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ABSTRACT

In an attempt to debtermine the interaction of fhe three phases
of a vault with a view to predicting post-flight performance from
properties of pre-flight and contact behaviour, sie
highly-skilled subjects were filmed and their contact forces
simultaneously monitored while performing the layout squat, handspriﬁg
and Yamashita vaults. To provide an objective criterion of performance
a rating for each vault was derived, baséd on height and distance of the
post-flight of the vaults.

The cinematographic data was subsequently digitised using a
Vagguard analyser linked to a Minc mini-computer and eleven
co-ordinates specifying the position of nine major body segments
in each frame were read into the file, This file was transferred
off—;ine to the Prime system and the centres of gravity of each
subject determined using the segmental method, The resulting
displacement~time data was smoothed to reduce the usual random
measurement variations. A least-squares polynomial, of degree one,
was adopfted for use with the constant veloecity horizontal data and
a cubic spline for the changing velocity vertical data, The horizontal
and vertical velocities were calculated from the smoothed values.
Angular velocity and displacements of the body during pre-flight were
also determined.

The force traces were recorded from two biomechanical force
platforms during horse contact. These traces were integrated to give
horizontal and vertical impulses. Average forces were calculated. The
kinetic and kinematic data thus obtained were combined to specify the
mechanical characteristics of the pre-flight, contact and post-flight

phases of the vaults,



The paths of the centres of gravity in post-flight were observed
to bhe related to specific pre-flight characteristics. The predictive
equations developed confirmed these observations and showed that for
all vaults vertical velocity at horse contact was an important variable.
Post~flight was found to be &ependent upon pre-flight for the three
vaults,

The equations were evaluated on results derived from cinematographic
data for three different subjects performing one of the vaults each,
and on one subject from the original group who performed the layout
squat and handspring vaults with experimental modifications of her
pre~flight. The equations were found to be valid for the handspring and
* Yamashita vaults, The results for the layout squat vault indicate that
the equation was too specific to be applicable outside the ranges
shown for the independent variables. However the principles of high
vertical velocity at contact and short duration of pre-flight. which
govern performance were still found to be valid. |

The vaults were ranked according to their angular momentum
requirements in post-flight. The handspring front vault was also
included in this analysis. It was foupd that angular momentum in
post-flight was a function of angulér velocity in pre-flight to a
limit where pre-flight angular velocity does not increase. At this
point vertical velocity at horse contact becomes more effective and
the duration of post~flight is increased.

It is concluded that the optimum characteristics of performance
in the early phases of a vault are specific to each vault. As these
characteristics determine post-flight performance more attention should
be paid to their precise execution by gymnasts and coaches than has been

previously recommended.
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CHAPTER 1: INTRODUCTION,

BACKGRQUND TO THE PROBLEM

In 1962 Yamashita first performed, at an international level,
the modification of the handspring vault to which he has since given
his name (Taylor, Bajin and Zivie, 1972). By the early 1970's double

'new'

twisting Yamashitas were in vogue and Tsukahara introduced his

vault to the gymnastic world (Fink, 1974). These events have brought

about a dramatic change in the style of vaulting, the emphasis since

being placed on the post-flight and the execution in it of complex

somersaults and twists, To achieﬁe such dominance in the post-flight

it is essential to achieve hoth maximum height and great angular

momentum, Prior to this time the pre-flight phase was considered to

be of particular significance and this led tc the widespread use of the

through vaﬁlt in which the layout squat vault coﬁmonly featured,

These vaults are in direct contrast with the handspring vaults in

that the direction of the body's rotation changes upon contaét with

the horse to bring the feet underneath the body during post-flight.

Their popularity however waned, and they were replaced by the

handspring vaults where the rotation initiated at éake—off continues

in the same direction throughout the vault, Handspring vaults existed

in other forms before this Japanese inspired revolution, but these

lacked all the lift and élan of the modern vaults. The handspring

vault described by Ferriter (1864} would today, at best, be considered

as a handspring drop vault: it lacks height and range in post-flight.
The style of vaulting is largely governed by the Code of Points

and, for women, these have changed recently {(International Gymnastics

Federation (I.G.F.) Code of Points, 1979) to allow for the development
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of the new style, reducing the emphasis on the 1:1 symmetry between

pre~- and post-flights. This change gives rise to the gquestion of how

does this shift in the emphasis of vaulting affect the future of the
sport i.e. what skills will be allowed to blossom in the new freedom?
Some ideas may be gained be analysing the mechanics of the vaults, others
will he created by inspired coaches and daring gymnasts. The natural

laws governing the¢ movements of the body may reasonably be explored

first to see what insights they provide, for instance to uncover
answers to such questions as: Does a low trajectory in pre-~flight
mean that the post-flight will necessarily be higher? Even such
fundamental questions appear to remain largely unanswered (Dainis,
1979; Hatano, 1976; Hendershott, 1274).

