.

The mean' absolute error of 12.1 Ns, with a range from -3 to +36 Ns, compares
favourably with the corresponding error of the predicted horizontal im-
pulse. However, the relative grror is cons{derab1y larger with a mean Qf
16.9% due to the smaller absolute values of the considered impulses.

*

Measurement Error

The static response of the vertical force transducer was tested
before, during and_after the éxper{ment by recording the weight of the
subject hanging on the pole. The measured force of 835 N,in thetﬁange 829-
838 N, was within 1% of the actual weight of the subject plus pole. The
determination of the impact force at t=0.0 seconds had an uncertainty
of 200 N or 4.7% Df the resultant force. This was caused by the large
magnitude (4.2 KN) and short duration (at < 0.2s) of the impact force
which caused movement of the analog display during the exposure time of
1/2400s. An 1%dicatign of the measurement accuracy of the horizontal
and vertical force components with respect to each other was obtained
from the féT]awing computations: At impact the angle of the pole with
respect to the horizontal, as determfned from cinematography, was 30°.
The simultaneously recorded horizontal and vertical fofﬂe components

fn the vaulting box were 3734 N and 2021 N respectively. The angle of



TABLE 1V
COMPARISON OF VERTICAL IMPULSE AS MEASURED WITH BIOMECHANICS
CINEMATOGRAPHY AND FORCE TRANSDUCER

“(sec) AmVy Iv : Ea EF

(Ns) (Ns) (Ns) %

0.65 13 | 10 -3 30.0
0.70 25 Y g 4.2
0.75 .35 43 8 -18.6
0.80 58 67 . 9 -13.4
0.85 80 89 9 -10.1
0.90 91 108 : 17 -15.7
0.95 . 80 N6 .36 -31.0

1.00 102 C;?

116 14 Cro-120

5

= change in vertical momentum from time t=0.6 seconds to t;

b
L]

* vertical impulse measured in the vaulting box;

absolute and relative errors respectively.

m

L]

™m
]
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COMPARISON OF THE CHANGE IN VERTICAL MOMENTUM OBTAINED FROM BIOMECHANICS

CINEMATOGRAPHY AND VERTICAL IMPULSE MEASURED IN THE VAULTING BOX (Iv)
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| FIGURE 19
ABSOLUTE AND RELATIVE DIFFERENCE BETWEEN FORCE PLATE MEASURED VERTICAL
IMPULSE AND CHANGE IN VERTICAL MOMENTUM OBTAINED FROM BIOMECHANICS
CINEMATOGRAPHY



the resultant force vector was thus 28.4° to the horizontal. The diffe-
rencekbetween the direction of the force vector and the long axis of

the pole was 1.6° (5.3%). Throughout the remainder of the vault the
maximum absolute error associated with the resolution limit, as assessed
from repeated measures, did not exceed 12.5 N. The relative error intro-
duced through the process of converting the analog signal to digital
values representing the measured instantaneous forces was a function of
the absolute magnitudé of the forces. The maximum relative error comprised
the measurement error of the transducer (fl%) and the error introduced
through the resolution limit of the force datd analysis. The maximum
relative erfor exceeded ;5% for forces smaller than 28 N and remained
within 123 for forces greater than 250 N.

The accuracy of the computed horizontal, vertical and linear
impulses depended on the magnitude of the absolute force value, the
accuracy of tﬁe tigipg light generator (t0.0l%) and the numerical inte-
gration.of the force-time data. The error factor for solutions, computed -
by the cubic spline program used to obtain the integral, was given as
t4 where t stands for the time interval ove; which the integration was
performed. In the present study this time interval was kept at 0.01
seconds for all force measurements. The error incurred when computing
the horizontal striking {mpulse was influenced by the uncertafnty of
fhe force measurements .at times t=0.0s and t=0.01s. Furthermore, the
sampling rate of 100 Hi was found to be insufficient to detenﬁ%ne the
precise time interval over,which the initial impact occurred. At impact
the horizontal forﬁe comppnent was 3734 N. The next sampled value

(t=0.01s) was 1170 N./Tﬁ? horizontal striking impulse was estimated -

by assuming a triangp+a?-peak on a rectangular bdase.
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"
For the analysis of the subject film the researcher's precision
was operationally defined as the ability to reproduce the coordinates
of proximal and distal segmental endpoints. A1l errors are reported in
life size units. Reproducability was checked during the actual analysis
by digitizing frames #20 and #39 two times. The maximum error was found
to be 12.3 cm. The mean error was: E; = 10.65 am. Since the procedure
to compute the total CM of the ﬁcdy teﬁaed to average and thereby re-
duce the effects of random error in the single digitized input point,
the X and Y coordinates of the centers of mass in the selected frames
were reproduced well within £1.0 cm (Table ¥). The effect of smoothing
the data through first differences and the cubic spline function was
assessed by integrating smootﬁed velocity-time curves and éamparing the
results to the raw displacement data of the center of mass. Over the
entire vault the difference was less than 1% (Table VI). For time inter-
vals of 0.2 seconds the maximum absolute error in the predicted hori-
zontal displacement was 5.0 cm; the maximum relative error was S-BZé
(Table VII). Théwgean éZsa1ute error was 1.4 cm, the mean relative error
was 4%,

- 5

Discussion

The main findings of the present study are discussed in two

- parts: the first part deals with the comparison between biomechanics
cinematography data and the criterion force (impulse) measurements in,
the vaulting box, in the second part selected parameters that are rele-
vant for the pole vaulting perfgvmange are discussed.

The present study is, to the researcher's knowledge, the first
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TABLE VYII
COMPARISON OF INTEGRATED HORIZONTAL VELQCITIéS
AND RAW DISPLACEMENT DATA OF THE CM
OVER 2 FRAME INTERVALS (m)

Frame sV, (dt) dx IV, (dt)-dx

! 0.77 0.98 -0.01

3 0.79 0.78 0.01

5 0.79 0.82 -0.03

7 1.08 1.03 0.05"
10 0.61 ™ 0.60 0.01
12 0.52 0.53 0.0
14. 0.46 0.43 0.03
16 0.37 0.35 0.02
18 0.29 0.30 -0.01
20 0.24 0.26 -0.02" ’
22 0.21 0.20 0.01
24 0.18 . 0.19 -0.01
26 0.20 0.19 0.0
28 0.18 0.17 0.01
30 0.17 0.17 0.00
32 0.18 0.17 0.01
34 0.18 0.19 -0.01
36 0.19 0.19 0.00
38 0.19 0.20 -0.01
40 0.20 0.19 0.01
42 L )

LEGEND: | i

f9x(dt) = {ntegrated, smoothed velocity-time data between frames
x and x+1;
ds = raw data displacement over the same time interval;

* + = maxfmum absolute (*) and relative (+) errors.



attempt to match data from two independent measurement systems to de-
termine the validity of biomechanics cinematography data collection and
analysis procedures through a comparison to direct force measurements
in the pole vaulting event. In light of the fact that the changes of
momentum of the pole vaulter throughout the vault must be derived
through a numbe% of error magnifying computations, the total absolute
and relative errors incurred in this study are acceptable to the re-
searcher. On the basis of the reported results and within the limitations
of this study it can be stated that cafeful adherence to the procedures
of biomechanics cinematography results in data that compare very well
to the criterion force (impulse) measurements. Highly developed data
acquisition and analysis instrumentaticn in biomechanics cinematography
enable the researcher to gather comprehensive and relevant data thr@uéh
a non-invasive method in competitive situations. However, biomechanics
cinematography procedures are susceptible to various errors which can

' }asiiy increase to unacceptable orders of magnitude when parameters are
derived through single or double differentiation of displaceﬁént data.
Therefore independent simultaneous measurements of relevant parameters
such as forces or accelerations are valuable as an outside criterion
to assess the accuracy of the cinematographic analysis.