Fukushima (1974) compared the pre-flight of his good subject,
Kato, with that of a less proficient gymnast,

Kato's path, especially that of his upper body,
was close to a linear pattern rather than T's
normal trajectory path., T's whole body flew in
an arec, however Kato's arms, head and shoulders
were kept about the same height and only the
lower part of his body showed a curved path; as
if he held his head and shoulders and turned
only his toes. (p.15)

Apparently Kato had a lower pre-flight frajectory than T, whose
body flew in an arc, yet the description of Katé's flightpath is
more concerned with the rotation of the body than with the path of
the centre of gravity itself. While both of these factors are
important, a clear distinction needs to be made between them.

Disagreement exists as to what is a low pre-flight. Some authors
refer to it as a low trajectory (Fukushima, 1974), others as a low

angle between the vaulter and the horizontal during contact with the

horse (Bajin, 1976b; Fink, 1974). George (1980) suggests that the
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handspring vault needs a low, flat pre~flight in order to realise /
maximum amplitude in the post-flight trajectory. The handspring
front, he suggests, needs an even flatter and shorter pre-flight
than the handspring vault, but still requires a high body angle

on contact with the horse. The need to obtain high angular
momentum in the handspring front is obvious and one way to achieve
this may be to shorten the pre-flight. However, what effect will

-a lower, shorter pre~flight have on the path of the centre of
gravity during post-flight? Is there an optimum pre~flight for
each type of vault? The answer is not apparent,

The layout squat vault requires a contact angle well above
the horizontal. Formerly this was accomplished with a high
pre-flight, it may be that this high pre-flight was unnecessary,
for lowering the pre-flight in this vault could, perhaps, lead
to an adequate enough increase in the post-flight trajectory to
accomodate the vault, However, George (1980) recommends that
the pre-flight in this vault be higher than those for the handspring
vaults. Hendershott (1974} suggests that the layout squat vault
is better performed with a speedy pre-flight, which implies a low
trajectory. If the high body contact angle is to be retained, then
this low trajectory implies a greater angular momentum in the
pre-flight which has to be reversed during contact with the horse.
In this situation the questions arise whether or not the gymnast
could affect the angular momentum changes enough while in contact
with the horse to complete the vault successfully and by how much
would any increase in the time of the post~flight help in

decreasing the amount of angular momentum change otherwise
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necessary? Dainis (1979) has published quantitative data for
the handspring vault, He found that the vertical velocity

of the centre of gravity at horse contact was the most important
factor in determining the outcome of the vault. The vaults were
awarded kinematic scores on many variables during both pre- and
post-flights and these were then correlated with the pre-flight
varizbles. He found that the worst vaulters had a downward
velocity upon contact with the horse i.e. a high pre-flight,

and that the best vaulters were still moving upward when they
made contact,

This work forms the basis from which this study is attempted.
Dainis used the initial phases of the vault, until initial contact
with the horse, in his correlation with the score. He did not take
the forces evoked during contact into account, and therefore could
not see the interrelationship between pre-flight, and the forces
on contact induced by the pre-flight.

It is the intention of this study to gquantify the forces
evoked by the gymnast in the support phase of the wvault which
change the path of the centre of gravity and the angular momentum
in post—fiight, and to see how pre-flight behaviour assists in
this task.

Predictive models will be developed, based on pre~flight
and support force parameters, and applied to vaults of different
properties, classified by post-flight complexity, to reveal the
importance and interrelatédness of the different phases of the
vault.

The purpose of this study may be stated as follows;-
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The purpose of this study is to show how the biodynamic
characteristics of the initial phases of gymnastic vaults
determine their post-flight.

In order to achieve this purpose a series of guestions
require answers., When satisfactory answers to these questions
have been given then the purpose of this study will have been
achieved.

1) What are the biocdynamic characteristics of

the pre~flight, contact and post-flight
phases of the vault?

2) Which of the biodynamic charadteristics of

the pre-flight are most instrumental in
producing the best post-flight?

3) In what way are the performance variables of

contact due to the pre—-flight and to what
extent do they account for post-flight
behaviour?

4}y If pre-flight characteristics are controlled
to conform with selected criteria can the
resultant post-flight be accurately
predicted?

5) If post-flight characteristics are controlled
to conform with selected criteria, i.e,
different types of vaults are performed, can
patterns of change be shown across the initial

phases of the related vaults?
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RESEARCH HYPOTHESIS

Hl: The optimum initial phase characteristics for vaults
are specific to the vault.

Ha: Optimum performance characteristics are common for
the initial phases of all related vaults.

SUBSIDIARY HYPOTHESES

H2: The outcome of a vault is a function of the pre-flight.
H3: The outcome of a vault is a function of the interaction

hetween the vaulter and the horse during contact.

DEFINITION OF TERMS

The pre-flight phase: The pre-flight phase is defined as

the phase of the vault in which the vaulter travels from the
Reuther board to the horge in flight,

Initial contact: The moment the vaulter touches the horse. This

signifies the end of the pre-flight phase,

Compression phase: The phase of the vault between initial

contact and minimum centre of gravity to horse distance
(Dainig, 1880).

Repulsion phase: The phase of the vault between the compression

phase and loss of contact with the horse.

Final contact: The last moment the vaulter is touching the

horse.

The contact phase: The phase of the vault in which the

vaulter is in contact with the horse, This phase includes initial
contact, compression, repulsion and final contact, and is also

known as the time of support of the vaulter.
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The post-flight phase: The phase of the vault in which the

vaulter is in flight from the horse until a contact is made with
the landing mat. Also known as the Free- or Second-flight phase,

The initial phases: These phases of the vault include all those

up until the post-flight phase,

Layout Squat Vault: (Figure 1) 'Jump, body stretched
above the horizontal before contact
of the hands, pass the legs flexed

o
%
/
\ﬁ\ f/ ?‘ T and together between the arms,

stretch body before the dismount

Figure 1 (landing) to stand rearways.'

(I.G.F. Code of Points, 1970,

p.12) (I.G.F. Code of Points, 1970)
Handspring Vault: (Figure 2) 'Jump, body and arms

stretched to an inverted support

sideways, (descend) free to stand

\/m.
Eiz;%f ‘ \igﬁ rearways, ' (I.G.F. Code of Points,

1970)
Figure 2
(1.G.F, Code of Points, 1975,
p.13)
Yamashita Vault: (Figure 3) 'Jump, body and arms

stretched to an inverted support
\§§§\\§F;§§}:7P sideways, turn forward, through a
2
&
z ﬁyf/ Q§§\%£§ piked (flexed) position and

straighten the body after leaving

Figure 3 the horse landing rearways.' (I.G.F,

(I.G.F. Code of Points, 1975,
p.13) : Code of Points, 1970)
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Handspring Front Somersault Vault: (Figure 4) Jump, body and

Ve
L7 Fhng
<) A A
/F/ R A q_s
ey "’j 3l 7’; PE
s 9 LA
v AN
N . P ‘_..._..__..‘L_A'._
Figure 4

(I.G.F. Code of Points, 19785,
p.17)

arms stretched to an inverted
support sideways, turn forward
with a 1} tucked somersault and

straighten body to land rearways.
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CHAPTER 2: REVIEW OF LITERATURE,

INTRODUCTION

This review contains two sections, the first relates to the
mechanics of vaulting and the second to techniques inveolved in
experiments which analyse vaulting and other similar skills,

Both men's long-horse and women's side~horse vaulting are
reviewed, for while it is realized that there are differences
between the sexes in vaulting technique an evaluation of both
gives a better understanding of the mechanics of vaulting than
either would by itself.

Research in the area is not extensive but all that could be
located (see Ch,3 :Procedure) has been reviewed. This includes a
study by Dainis (1979) that approaches more closely- than any
other, the work attempted in this study, but without meeting or
indeed purporting to meet the specific goals here establisheq.
All these papers report the use of cinematography to obtain the
descriptive and kinematic data required. Methods of analysis
ranged in them from descriptions of movements to mechanical
analyses, but few developed their thesis sufficiently to explore
properly the ways in which mechanical principles were applied.