The statgg 1imitations and delimitations of the present study
do not warrant the farmu]atiaﬁ of generalized statements about the pole
vaulting event on different levels of performance. The researcher
rather tries to peint%aut how relevant information may be extragted

‘from the presented data.

i

The initial kinetic energy at take-off, the efficient utili-

sation of the energy and the work done by the vaulter are important
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parameters for a successful vault., For the analysed vault the initial

3240 J measured in a competitive vault (5.5 m) of the same subject and
must be. considered as a partia1!explaﬁatian for the difference in the
achieved height. Dillman (1968) operationally defined two variables *
that are used as indicators for efficient energy utilisation. The 'pre-
dicted height' is the vertical rise of the center of -mass based on the
assumption that the kiﬁeticlehergy at take-off is completely converted
to potential energy. The 'adjusted predicted height' accounts for the
final kinetic energy at the instant when the vaulter has reached the
peak of his flight curve. Efficfent use of ‘;itia1]y available energy
thus means that the vaulter must keep the difference between the total
energy and the gravitational potential energy at the high point small.
"This is achieved by reducing the kinetié energy at this time to the
smallest possible value required for bar clearance. Data reported by
Diliman (1968) and the analysis of a world record performance by the
author (Gros, 1981) suggest that a horizontal velocity of approximately
1 m/s is sufficient for bar clearance. In the analysed vault the athlete
had a final kinetic energy of 220 J. This is equivalent to a 0.27 m
vertical displacement. The subject could gain 0.21 m in height through
more efficient energy utilisation. The net work done by the vaulter

can be estimated by subtracting the total initial kinetic energy from
the total final energy of the system. The net work done by the vaulter
in the specific vault under investigation was 621 J which is equiva-
lent to a vertical rise of the center of mass of 0.76 m. All three
parameters, the initial kinetic energy, the efficient energy utilisation

and the work done by the vaulter combined can be used to evaluate a



vault and detect factors that 1imit the perfemmance.
The angular momentum of the vau1te:ijz
and its components, namely moment of inertia and angular velocity, are
indicative of the vaulter's behaviour on the pﬁiai Changes in body
configuration such as extension or tuck as well as the result of those
movements become transparant. In the analysed vault the moment of inertia
versus time graph clearly shows the hang phase, the shortening of the
pendulum where the upper hand is considered to be the axis of rotation
and the body tuck or rock-back position. Since angular momentum data
has not been reported in the literature to date, a comparison to other
vaults is not possible. The subject of the present study does not reach
a fully inverted position which could be caused by a late or 1nsuffi§?ent
decrease of the moment of inertia, or too early leg extension into the

J position after rock-back. The center of mass is not directly in 1ipe

with the axis of rotation. Thus the legs and upper body drop which finds .

its ultimate expression in a very low push-off angle of 127 degrees. - .
Bergemann (1978) reported values of 132D, 165° and 164°. The subject
of the present study reached 145° in a competitive vault (5.5 m), 150°

was measured in a 5.7 m vault (Gros, 1981).

bout the center of mass ,fi?




CHAPTER ¥

SUMMARY AND RECOMMENDATIONS

The purpose of the present study was to investigate the
re]atignship between kinematit and kinetic parameters of t#e pole vault
EVEﬁtrdEtEHmiﬂEd from biomechanics cinematography procedures and direct
measurements of horizontal and vertical force components in the vaulting
box. Simultaneous cinematographic records of the movements of the vaulter
in the sagittal plane and the analog force signal from two piezoelectric
force transducers, integrated in the force summing device in the vaulting
box, were obtained. The film of the vaulting performance was used to
compute the horizontal, vertical and linear velocities of the vaulter's
center of mass, the translational, rotational kinetic and gravitational
potential energy and the linear and angular momentum throughout the vault
The horizontal, vertical and resultant forte components were numerically
integrated with respect to time. The resulting horizontal impulse was
compared to the change in momentum of the vaulter from the time of im-
pact to the time when the application of the horizontal force ceased.
The vertical impulse was compared to the change in vertical momentum .
over that time.interval, where t.rﬂiEcarded vertical force exceeded
the body weight of the athlete. 7 '

When the initial striking impulse was considered, the mean

difference between horizontal impulse predicted from biomechanics cine-

63
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matography and the horizontal impulse measured in the vaulting box was
16.1 Ns (5.2%). Omitting the horizontal striking impulse yielded an
absolute difference of 15.4 Ns (9.5%). The average deviation for the
predicted vertical impulse was 12.1 Ns (16.9%). Within the limitations
of the study it was concluded that the use of sophisticated biomechanics
cinematography data collection and analysis procedures is a viable and
accurate tool for the determination of the parameters discussed in the
present study. )
The following recommendations are made: -
(1) Acknowledging the potential sources of error inherent in cine-
matographic anal}sis it may be desirable to employ alternative
methods of data collection whenever feasible to check the accuracy
of the analysis and, in certain cases, to provide information that
cannot be obtained through biomechanics cinematography.
(2) Replication of the present study on a number of vaulters and vaults
would assess whether the methods and procedures employed are sus-
ceptible to variations in these parameters.

(3) The computational procedures used for the cinematographical

interpret these for coaches and athletes.



BIBLIOGRAPHY
[} ) . ’

65

¢
o
3
* .
- -
“
7/
’ . 3
’
~
v
’
L]
~
.

B e




Ariel, G. “The Contribution of the Pole to the Vault." Paper
presented at the International Sport Scientific Congress,
Munich, 1972.

Ballreich, R. "Eine Mechanische Betrachtung des Stébhachsprungs.
Die Lehre der Leichtathletik (1962), 41, pp. 995-98.

Barlow, D.A. Kinematic and Kinetic Eé;tars Involved in Pole
Vaulting.” Ph.D. Thesis, Indfana University, 19/3. )

Barlow, D.A. "Kinematic and Kinetic Factors Involved in Pole
Vaulting". Track and Field Quarterly Review 79 (1979)
1, pp. 19-21. B -

Bartholomew, S.K. A Mechanical Analysis of Selected Differentials
Between Maximal - and Submaximal - AbiTity PoTe Vaulters.
MS Thesis, Washington State University, 196/. T

Beckwith, Buck. Mechanical Measurements. Addison-Wesley, 1973.

Bergemann, B.W. "Contribution of Research to the Pole Vault'.
In: Scienge in Athletics, J. Terauds (Ed.), Academic
Publishers, Del Mar, California, 1978.

Bowers, W. "Review of Modern Pole Vaulting". Track Technique
39 (1970), pp. 1233-34.

Bush, J., Weiskopf, R. "The Pole Vault". The Athletic Journal
Vol. 59, #8 (1979), pp. 32-39 and 67-7T. —

Change, N.D. General Guide to ICP Instrumentation PCB
Piezotronfcs, Buffalo, New York. '

Cramer, John. "Fiberglass Pole Vaulting by the Champions”,
Part 1, Individual Differences. Scholastic Coach Vol. 38,
e #5 (1969), pp. 14-16 and 74-76. -

Cramer, John. "“Fiberglass Pole Vaulting by the Champions",
Part 2, Techniques. Scholastic Coach Vol 38, #6 (1969),
pp. 14-16 and 63-67. ] o

Dapena, Jesus. "A Method to Determine the Angular Momentum of a
Human Body about.Three Orthogonal Axes Passing Through' its
Center of Gravity". Journal of Biomechanics Vol. 11 (1978),
pp. 251-256. B -

Diffrient, N. et. al. Humanscale The MLT Press, Cambridge,
 Massachusetts, 1974, ,
Di11m§n, Charles J. Energy Transfgﬁmatigﬁsfﬂpringfthe Pole Vault
with a Fiberglass Pole.” M5c. Penn. State, 1960.