Other selected articles included in the first section have
a biomechanical bias but being intended for popular magazine
consumption they generally lack scientific rigour, relying largely
on visual cobservations and opinion for their starting premises,

The techniques for analysis used in the scientific papers
are reviewed in the second section, along with others which have

analysed similar skills.
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SIDE AND LONG HORSE VAULTING

Side~horse vaults may be classified into three categories
(Bowers, Fie, Kjeldsen and Schmid, 1972) these are : bent hip,
where the gymnast is in a tucked or piked position during the
pre~flight; layout, where the gymnast is usually stretched
during.pre-flight and can contact the horse in a horizontal,
diagonal or vertical position; and finally twisting, where a
twist about the long axis of the body is performed during the
vault, The vaults in this study are all of the layout type and
are from the diagonal or vertical sub~categories,

The layout squat vault has a diagonal contact position,

This vault belongs to a small family of vaults in which the
forward rotation initiated at take-off is changed to backward
rotation during horse contact. This is generally one of the first
vaults that a gymnast learns (Hay, 1978).

The Hecht vault is also a member of this family, but is a
more complex vault requiring a étraighter body, with perhaps a
slight pike permissible during horse contact (Taylor, Bajin and
Zivie, 1972),

Forward rotation in pre-flight is initiated from the pivoting
effect of the body about the feet, where the gymnast is said to
land with the centre of gravity behind the feet, and rotate over
them to a position with the centre of gravity in front of the
fget prior to take—off (George, 1271). The rotation may also be
increased, in theory, by applying an eccentric thrust behind the

centre of gravity in the final stages of take-off (George, 1980),
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George devotes a chapter in his book "The Biomechanics
of Women's Gymnastics™ (1980), to the mechanical principles
involved at take-off and to the trade-off effects between
obtaining 1lift and rotation, while still maintaining sufficient
horizontal velocity. Thess principles apply to take-off from
both the board and the horse and few studies can be found which
interpret their results in terms of these prineciples.

One such study, however, was by Slater (1960). He examined the
forces at take-off using the reverse dynamics approach, and determined
that the development of linear momentum was consistent, but not so
for angular momentum due to the several methods which may be employed
to develop angular momentum over a short period of time,

In an early study of Hecht (also referred to as Swan) vaults
Guerra (1968) found that better vaults, evaluated by judges
during a competition, were characterized by a greater range of
angular displacement of the centre of gravity while in contact
with the board. He also found that they had a larger take-off
velocity, higher contact angle with the horse and a greater
rise in the centre of gravity after last contact with the horse,
than gymnasts who were awarded lower scores, However, his
gymnasts were constrained by the rules at that time, which placed
equal emphasis on the pre and post-flight phases.

More recently the requirements for both the layout squat
and the Hecht vaults have changed. For women they state that
the contact angle should be above the horizontal {I1.G.F. Code

of Points, 1975, 1979),



Hendershott (1874) reported cases where gymnasts who con-
tacted at 45° and had a low post-flight received higher scores
than those who c¢ontacted at 30° and had a good post-flight. The
angle of horse contact is an important factor in performing
vaults of this type. If the angle is too high the gymnast will
not only have a greater amount of angular momentum to reverse,
but will be in a poor position to do so, having a great degree
of shoulder flexion. (Bajin, 1971; Hendershott, 1974; Bollen,
19278), 1In order to reverse the direction of angular momentum
the gymnast must try to extend his arms at the shoulder and
apply a force with the hands in a backward and downward
direction. The greater the angular momentum the more the
repulsion must be directed backward, thereby reducing the
ability to obtain lift (George, 1980). However, it may be that
the turning effect of the force during compression has a major
role in reversing the angular momentum.

Present day judges place less emphasis on a2 high contact
angle and do not make any deductions if the angle is above the
horizontal, rather they look for a good post-flight (M. McLoughlin,
personal communication).

The ability to obtain 1ift from the horse is therefore an
important factor in vaults of this type, especially in the
Hecht vault where the gymnasts' straight legs must clear the
horée._Since the gymnast's moment of inertia is greater in the

early post-flight phase of this vault than in the layout squat

vault, he is faced with the additional problem of having enough




24,

rotaticn to land correctly. It is thought that he could either
achieve a greater change in angular momentum or obtain greater
1ift from the horse and thereby have a longer flight time in
which the rotation can accur. Hay (1878) suggests that the latter
takes place since an increase in angular momentum without an
increase in 1ift would cause the gymnast's feet to hit the horse.
This higher post-flight can be brought about by z lower
pre~flight with the centre of gravity still moving upward at
horse contact. Hay continues...

Because the reaction to the forceful downward

and backward thrust... does not have to

markedly change the direction in which he is

moving, the velocity with which he leaves the

horse is much greater than it would be if his

center of gravity had been moving downward as

his hands landed. (p.302)
George (1971) has called this the 'staircase effect' and looked
at its application during Reuther board contact where the
gymnast approaches the board from a low hurdle with the centre
of gravity moving upward to contact the board. This effect is an
important principle to be considered in vaulting, since obtaining
height in post-flight, without undue loss of distance, is
considered to be one of the most important requirements in present

day vaulting (George, 1980; Hay, 1978).

Handspring Vaults, This same staircase effect has been found te he

important during horse contact (Dainis, 1979). Handspring vaults,
which were the vaults Dainis studied, differ from layout squat
vaults in that they pass through the vertical position and the

rotation continues in the same direction throughout the vault.
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A score based on the kinematics of the entire vault was correlated
separately with each variable, and a correlation matrix involving
all variables was formed, Vertical velocity at horse contact
appeared to be the most important determinant. However, because
the score included pre-flight variables it tended to mask the
effect of pre-flight on the outcome of the vault, This was a
major drawback since Dainis found that angular velocity during
pre~flight correlated significantly with post-flight horizontal
displacement, velocity and vertical velocity, but not with the
overall performance as determined by the score. This presumably
oceurred since a high angular velocity in pre-flight is the
consequence of a short, low pre-flight which in turn is necessary
to reduce the decrease in vertical velocity but which generally
results in a low score being awarded.

These findings are in direct contrast to those reported
by Ferriter (19%64). Four of her six gymnasts had a longer and
higher centre of gravity trajectory in pre-flight than in
post-flight and the better vaults were characterized by a
greater horizontal displacement in pre-flight associated with a
negative vertical velocity at horse contact, Cianfarini (1974)
has also described vaults with similar characteristics. But,
of course, these vaults were constrained by the rules. In a
study of men's handspring vaults Guerra (1968) found that
take-off velocity, horse contact angle, height of centre of
gravity above horse at initial contact and support time

correlated significantly with the judges' score. He alsco found
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that thelr scores correlated significantly with height and distance
in post-flight. This type of vault then is similar to the dynamic
type analyzed by Dainis (1979) as distinct from the 'handspring-
drop' vault analyzed by Ferriter (1964). These early studies
(Ferriter, 1964; Guerra, 1968; Cianfarini, 1974) have described and
analysed the vaults of the time without explaining the results or
relating them to mechanical principles.

George (1980) suggests a decreased board-horse distance for
the handspring vault, compared with the layout squat vault, to
flatten the pre—-flight, He also recommends a greater horizontal
velocity and forward momentum. These recommendations, based on our
experienced eye but without cobjective support from particular
investigation, appear to be in line with Dainis' and Bruggemann's
(1979) findings. A high and long pre-flight and a contact.angle
approaching the vertical have been suggested (Taylor et al, 1972)
as necessary to optimise post-flight. Other suggestions are that to
gain maximum lift from the horse the gymnast should contact at
approximately 450 and depart near the vertical (McLoughlin, 1980;
Dainis, 1880). It is not clear from the available material which
angles, if any, afford the best 1ift without also having a detrimental
effect on rotation and horizontal velocity.

In developing a model for handspring vaults Dainis (1980) has
divided the horse contact phase into two components: compression
and repulsion, During the compression phase the centre of gravity
of the gymnasﬁ moves towards the hands whilst continuing to rotate
about them. The repulsion phase, where the gymnast pushes himself

away from the horse is considered to be of little importance in
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gaining 1lift. In a preliminary study of a handstand, pushing
forces on a force platform were examined., Dainis found that girls
could only exert a maximum static force 30% above their body weight.
Whether this is an appropriate measurement is, of course, arguable,
In vaulting the effort is dynamic, and the compressive phase may
place muscles on stretch and elicit additional rebound forces and
so increase this value, Dainis did not take this into consideration
and argued that the lift from the horse cannot be aided much by
such pushes and will be more effected by the centrifugal forces
caused by the rotation of the gymnast., He points out that this is
not the case where, in a poor vault, the gymnast has insufficient
rotation about the horse and needs to spend longer in contact in
order to be able to exert a greater force, a theory supported by
his earlier study (Dainis, 1979) where pre-flight angular velocity
was significantly and positively correlated with post-flight
variables and negatively with duration of horse contact. Dainis (1981)
has since verified this model using kinematic and derived kinetic
data from cinematography.