Dillman, J.D., Nelson, R.C. "The Mechanical Energy Transformations
of Pole Vaulting with a Fiberglass Pole". Journal of
Biomechanics Vol. 1 (1978), pp. 175-183. T

Ecker, Tom. "The Fiberglass Vault". The Athletic Journal
Vol. 45, #8 (1965), pp. 30-33. o o

Ecker, Tom. "No More Guessing in Fiberglass Vaulting“. The
Athletic Journal Vol. 45, #7 (1968), p. 36 and 81. =~

Ecker, Tom. "The 20-Foot Vault is Coming". The Athletic Journal
Vol. 51, #6 (1971), pp. 22-23, 60. o o

Elliott,” G.M. "Vaulting with Flexible Poles". Track Technique
#26 (1966), pp. 808-810. - -

Ganslen, Richard V. Mechanics of the Pole Vault. John Swift
and Co., St. LOUT‘ﬁ‘NO (19707,

Ganslen, R.V. "Evolution of Modern Vaulting". The AthTetic
Journal Vol. 51, #7 (1971), pp. 102-113 an 8.

General Utilities Routines, Hewlett Packard Part #09825-10001
Revision E. .

Greville; T.N.E. (Ed.)
Academic Press, N.Y.,

Gros, H.J. "Computerized Analysis of Two World Class Pgle Vault
Performances" Lab Report, Biomechanics Laboratory, The
University of Alberta, March 1981.

Hay, J.G. "Pole Vaulting: A Mechanical Analysis of Factors
Influencing Pole-Bend". The Research Quarterly Vol. 38, .
#1, pp. 34-40. -

Hay, J.G. "Mechanical Energy in Pole Vaulting". Track Technique,
#38 (1968), pn. 1047-51. o

Hay. J.G. "Moment of Inertia of the Human Body". Kinesiology .
IV, pp. 43-52.

Hay, James G, "Advantages of Fiberglass Poles". Traqﬁfﬁggpnique.
#24 (1966), pp. 756-57.

Hay. J.G., Wilson, B.D. "A Computational Technique to Determine
the Angular Displacement, Velocity and Momentum of a Human
Body". Paper presented at the 22nd Annual ACSM Meeting,
New Orleans, Louisiana, May, 1975. 1

Hoke, R.J. ‘"Development of Fiberglass Vaulting Technique".
Track Technlque #42 (1970), pp. 1344-45,

67

s



Hopper, B.J. "Rotation - A Vital Factor in Athletic Technique”.
Track Technique, #14 (1964), pp. 430-33.

Housden, F. "An Approach to Analysis of Fiberglass Pole Vaulting".
Track Technique, #13 (1963), pp. 398-99.

Jagodin, V., Maljutin, A. "Pole Vault Run-Up". Modern Athlete
and Coach, #14 (1976) 5.6, pp. 42-43. — A5
{

Jarver, J. ‘"Fiberglass Vaulting Mechanics". Track Technique, .
#47 (1972), pp. 1483-86. —

Jeitner, G. "Fiberglass Vaulting Technique". Track Technique,
#19 (1965), pp. 598-99.

Jeitner, G. "Pole Vault Technique". Track Technique, #28 (1967),
pp. 886-892. - '

Kaufmann, D.A. "A Biomechanical Block Diagram of the Pole Vault”.
Track Technique, #54 (1973), pp. 1732-34.

Keller, P. Biomechanische Untersuchungen im Stabhachsprung,
Diplomarbeit ETH Zurich, 1974,

Kruber/Lehnhartz. Der Stabhochsprung. Bartels and Wernitz,
(1972), 1 :

Letters Re: The Curved Vaulting Pole Track Technique, #59
(1975), pp. 1892-93.

Lindner, E. "Vaulting with the, Fiberglass Pole". Track Technique,
#23 (1966), pp. 716-19. ) S

Mansvetov, V. "Contemporary Technique in the Pole Vault".
Track and Field Quarterly Review 79 (1979) 1, p. 14.
Table of temporal parameters.

Moore, G. "Analysis of the Take-off in Fiberglass Vaulting".
In: Science in Athletics, Juris Terauds (Ed.), Academic
Publishers, Del Mar, California (1978), p. 111.

Moore, Neil E. "Variables in Pole Qaulting". Track and Field
Quarterly Review Vol. 79 (1979) 1. pp. 3-6.

Musgrove, D. "An Overview of the Fiberglass Pole". Modern Athlete

and Coach #16 (1978), pp. 37-38. -

~ N

Oakley, C.0. The Ca]culus. Barnes and Noble, New York, 1957.

Pikulsky, T. "Fiberglass Pole Vaulting". The Athletic Joprh§1,
#44 (1964), p. 16, 18, 92-93.

68



69

Ralston, Wilf. Mathematical Methods for Digital Computers, --Vol. II,
John Wiley and Sons, New York, (1967), pp. 156-158.

Roﬁfbough? J. "Approach Velocity in Pole Vaulting". Track Technique,
#52 (1973), pp. 1663-65. -

Simonyi, G. "Vertical Carry in Pole Vaulting". Track Technique,
#39 (1970), pp. 1235-37. o

Smith, A.J. "The Kinetic Energy of the Human Body". Journal of
Human Movement Studies, Vol. 1, #1 (1975) o

Steben, R.E. "A Cinematographic Study of Selective Factors in the
Pole Vault". The Research Quarterly, Vol. 41, #1, pp. 95-104.

Stepp, R.D. "An Orderly Approach to the Mechanics of the Pole
Vault". Modern Athlete and Coach, #15 (2), (1977), pp. 13-17.

- , - 7 7 7 | 7
Vernon, J.B. "Mathematical Estimation of an Athlete's Pole | : a
Vaulting Potential". Track and Field Quarterly, #74 (1974),
pp! 165‘76! ) —

Vernon, J.B. "Curved Vaulting Pole". Track and Field Quarterly,

#74 (1974), pp. 177-79.

Vernon, J.B. '"How To Make a Lrooked Vaulting Pole". Track
Technique, #67 (1977), fp. 2140-43.
u\‘ﬁ o , Ry
Walker, H.S., Kirmser, P.G. "Computer\ Modeling of Pole Vault".
Mechanics and Sports, Bluestein, N.L. (Ed.), ASME, New York,
(1973), p. 131.

Whitsett, Charles E. "Some Dynamic-Response Characteristics of
Weightless Man". AMRL Technical Documentary Report 63-38
Wright Patterson Air Force Base, Ohio, 1963.

Willimczik, A. Grundkurs Datenerhebung 1, Limpert, Frankfurt,

(1977), 1.

Wilson, B.D., Hay, J.G. "A Comparison of Three Methods for .
Determining the Angular Momentum of the Human Body". Paper
presented to the Vth ISB Congress, Jyvaskyla, Finland,

July, 1975.

Woznik, T., Geese, R. *“Modell zur Bestimmung biomechanischer
Einflussgroessen der Stabhochsprungleistung und zur
Schaetzung ihrer Einflusshoehe". Leistungssport 10 (1980),
4, pp. 315-327, ’ .



-

- ‘-ﬁ-"—nh! :

g

Ty
- : =
¥
B

I e T ot

¥



EL

APPENDIX A

KINEMATIC DATA

7



72

Abbreviations:
1T : Total time
dr :'Time intgrval between successive frames

XCM, YCM : : X and Y cprdinates of the center of mass

Dh, Dv, DL : Horizontal,\yerical and linear displacements (m)

Vh, Vv, VL : Horizontal, vertical and linear velocities (m/s)
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Finite Differences Data Smoothing

Abbreviations:

XCM, YCM
Vi, v2

Al, A2

: Total time (t=0.0s at impact)
. . i
: Time interval between successive frames
: X and Y coordinates of the center of mass

: Yelocities obtained from first and second finite

differences respectively

: Accelerations obtained from first and second finite

=
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DATA SMCCTHING USING lst and 2nd LIFFEFEN

HORIZONTAL YELOCITY OF Ct [TH J4 F6,9,12]

-FT
-0.45
‘=0.40
-0.35
-0.30
-0.25

-0.20

=0.15

-0.10

-0.05

aTt

XCM

4.48

4.79

5.08
5.36
5.61
5.84

2%

4.00
3.50
3.30
3.10
2.60
2.50

Al

L

0.00
0.00
-4.00

8.00

CES

EESE

5.72

~J
[+



2.20
2.00
2.00

1.90

1.80

1.90

1.7Q
1.90
1.90

-8.00

-4.00
4.00
-4.00
12.00
-12.00

-9.00
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DATA SMOOTHING USING lst and 2nd DIFFERENCES

VERTICAL VELOCITY CF CM [TH J4 F6,9,12]

\

ar

0.05

YCM

Al

4.00
~4.00
4.00
8.00

0.00

0.80

=0.40
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Smoothed, Interpolated and Tntegrated Center of Mass Velocities
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-0.43
-0.40
=-0.38
=0.35

=0.30
~0,28
-0.25
-0.23
=0.20
=0.18
-0.15

=0.10
-0.08
=0.05
-0.03
0.00
0.03
0.05
0.08
0.10
0.13
0.15
0.18
0.20
0.23
0.25
0.28
0.30
0.33
0.35
0.38
0.40

0.0250

1.625 =

7.7669E 00

Acceleration

-2.44
!2 - ,];7
-1.36
=0.01
1.87
3. 43
3.80
2.97
0.95
-1.43
=3.32
-4.73
=5.66
-6.32
=6.91
-7.43
=7.89
I -8.28
-8.61
-8.87
-9.05
=9.16
-9.19
-9.15
=9.04
-8.87
-8.63
-8.34
-8.02
-7.67
-7.29
-6.98
76.87
-6.95



}

Time

0.43
—0 .45
0.48
0.50
0.53
0.55
0.58
0.60
0.63
0.65
0.68
0.70
0.73
0.75
0.78
0.80
0.83
0.85
0.88
0.90
0.93
0.95
0.98
1.00
1.03
1.05
1.08
1.10
1.13
1.15
1.18
1.20
1.23
1.25
1.28
1.30
1.33
1.35
1.38
1.40
1.43
1.45
1.48
1.50
1.53
1.5%
1.58
1.60
1.63

Velocity

3.30
3.12
2.93
2.76
2.60
2.47
2.36

. 2.27
2.20

- 2.14
2.09
2.05
2.00
1.94
1.89
1.84

.80
1.78
1.78
1.79
1.80
1.81
1.82
1.82
1.80
1.76
1.72
1.69
1.70
1.75
1.82
1.88
1.90-
1.86
1.79
1.72
1.70
1.75
1.84
¥.93
2.00
2.01
1.98
1.94
1.90
1.89
1.91
1.95
2.00
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¥

Acceleration

-7.23
-7.41
-7.24
=6.71
-4.80
=3.92
=3.16
=2.52
-1.85
=1.85
=2.09
=2.29
-2.20
=1.81
-1.12
=0.39
0.14
0.46
0.58
0.48
0.15
-0.40
=1.18
=1.70
.=1.49
-0.54
1.14
2.59
2.81
1.82
-0.40
=2.46
=3.01
-2.04
0.45
2.96
3.99
31.54
1.61
-0.55
-1.68
=1.79
-0.89
0.35
1.24
1.77
1.94



, (
e e e e e e e
¢ OF INFUT POINTS: 21
USER DEFINELC STEFSIZE: €.0250
EPSILON: 1.00E-06
INTEGRAL -0.425 to 1.625 = 3.,4631E 00
* :x = Input X ’
< ::x < Input X < x+l
Time Velocity Acceleration
* -0.43 K 0.40 -14.44
. ’ =0.40 0.05 -13.23
-0.38 =0.24 . -9.61
~=0.35 -0.41 -3.57
* -0.33 ' -0.40 : T 4.87
' -0.30 ) :=0.18 o~ . 11.87
-0,.28 h ‘ 0.15.° : 13,55
L -0.25 0.45 " 9.90
* " =0,23 0.60 " 0.94
-0.20 »0.50 - =7.62
-0.18 0.27 -10.07
: -0.15 0.05 -6.42
* -0,13 . 0.0¢0 * 3.35
: ' =0.10 ; 0.23 14,08
=0.08 , 0.67 20.62
-0.05 : 1.22 22.96
-0.03 . 1.78 21.10
' T 0.0¢ 2.24 15.06
* B »~ 0.03 ) . 2.50 4.82
0.05 : 2.49 =5.11
. 0.08 ' 2,28 -10.21
0.10 2.02 -10.50
f* , 0.13 ‘ 1.80 -5.96
. 0.15 _ . 1.73 -0.31
0.18 1.76 ' 2.74
' ) 0.20 1.84 ' 3j.18
. 0.23 1.90 ~ 1.01
0.25 1.89 -1.72
. 0.28 : 1.83 -2.98
: 0.30 1.75 -2.77
» . ©0.33 : 1.70 -1.08
0.35 _ 1.70 ’ l.01
0.38 - — 1.75 - 2.44
0.40 1.82 3.2
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Time

0.43
0.45
0.48
0.50
0.53
0.55
0.58
0.60
0.63
0.65
0.68
0.70
0.73

0.75

0.78
0.80
0.83
0.65
0.88
0.90
0.93

0.95"

0.98
1.00
1.03
1.05
1.08

.1.10

1.13

-1.15

l.18
1.20
1.23
1.25
l1.28
1.30
1.33
1.35
l1.38
1.40
1.43
1.45
1.48
1.50
1.53
1.55
1.58
1.60
1.63

/

Velocity

1.90
1.98
2.06
2.13
2.20
2.27
2.34
2.42
2.50
2.59
2.69
2.79
2.90
3.02
3.13
3.23
3.30
3.34
3.38
3.42
3.50
3.62
3.75
3.83
3.80
3.64
3.38
3.08
2.80
2.59
2.43
2.31
2.20

- 2.08
1.93
1.74
1.50

Y1.19

0.85

. 0.51

0.20
-0.04
-0.22
-0.37
-0.50
-0.63
=0.75
~-0.88
~1.00

Acceleration

87

3.42
3.12
2.97
2.87
2.82
2.84
2.94°
3.13
3.40
3.71
4.01
4.29
4.57
4.63
4.28
3.51

. 2.33

1.40
1.39
2.29
4.12
5.33
4.42
1.38
-3.80
-8.86

11.93
-9.93
-7.21
-5.40
-4.49
-4.48
-5.23
-6.59
-8.56
11.14

-13.29

13.97
13.20
10.96
-8.36
-6.51
-5.39
-5.01
-5.00
-5.00
-5.00
-4.99



>

§ QF INPUT POINTS:
USER. DEFINED STEPSIZE:

EPSILON: 1,00E-06

INTEGRAL ~0.425 to

-
<

:x = Input X
:Xx € Input X < x+l

Time

-0.43
-0.40
-0. 38
-0.35
-0.33
=0.30
-0.28
=0.25
-0.23
-0.20
-0.18
-0.15
-0.13
i =0.10
- -0.08
‘ -0.05
-0.03
0.00
0.03
0.05
0.08
0.10
0.13
0.15
0.18
0%. 20
0.23
0.25
0.28
0.30
0.33
0.35
0.38
0.40