The 1ift obtained from the horse in vaults which pass
through the vertical is thought to be obtained through shoulder
girdle elevation after initial compression (George, 1980). Some
gymnasts have been noted to use vigorous trunk flexion from a
hyperextended position, developed in pre-flight and accentuated
during compression, in order to obtain greater 1ift (Fukushima,
197%; Warren, 1977). Others contact the horse with bent legs

and extend them in an upwards direction during repulsion. These
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latter techniques may cause deduction due to poor body
configuration {(Hughes, 1976). George (1980) suggests that the

push should he in a forward and downward direction in order to
gain maximum 1ift ahd increase forward rotation, as the centre

of gravity passes over the hands. This is in slight disagreement
with the technique suggested by Hay (13978), where the gymnast
pushes vertically downward, but the centre of gravity is forward
of the hands. Both of these techniques will serve to increase

the 1ift and forward rotation of the body, but the question should
be asked, by how much does the gymnast need to increase his

forward rotation, if at all ?

The Yamashita differs from the handspring only in that the body

pikes vigorously after loss of contact with the horse and then
extends immediately afterwards to land in a stretched position.
This piking action has the effect of making the post-flight
angular momentum requirement less for this wvault than the
handspring. Hay, Wilson Dapena and Woodworth (1977} calculated
the angular momentum for a Yamashita over the long horse and
2 -1 2 -1
found values of 60.28kg.m .s and 30,33kg.m .s for pre and
post—~flights respectively. While the angular displacement in
this vault is approximately the same as for the handspring, the
angular momentum in post-flight must be less due to the pike,
This has led Fields (1973} to suggest a horse contact angle of
0

not greater than 45 ,

The Yamashita existed before the emphasis on pre-flight

was lessened. Donovan (1971) suggested that the gymnast should

contact the horse just short of the vertical and that '"there
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is very little push that can be exerted upon the horse" (p.23 ).
The vault described here is very similar to the "handspring-drop'
analysed by Ferriter (1964). Vanis (1965) has analysed a similar
type of Yamashita vault,

More recently Bajin (1976a) compared the performances of
several world-class vaulters performing the Yamashita. He found
that height in post-flight and the amount of hip flexiocn in the
pike correlated well with the judges' score. Correct timing and
amplitude of hip flexion is important in performing this vault
well (Hay, 1978) and largely determined, according to Bajin (1970)
by the angle at which the gymnast departs from the horse. In a
study of six male vaulters he found that those who left the
horse well past the vertical piked too late in the post-flight
to prepare for landing, He recommended that contact angles around
45° and take-off angles near vertical produced the best results
in post-flight. Wérren (1978) also suggested a lower contact
angle for the Yamashita than for the handspring.

Hatano (1976) has studied the three vaults so far discussed;
the layout squat, handspring and Yamashita vaults. le used cine
techniques to calculate the path, velocity and acceleration of
the centre of gravity and various take-off and contact angles,
From the acceleration values he estimated the average force
exerted by the gymnast during horse contact. The results are
difficult to interpret since he uses no statistical analyses and
made no distinction between the compression and repulsion phases,
His conclusions tend to reflect these shortcomings. With regard

to forces during horse contact he concludes...
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The hand-push was generally directed down-

forward, (angle less than 90 degrees).

Certainly in no cases it was directed to

down-backward in the squat vault. Only

exception to this principle was the front

somersault vault (YV - 1 & 2} which

requires rather fast body rotation, using

the opposite reaction of the hand push., (p.348)
The backward and downward push recommended by other authors
(George, 1980; Hay, 1978), is an attempt to counteract the
initial compressive force and change the direction of the body's
angular momentum, Since it is unlikely that a vaulter will have a
greater horizontal velocity in post-flight than in pre-flight, one
would not expect the average contact force to have a backward
component.,

The conclusions Hatano draws concerning the Yamashita would
appear to conflict with other authors' results and opinions
concerning the amount of rotation required. However he does not
relate the direction of the force to the position of the centre
of gravity, it is likely that the reaction from the backward and
downward push would be directed posterior to the centre of gravity
thereby slowing down the rotation.

With regard to the effect of pre-flight and contact on
‘post-flight he concluded that "the centre of gravity trajectory
during the preceding run-kick-preflight, does not vary according
to the vaulting stunt” (p.349). The only differences he noted
between good and bad performers were that the poorer performers

had a particularly long duration of hand contact on the horse,

resulting in poor post-flight.
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The handspring front vault is a modification of the handspring

which involves almost 14 somersaults from the inverted position at
horse take-off to land on the feet. The angular meomentum requirements
of this vault have not been studied to the author's knowledge.