21

9.3077E 00

Velocity

7.81
7.75
7.70
7.68
7.71
7.79
7.89
71.98
8.02
8.00
7.91
7.81
7.70
7.61
7.54
7.47
7.37°
7.24
7.06
6.82
6.54
6.25
5.98
5.75
5.54
5.35
5.16
4.96
4.74
4.54
4.35
4.19
4.05
3.92

-2.5%
-2.28
=1.39
0.08
2.15.
3.80
4.06
12.91
0.36
=2.35
-3.96
=4.47
-3.688
=3.07
-2.88
-3.33
1-4.42
-6.13
-8.48
-10.58
-ll-ﬁE
~11.40
<10.10 .
-8.58
=7.71
=7.50
=7.96
-8.48
-8.50
-8.01
-7.01
-5.92
-5.16
=4.74



lotity Acceleration

3.81 -4.64
3.69 . -4.57
3.58 -4.21
3.48 -3.57
3.41 -2.64
3.35 -1.62
3.32 -0.69
3.32 0.14
3.33 : 0.88,
3.36 ' NS1
3.40 2.01
3.46 2.39
3.52 ~ . 2.64
3.59 2.70
3.66 , 2.52
3.1 . 2.10
3.76 ( 1.44
3.79 1.01
3.82 . 1.29
3.86 2.29
3.94 3.99
4.05 5.04
4.17 g 4.05
4.24 1.02
4.20 -4.04
4.04 -8.82
3.79 11.02
3.51 10.62
3.28 . =7.65
3.13 -4.23° -
3.05 -2.54
2.99 -2.57
2.91 -4.32
2.77 -6.34
2.60 -7.18
2.42 : -6.85
2.27 -5 .3
2.16 -3.52
2.09 -2.22
2.04 -1.45
2.91 ‘ -1.21
1.98 -1.09
1.96 . -0.66
1.95 0.08
1.96 1.12
2.01 2.17
2.07 2.91
. 2.15 _ 3.36
2.24 3.51
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Translational and Rotational Kinetic Enerqy for each Body Segment

Abbreviations:

HN ~_._ : Head and neck

T : Trunk

RUA, LUA : Right and left upper arm > = T

RLA,LLA : Right and left lower arm
RH,LH ,: Right and left hand

RT,LT . Right and left thigh

RLL ,»LLL ¢ Right and 'Iieft leg

RF,LF : Right and left foot

R . : Rotational kinetic energy
T : Translational kinetic energy .
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RAW DATA GRAVITATIONAL POTENT

Time g

tigh

.375

866 .
866 .
850.
856 .
880.7
~+900.
901.
937.
1037.
1136.1
1219.
‘1296,
1373.2
1450.
1518.7
1586.
1664 . C
1743.
1818.
1909.
2007.
2112.°

= - [ anel

N - e T Y = R = I T SR






t -OF INPUT POINTS: 28
USER DEFINEC STEPSIZE:
EPSILON: 1.0DE-06

INTEGRAL  '=0.375 tc

* :x = Input X 7
< :x < Input X < x+1

# = - Timéf-

* =0.38
; . -0.35%
[ =0.33
- -0.30

;EDbZE

-U.25

> -0.23
=-0.20

* -0.18
=0.15

« . -0.13

%! -Q;lﬂ
* - -0.08
: =0.05

- =0.03
. 0.00

* . 0.03
. *0.05

* ' 0.08
. 0.10

* 0.13
0.15

* g.1l8
0.20

* 0.23
0.25

* ' . 0.28
0.30
0.33
_ 0.35
* ' 0.38
. 0.40

0.43

0.45

1.675 =

2.2467E 03 -

Energy

2650.00 .
2650.10 : .
2682.50°

©2765.78 #

2863.66
2926.14
2903.20
2770.15
2603.50 : : i
2486.15 ,
2425.36 ' ‘
2409.46
2426.80
2460.67 -
2474.25 ’.
2425.65 ,
2273.00, - . .
2012.80 - -
1795.00
1742.31 . - .
1714.90 , ' L
1568.89 :
1406.70
1347.92
1334.60
1286.24 . )
1209.80 = : }
1129.83 . (
1053.95 - o,
98%.51 . i
927.90
883.00 )
846.83
813.92 -



Time

[G T, NV T, S
OV

3

N
@ W w

cccocccocococc
.

<

w o

0.75
0.78
0.80
0.83
¢.85
0.88
0.5¢C
0.93
0.95
U.96
1.00
1.03
1.05
1.08
1.10
1.13
1.15
1.18
1.20
l1.23
1.25
1.28
1.30
1.33
1.35
1.38
1.40
1.43
1.45
1.48
1.50
1.53
1.55
1.58
l1.60
1.63
1.65
l1.68

Energy

778.80
737.52
692.18
646.37
603.70
567.44
539.51
521.50
515.00
520.78
536.40
558,72
585.04
612.80
639.40
663.06
685.10
708.03
735.90
770.72
804.73
827.75

829.60.

803.21
754.00
690.48
620.98
553.79
497,20
457.13
430.01
409.91
390.90
36§,.50
344.07
320.43
300.40
285.41

271.30
- 254.05

235.66
219.64
209.50
208.37
217.84
239.08
273.30
320.31
374 .40



RCT. KIN. ENERCY [(TH J4 F6,9,12]
e e e e e
# CF INPUT POINTS: 41
USEF DEFINEL STEPSIZE: 0.0125
EPSILON: 1.00E-06 _
INTECRAL  -0.375 to  1.675 =  2.7466E Ol
:x = Input X
< :x < Input X < x+1
Time Energy
* 2 ~0.38 17.90
' =0. 36 14.99
=0.35 » 12.27
-C.34 i? 9.91
* A . -0.33 8.10 :
=0.31 7.07 .
-0.30 7.25
=U.29 9.14
* : =0.28 13.20
=-0. 26 ' 19.51
=0.25 : 26 .44
. =G.24 ) 31.95
* =0,23 34.00
-0.21 31.22
=0.20 24.96
_ -0.19 : 17.21
* -0.18 10.00
-0.16 4.94
~0.15 2.08
-0.14 : 1.09
-0.13 l.61
‘ , =0.11 © 3,30
;, : -0.10 5.83
-0.09 8.84
* - ~-0.08 ’ 12.00
-0.06 . 14.97
-0.05 e o~ -12.48
-0.04 : 19.25
* =0.03 20.00
-0.01 19.59
0.00 18.31
0.01 . 16.65
* : 0.03 15.00

0.04 13.73



Time

0.05
u.08
G.08
0.09
J.10
.11
"0.13
U.14
0.15
g.1l6
0g.18

0.19 °

0.20
0.21
0.23
0.24
0.25
0.26

- 0.28

J.29
0.30
u.3l
0.33
0.34
0.35
U.306
0.38
0.39
Uu.40
0.41
0.43
.44
0.45
*0.46
0.48
0.49
V.50
0,51
-0.53
0.54
0.55
0.56
0.58
.59
0.60C
0.61
0.63
0.64
0.65
0.66
0.68
0.69
0.70