George (1880) recommends that the pre-~flight be even flatter and
shorter than the handspring vault. He suggests that the shoulder
girdle should apply a force in a forward-downward direction to

rotate further and 1lift the body. It would seem that mechanical
principles have been applied in a sound fashion to produce this
information on technique, as distinet from that given by Wiemann (1970),
He recommends that given an arched support during horse contact the
gymnast should push in a backward and downward direction to obtain
more 1lift. From Fig.5 it can be éeen that he translates the reaction
vector from the hands to the centre of gravity, thereby ignoring the

negative turning effect of the reaction vector at the hands. Even if

Figure 5 The reaction force at the hands: handspring-front,
{(Wiemann, 1970, p.l1),
this effect was desirable the body is in a very poor position to
exert a force with a backward component at the hands. In this position

of almost full upper limb flexion with the arms remaining straight the
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extensors of the humerus have a very poor line of pull, This situation
is similar to that described for the layout squat vault where the contact
angle is high.

Hughes, writing in 1976, summarized the situation at that time
when the men, but not yet the women, had changed their rules concerning
pre-flight. He recommended that pre~flight angular momentum for
diagonal vaults should be small, greater for vaults involving 3600
rotation in the same direction and be highest for those involving 7200
rotation, Concerning trajectory during pre~flight he considered that
the old requirements of high and long pre and post-flights were
mechanically difficult if not impossible to achieve, By altering their
rules to speciiy only horse contact angle the men allowed their
pre-flight to be of any length or height. He noted that in international
competitions the better women vaulters were using a lower pre-flight
without penalty since their post—flights were higher than the other

competitors. The women's rules were changed soon afterwards to allow

for this new style, but the preseht day Code of Points (1979) still

has up to .05 deduction for insufficient pre-flight. Fink (1974)

expressed the opinion that any insufficiency in pre-~flight will be

reflected in post-flight and that vaults should be evaluated in terms
of height and distance in post-flight, |
In summary, then:

1) There are widely differing opinions about what constitutes good
technique in vaulting, Few of these opinions are based on evidence
gathered under properly controlled and experimental conditions,
but rather are based on practical coaching experience,

2) Discrepancies in the judging of vaults freguently reflect the
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different bellefs in the possibilities of achieving good
performances given some preceeding pattern of performance.
Changes in technigue that have occurred tend to outdate

some studies into the mechanics of good vaulting technique.
Horse contact forces and the part they play in vaulting have
not been examined despite the many firm statements made about

their required magnitude, direction and importance,
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CINEMATOGRAPHIC TECHNIQUES

Introduction

Cinematography, widely used to study human movement {(Atwater,
1973), is the c¢lassic method introduced over a Hundred years ago by
Muybridge and Marey (Muybridge, 1887; Marey, 1894 cited by Jones, 1952).
The method has the advantage of employing a recording prOcédure
remote from the performer who is free of encumberances such as bédy
mounted movement transducers. This is especially useful for analysing
activities which invelve large or complex displacements where the
interaction of the instrumented performer and his equipment could
lead to entanglements of hazards. It is also genuinely useful by
being an unobtrusive method that does not unduly produce inhibitions
or modifications in performance,

A disadvantage of film analysis is the amount of time necessary
to digitise and handle the volume of acquired data. For instance, a
1.5 second performance at an average tilming speed of 64 frames per
second produces ninety-six frames, As each frame may require eleven
data points to be measured this will give a total of one thousand and
fifty-six points for each performance of the skill. This problem has
been significantly reduced by the development of partially automated
motion analysers and their interface with high speed computers which
now gives the research worker a range of data analysis equipment

from which to choose when analysing data,

Principles governing the collection of information

Certain principles need to be followed in order to obtain an
accurate representation of the movement and to minimize errors that

are inherent in cinematography. Miller and Nelson (1973) suggest



35.

ways of minimizing parallax errors, obtaining a clear image and an

accurate record of the movement, using two-dimensional cinematography.

Among these are:

1) The plane of movement of the performer should be at right anglés
to the camera,

2) The camera should be as for away from the action as possible
using a telephoto lens to increase the size of the image, thereby
reducing parallax errors,

3) The camera should be stationary and sighted on the centre of the
action,

4) Horizontal and vertical reference markers should be included in
the filming and the background should be plain.

5) The subject should be perferming under as near normal conditions
as possible.