Energy

12.91
12 .84
12.60
13.03
13.53
13.74
13.30
12.00

10.15

8.23
6.70
5.92
5.83
6.28
7.10
8.15
9.37

10,70

12.10

13.49

14.76

15.74

16.30

16.36

16.11

15.84

15.60

16.20

16.93

17.86

18.80

19.62

20.25

20.62

20.70

20.48

20.20

20.18

20.70

21.89

23.16

23.72

22.80

19.94

16.02

12.24
9,80
9.54

10.85

12.76

14.30

14.71

14.08

100



-
[y
8

0.71
.73
U.74
U.75
0.76

vu.78 °

G.79
0. 80
0.81
0.83
0.64
0.5
0.66
.88
0.69
U.90
0.91
U.93
0.94
0.95

0.98
0.59
1.0C
1.01
1.03
1.04
1.05
1.06
1.0€
1.09
1.1C
1.11
1.13
1.14
1.15
1.16
1.18
1.19
1.20
».21
1.23
1.24
1.25
1.26
1.28
1.29
1.30
1.31
1.33
1.34
1.35
1.36

0

Energy

12.74
11.00
9,21
7.82
7.32
8.20
16.71
14.13
17.51
19.90
20.61
20.06
18.93
17.90
17.48
17.41
17.2%
16.60
15.12
13.10
10.95
9.10
7.85
7.07
6.53
6€.C0
5.34
4.80
4.73
5.50
7.28
9.58
11.74
13.10
13.17
12.19
10.60
8.80
7.18
§.90
5.10
4.90
5.36
6.130
7.46
8.60
9.50
10.07
10.25
10.00
9,33
8.51
7.92

M e
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Time

1.3¢
1.39
1.4¢C
1.41
1.43
1.44
1.45
1.46
1.468
1.49
1.50
1.51
1.53
1.54
1.55
1.50
l1.58
1.59
l.ou
i.61
1.63
l.04
1.05
l.0b
l.6¢

Energy

7.90
8.71
i0.20
12.1¢
14.30
16.3%1
18.13
19.11
19.00
17.65
15.77
14.28
14.10
15.77
1. 36
20.54
21.00
l16.91
15.34
11.¢&5
106.00
lu.95
14,30
1¢.25
2.00

e
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=

Angular Momentum About the Top Hand and the Center of Mass (Raw Data)

Abgrgvigtiaﬂ§}

Loc - : Local angular momentum

Hh : : Angular momentum about the top hand

Wh ' | : Angular velocity about the top hand

Ih : Moment of inertia about the top hand

Hem » : Angular momentum about the center of mass
Wcm : Angular velocity about the center of mass

Icm : Moment of inertia about the center of mass
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Cubic_Spline Approximations

(Linear and Angular Momentum)
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S G - - - D - - ——— = . - o ——  — ——— - -

¢ OF INPUT POINTS: 28
USER DEFINED STEPSIZE: 0.0250
EPSILON: 1.00E-06

INTEGRAL -0.025 to 1.325 = 3.5171E 02

* :x = Input X
:x < Input X < x+1

N

Horizontal
Time Momentum
* -0.03 557.15
0.00 558.93
* ‘ 0.013 551.42
0.05 530.02
* 0.08 508.90
- ‘ 0.10 500.97
* 0.13 495 .43
0.15 479.49
* 0.18 . 456.21
0.20 432.81
* 0.23 417.20
) 0.25 412.18
* 0.28 399.40
_ 0.30 365.09
- ) 0.33 334.86
' 0.35 331.04
. 0.38 '323.58 ; .
0.40 285.84 . 7
. 0.43 257.25
0.45 273.42
. 0.48 288.58 :
0.50 \ 257.66 ) y
* 0.53 219.80 . -
: 0.55 218.18
L 0.58 227.95 -
. ' 0.60 ’ 217.54 r
* 0.63 196.56
, ' 0.65 181.38
. ‘ 0.68 174.20
0.70 172.71
* 0.73 170.66
: 0.75%. 163.33
. 0.78 15%6.16

- 0.80 154.55-



Time

0.83
0.85
0.88
0.90
0.93
0.95
0.98
1.00
1.03
1.05
1.08
1.10
1.13
1.15
1.18
1.20
1.23
1.25
1,28
1.30
1.33

Horizontal

Momentum

153.69
149.45
150.80
163.70
169.10
151.25
132.51
135.80
148.14
151.91
146.91
138.46
136.48
146.64
152.89
142.32
136.44
154 .63
173.46
167.26
144.31

=

\
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’ M
;;

-
___,_ﬁ_.__ﬁ____T-___E--_---_-_g______-‘________,__-__ﬁ__ii___,_;,
mvVy
# CF INPUT POINTS: 20
USERK DEFINEC STEPSIZE: 0.0250 .- )

EPSILON: 1.00E=-06 : A <
INTCGRAL 0.575 tc 1.525 = 1.9440E 02
* :x = Irput X .
< :x < Input X < x+l ' *
Vertical
Time - Momentum ,
* 0.58 194.28
0.60 200.90 ,
* 20.63 207.42 < = !
0.65 213.76
* 0.68 219.87 ‘
0.70 225.67 .
* 0.73 \ 2§§.31 :
: 0.75 23%.76
i 0.78 ‘ 244 .43
0.80 259.28
* 0.83 273.47
0.85 280.57 o ,
. 0.88 285.20 o
0.90 291.63 | - w
* 0.93 — 291.68
©0.95 o 280.48
* 0.98 278.73
- 1.00 %V/ 1303.11
* 1.03 ’ 3128.74
1.05 328.53
* 1.08 308.26
co 1.10 280:90 ’
" 1.13 255.25
: 1.15 237.0Q
. 1.18 223.61 .
1.20 . ‘ 210.99 -
* ' 1.23 197.20
o 1.28 158.62
1.30 132.74
* 1.33 121.22
: 1.35 : 134.25
* 1.38 0 132.89

1.40 84.27



Time

1.43
1.45
1.48
1.50
1.53

12

Vertical

Momentum
29.00
10.47

9.70
-0.70
=19.50



# CF INEUT ECIKTS: 43
CSER DCFIREL STCPSIZL: (.U100
LFSILCL: 1.00L-0Gvb

tc 1.725 = =-2.2823E 00

[V, ]

ILiLCGRAL =0.37

:x = Ingput X
< :x < Input X < x+1

B Angular
Time Momentum

6.87
4.01
1.33
-1.00C
-2.E0U
=2.39¢C
-4.20
=3.95
-3.49
-3.14 -
-3.23
-4.00 A
=5.23
=6.64
-7.91
-8.74
58;90 )
-6.51
=7.75
-6.80
-5.87
=5.09
-4.47
-3.95
=3.49
o -2.24 '
-2.13 N
;i!2-39 : V
' =3.16
-6.21
-7.99




114

Angular

Time Momentum
-L.04 -9.54

-0.C3 -10.58
-0.02 o -10.86
-u.01 -10.130

Jaul . -8.34

\J@U; ! iﬁ-‘s

(.03 ' , -3.08

U.Ug 1.24

U.u5 . 6.16

0.06 11.24

u.07 16.07 ;
0.08 , 20.21 -
.10 25.63

0.11 27.32

u.l2 28.67

G.13 29.95

V.14 ' 31.37

U.l5 32.91

U.lo 34 .54

.17 36.19

U.lb 37.80

vu.l9 39.133

O.2U 40.73

g.21 41.98

U.22 43.04

D.ZB 43-87 ) .
0.z24 \ : 44.46

Lu.25 44.87

U.26 ; 45.16

0.27 : 45.39

0.28 45.64

v.29 45.96 '
.30 46.33

.31 . 46.74

V.32 47.16

0.33 47.57 .

U.34 47.92 S

0.35 48.08 53

0.36 47.92 ; e

0.37 47.30 .
0.38 46 .08 . :
0.39 44 .20

0.40 42.00

0.41 39.88

V.42 . . 38.26 .
0.43 37.56 '
0.44 38.02

0.45 319,23

V.46 40.59

0.47 41.51

0.48 41.40

v.49 39.87



. 115

Angular
T _ Momentum

0.50 37.27
0.51 34.18
0.52 31.13
G.53 28.69
0.54 27.25
0.55 26.55
V.56 26.18
0.57 25.71
- 0.58 24.72
0.59 22.93
0.60 _ 20.62
0.61 18.20
0.62 16.09
0.63 14.70
6.64 14.31
0.65 - 14.64
0.66 15.28
0.67 15.82
0.68 15.83
0.69 15.04
0.70 13.67
v.71 12.08 .
V.72 10.63
0.73 9.67
0.74 9.44
0.75" - 9.73
0.76 10.21
0.77 10.53
0.78 10.37
0.79 . 9.49
0.80 8.02
0.81 6.22
0.862 4.30
. 0.83 2.51
0.84 " 1.04
0.85 . -0.11 .
Y0.86 -0.97 ,
0.87 -1.57
0.88 -1.95
0.89 : -2.17
0.90 A -2.38
0.91 -2.73 _ :
0.92 -3.40 S
0.93 -4.54 T
0.94 -6.27 . e
0.95 -8.49 :
0.96 . -11.01 .
0.97 -13.69
0.98 -16.36
0.99 -18.86
1.00 -21.1a
1.01 -22.99

1.02 -24.44



1.03
1.04
1.05
1.06
1.07

l1.08

1.09
1.10
l.11
1.12
1.13
1.14
1.15
1.16
1.17
1.18
1.19
1.20
1.21
l1.22

1.24 .

1.25
l.26
1.27

1.28

1.29
1.30
1.31
1.32
1.33

l1.34

1.35
1.36
1.37
1.38
1.39
1.40
1.41
1.42
l1.43
l.44
1.45
1.46
1.47
l1.48
1.49
1.50
1.51
1.52
1.53
1.54
lisg

Angular
Momen tum

=25.37
-25.73
-25.64
=25.25
-24.72
-24.21
‘ZBEBS
-23.65
=23.62
-23.73
-23.99
=24.37
-25.08
-24.97
-24.40
!23i67
-’23.D9
*22;9‘
-23.49
-24.93
-26.99
=29.30
-31.49
=33.19
-34.13
-34.40
-34.20
-33.73
=33.18
-32.72
-32.36
-32.10
=31.91
-31.79
-31.74
-31.82
=32.11
-32.68
=33.63
-34.96
-36.41
=37.68
‘33.,!4
-38.38
-37.31
-35.62
-33.83
=32.46
3 §32 102
‘32-85
=34.51
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Time

1.56
1.57
1.58
1.59
1.60
1.61
1.62
1.63
l1.64
1.65
1.66
l1.67
1.68
1.69
1.70
1.71
1.72
1.73

Angular
Momentum

=36.36
-37.177
=38.11
"36 -95
-34.72
!32 164
=29.55
-27.88
=27.48
-28.14
=29.46
=31.05
=32.51
-33.54
=34.15
=34.45
-34.54
-34.53
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APPENDIX D

FORCE AND IMPULSE
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¢ OF INPUT POIKTE:
USER DCFINEL STEFSIZL:

EFSILON: 1,0Q0E-06

INTECRAL 0.020 to
* :x = Input X
< :x <.Input X < x+l
Time
* 0.02
U.03
u.04
» 0.05
0.00
0.07
o 0.0¢
V.09
v.10
» - 0.11
.12
V.13,
" 0.14
.15
0.16
- 0.17
v.1l8
0.19
* 0.20
0.21
- U.22
ol 0.23
0.24
€.25
* 0.26
0.27
0.28
b 0.29
0.30
0.31
* 0.32
0.33
0.34
. 0.35

/]

13

G.980 =

4.3598E 02

Force

520.40
630.83
721.64
773.20
775.74
758.85
762.00
811.90
884.37
942.50
958.98
944 .86
920. 80
904 .00
897. 80
902.10
915.52
931.57
942.50
943,21
939.19
938,60
946. 25
953.68
949.10
928.10
915.87

945.00 -

1033.4)
1140.42
1210.70
1203.76
1138.138
1048.20

C

Impulse

0.00
6.48
13.12
20.06
27.41
35.12
43.09
51.25
59.69
68.56
77.90
87.48
96.97
106.14
115.11
124.07
133.19
142.44
151.77
161.12
170.52
180.00
189.56

- 199.09

208.45
217.58
226.175
236.30
246.52
257.139
268.84
280.70
292.50
303.66

19



Force

961.913
888.70
832.70
795.73
769.91
744.90
712.43
672.31
626 .40
576.79
526 .58
479.10
436.32
394.67
349.20
297.09
243.97
197.60
163.30
136.73
111.10
82.00
54.44
35.80
31.03
35.41
41.80
45.28
49.87
61.80
83.50
102.18
101.20
70.84
28.88
0.00
1297
25.00
52.40
70.97
81.47
88.10
93.96
97.55
96.20
87.98
73.78
55.20
34.132
15.20
2.40
=1.07
1.71

Impulse

3113.717
322.97

- 331.53

339.68
3147.52
355.06
362.34
369.27

375.78 -

381.78
387.29
392.34
3196.95

401.11

404.79
407.97
410.67
412.93
414.79
416.29
417.47
418.37
419.04
419.55
419.94
420.27
420.59
420.95
421.41
422.05
422.91
wad. D0
424.75
425.46
425.95
426.25
426.38
426 .49
426.75
427.130
428.08
428.99
429.94
430.89
431.84
432.75
433.57

434.22

434.65
434.89
435.00

435.03

435.03
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Time

0.E9
U.94u
V.9l
0.92
u.93
U.94
1.95

V.96
L.97
0.98

o

Force

6.10
8.52
9.51
10.60
12.61
14.90
15.10
12.11

- 6.67

0.00

Impulse

435.04
435.09
435.18
435.30
435.44
435.58
435.71
435.82
435.90
435.98
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¢ OF INPUT POINTS:
USER DEFINED STEPSIZE:

EPSILON: 1.00E-06

IRTEGRAL

MW

0.020 to

:x = Input X

cix ¢ Input X < x+1

Time

0.02
0.03
v.04
0.05
0.0e
0.07
0.08
Dias
0.10
0.1l
0.12
0.13
0.14
0.15
0.16
, 0.17
Q 0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.260
0.27
0.28
0.29
0.30
0.31
0.32
0.33
L 0.34
0.35

44

6.9598E 02

Force

395.50
345.43
296.51
249.90

208.75

184.18
189.30
2130.69
288.73
337.30
356.81
353.99
342.10

322.70
322.80
328.95
344.60
371.86
407.39
446.50
485.31
523.24
560.50
597.39
634.40
672.10

708.74

733.39
732.80
697.39
632.19
545.90

Impulse

0.00
3.52
6.81
9.64
l1.88
13.79
15.71
17.93
20.53
23.53
26 .90
30.49
34.07
37.49
40.77
ﬁa97
. -16
50.41
53.80
57.40
61.30
65.54
70.19
75.24
80.66
86.43
92.58
99.14
106.11
113.34
120.63
127.76
134.45
140.38
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Force

448.20
352.75
274.20
223.70
198.33
191.70
197.59
210.65
225.70
238.92
251.73
266.90
287.18
315.38
354,30
404.76
459.58
509.60
548.51
581.42
616.30
660.32
717 .49
791.00
880.33
970.02
1040.90
1079.26
1093.32
1096.80
1101.18
1109.11
1121.00
1136.81
1154.62
1172.00
1187.68
1204 .84

~1227.80

1258.48
1289.29
1310.30
1314.53
1307.00
1295.70
1286.88
1279.68
1271.50
1260.137
1246.96
1232.60
1217.87
1200.33

Impul:é

145.31
149.30
152.47
154.98
157.06
158.96
160.90
162.95
165.12
167.44
169.89
172.49
175.24
178.23

"181.60

185.44
189.76
194.56
199, 82
05.48
211.49
217.84
224.69
232.27
240.72
249.99
259.96
270.49
281,38
292.42
303.44
314 .47
325.60
336.90
348,36
359.98
371.74
383.69
395.89
408.38
421.13
434.07
447.15
460.27
473.34
486 .29
499.11
511,84
524,48
537.02
549.43
561.69
573.78
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Time

V.89
0.90
J.91
0.92
0.93
V.94
0.95
0.96
0.97
0.98
0.99
1.00
l1.01
1.02
1.03
1.04
1.05
1.006
1.07
1.08
1.09
1.10
l.11
l.12
1.13
l1.14
1.15
1.16
1.17
1.18
1.19
1.20
1.21
1.22
l1.23
1.24
1.25
1.26
1.27
1.28
1.29
1.30
1.31

Force

1176.80
1143.83
1096.89
1031.20
944.69
846.20
747.30
657.91
581.36
519.30
470.71
423.78
364.00
282.38
192.03
111.60
55.60
22.07
4.90
-lpés
=1.95
0.00
0.96
0.76
0.00
0.52
9.16

34 00
77.99

123.56

148.X
136.04
102.07
67.90
50.21
45.14
43.70
38.77
30.73
21.80
13.78
6.66
0.00

Impulse

585.67
597.31
608.54
619.16
629.01
637.97
645.98
652,99
659.16
664.67
669.68
674.16
678.00
681.14
683.54
635{;7
686 .06
686 .41
686.48
686.48
686 .46
666 .46
686 .48
686 .50
686 .47
686,39
686 .41
686.71
687.41
688.44
689.66
690.95
692.16
693.15
693.83
694 .28
694.64

695.02

695.38
695.67
695.85
695.94
695.98
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# OF INPUT POINTS: 18 -
USER DEFINED STCLPSIZE: 0.0100 : i
EPSILON: 1.00E-06 ¢ '
INTEGRAL 0.600 to 0.940 =  1.1599E 02
:x = Input X
:x ¢ Input X < x+1
Time Force Impulse
* : 0.60 41.00 0.00
0.61 143.35 1.19
* 0.62 216.00 2.77
0.63 240,08 4.98
. 0.64 240.00 ot 7.49
0.65 244.59 9.94
* : 0.66 257.00 12.41
. 0.67 274.42 15.05
* 0.68 296.00 17.91
0.69 320.06 21.01
* 0.70 339.70 24.30
0.71 : 350.00 27.73
* 0.72 359.10 31.29
’  0.73 376336 34.97
* 0.74 402.80 38.85
V.75 436.04 43.04
* 0.76 468.30 47.57
0.77 490.97 52.39
. 0.78 497.40 57.33
0.79 - 485.66 62.23
* 0.80 470.70 67.03
0.81 465.83 71.74
* 0.82 461.00 76.35
0.83 (45.21 80.87
. 0.84 . 427.00 85.25
" 0.85 416.11 89.47
. 0.86 407.60 93.58
0.87 394.16 97.59
. 0.88 373.70 101.44
y 0.89 345.71 105.02
* 0.90 . 310.60 108.33
0.91 ! 267.11 111.29
* 0.92 206.20 113.61
" 0.93 121.10 115.05
* 0.94 21.80 115.99

il i et o, oo S S G
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# CF INFUT PCINLTS: 44
USCR DEFINLCLC STLPSIZE:

EFSILONR:

INICCEAL

A %

:x = Input X

3.C00C-Cé6

0.020 to

:x < Input X < x+l1

e

Time

0.02
06.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
0.11
0.12
0.13
0.14
0.15
O.lo
0.17
0.18
0.19
0.20
0.21
0.22
0.23
0.24
0.25
0.26
0.27
0.28
0.29
0.30
0.31
0.32
0.33
0.34
0.35

1.310 =

9.6499E 02

Force

653.70
727.93
786 .21
612.60
-800.20
778.29
785.20
845.89
931.80
1001.00
1012.41
1008.43
982.30
963.37
955.36
958.10
970.47
987.55
1003.50
1014.43
1024.39
1039.40
1062.79
1087.14
1102.30
1104.39

1114.41 .

1159.60
1253.74
1356.77
1415.20
1390.11
1300.98
1181.90

Impulse

0.00
7.45
14.95
22.53
30.24
38.14
46 .28
54.73
63.60
72.98
82.92
93.13
103.26
113.05
122.61
132.13
141.79
151.59
161.51
171.54
181.72
192.11
202.74
213.52
224.133
235.14
246.18
257.171
270.15
283.21
296.79
310.613
324.17
336.81



Time

.36
0.37
0.38
.39
0.40
0.41
0.42
0.43
0.44
0.45
0.46
0.47
0.48
0.49
0.50
0.51
0.52
v.54
0.55
0.56
.57
0.58
.59
0.60
0.61
0.62
0.63
0.64
0.65
0.66
0.67
0.68
0.69
0.70
0.71
0.72
0.73
0.74
0.75
0.76
0.7

0.78

0.79
0.680
0.81
v.tb2
D.83
0.84
0.85
6.86
0.87
0.88

Force

1062.90
957.88
876.70
825.30
794.00
769.20
739.81
704.84
665. 80
624.54
584.24
548.40
520.34
502.57
497.40
505.89
524.02
546.50
569.50
594.94
626.20
666.77
720.62
797. 80
880.39
970.39

1041. 80

1080.33
1094.48
1098.50
1104.14
1113.35
1125.60
1140.26
1156.15
1172.00
1187.34
1205.07
1228.90
1260.31
1291.69
1313.20
1317.91
1310.68
1299.30
1289.87
1281.77
1272.70
1260.93
1247.15
1232.60
1217.81
1200.28

Impulse

348.07
358.11
367.26
375.80
383.89
391.65
399,17
406.40
413,28
419.74
425,78
431.44
436.76
441.86
446.86
451.90
457.04
462.37
467.94
§73.76
479.86
486.28
4%3.18
500.79
509.25
5;8'52
528.48
539.01
549.92
560.98
'572.03
583.10
594,27
605.60
617.09
628,72
640.48
652.43
664.63
677.12
689.88
702.88
716.05
729.23
742,25
755.01
767.75
780.82
794.29
807.23
818.43
827.29
835.58
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Time

0.89
0.9cC
0.91
0.92
0.93
.94
0.95
0.9%b
Gig?
0.98
.99
1.00
1.01
1.02
1.03
1.04
l.U5
1.00
1.07
1.08
1.09
1.10
1.11
1.12
1x13
1.14
1.15
1.16
1.17
1.18
1.19
-1.20
1.21
1,22
1.23
1.24
1,25
l.26
1.27
1.28
1.29
1.30
1.31

Férce

1176.80
1143.86
1096.96
1031.30
944 .84
846.39
747.50
658.06
581.42
519.30
470.69
423.77
364.00
282.38
192.03
111.60
55.60
22.07
4.90
-1.65
-1.95
0.00
0.96
0.76

0.00

0.52
9.16

" 34,00

77.99
123.56
148.00
136.04
102.07

67.90

50.21

45.14

43.70

38.77

30.73

21.80

13.78

6.66
0.00

/ lmpulse

\

3
s

845.67
859.11
674.13
888.16
899.22
907.80
914.98
921.66
927.94
933.68
938.80
943.26
947.05
950.15
952.54
954.17
955.06
955.41
955.48
955.48
955.46
955.46
955.48
955.51
955.48
955.41
955.42
955.72
956 .42
957.45
958.67
959.96
961.17
962.16
962.84
963.29
963.65
964.02
964.38
964.67
964 .85
964.94
964.99

13