6) An accurate timing device should be placed in the field of view
in order to calibrate the filming rate of the camera.

7) A scale of kpown length should be placed in the field of view
in order to convert image measurements to real distances.

8) The frame rate should be high encugh to prevent the blurring of

rapidly moving segments,

This latter point requires further discussion since it is
exposure time rather than frame rate by itself that will determine
the clarity of the image. The choice of exposure time will depend
upon the speed of the movement being studied. Jones (1952) suggests
that a movement of no greater than 1%‘of the total field width during
the exposure time will prevent blurring. The speed of the movement

will, to a large extent, determine the type of camera to be used,
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since exposure time 1s the combination of both frame rate and degree

of shutter opening.

Slow-motion vs. high-speed recording

Slow-motion and high-speed cameras film at speeds higher than
the normal projection rates, but differ fundamentally in the way
they move the film through the camera.

In slow-motion cameras the film moves intermittently, it is
staticnary as the film is being exposed and moves onto the next frame
while the shutter is closed. A pin register, through the sprocket
holes at the side of the film, holds the film securely in position
as it is being exposed.

Due to the intermittent nature of this type of camera it is
limited to a rate of 300 frames per second, beyond which the film
starts to tear or buckle in the gate. Cameras of this type include
those which are spring or motor-driven. The motor-driven variety is
more likely to maintain a constant frame rate than the spring-driven,
where the tautness of the spring will influence the speed,

High-speed cameras film at rates over 300 frames rer second.
They use a continuously moving film and rely largely on rotating
optical parts usually mirrors or prisms to compensate for this
movenment, The image is transmitted onto the sensitive surface as
it moves, by means of the rotating device synchronized to hold the
image stationary on one frame of the rapidly moving film.

Research in biomechanics rarely requires a filming speed of
greater than 300 frames per second, but with one regular exception,

the study of rapid impacts.

Consequently use can be made of pin registered cameras, which
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generally provide the better images (Chesterman, 1951; Miller and
Nelson, 1973; Robertson, 1980) and are generally available with an
adjustable shutter.

#An unnecessarily high frame rate provides redundant information:
increases the time and effort needed to reduce the data; increases
the costs involved both in equipment and film and in general will

provide no more clear an image,

Frame rate determination

Cureton, writing in 1939, listed similar principles to those
given by Miller and Nelson (1973), but these were limited by the
technology available at the time, i.e. he recommended that the
frame rate should be calibrated by dropping a ball from a known
distance. This technique was also used among others by Hatano (1976).
The method cannot be recommended. It is difficult to employ without
additional assistance when actually filming, and determining the
starting instant can bhe a sﬁbjective procedure,

For these reasons others who have analysed gymnastic performance,
{(Guerra, 1968; Ferriter, 1964), have used more accurate timing
devices., Guerra filmed an electronic counter prior to filming the
performer and found an error of not greater than t0.0004s in
.0136s. Reassured he felt justified in assuming that the camera was
operating at a constant 64 frames per second during his recording
sessions. Ferriter (1964) made no such assumptions., She included a
previously calibrated clock in her field of view while filming and
used it to determine the time intervals between frames.

Dainis (1979) and Slater (1960) give no details of frame rate

calibration and apparently assumed that the manufacturers' specifications
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were as accurate as ball dropping procedures. Unfortunately whether
they wére Jjustified cannot be determined for they de not report
taking precautions to minimize timing errors, precauticns that
might be censidered not unimportant in view of their practice of

differentiating the displacement data to produce velocity values,

Data analysis methods

Data transcription

Methods for analysing the data vary éccording to the time at
which the study was undertaken. Slater (1960) traced successive images
projected onto a scfeen, but short circuited any segmental analysis
procedures by using the reaction board to determine the centre of
gravity of his subjects, The path of the centre of gravity was then
drawn and from this velocity values were calculated.

A similar tracing technique was used by Ferriter (1964), but to
produce data in the reverse direction, She approximated the position
of the centre of gravity in the first and last frames of free-flight
with the use of a 360° c¢lear protractor and then used equations of
parabolic motion to calculate the path of the centre of gravity
over the intervening frames. This neat technique however depends -upon
the accuracy of judgements at those two nodal points and any errors
here would be reflected throughout the flight phase on each frame
with no intervening measurements offering opportunity for correction.

The first application of advanced digitising techniques in
vaulting was by Guerra (1968) who used a Vanguard analyser.

This enabled segmental end-points to be located to within 1/1000 th
inch, no information is given concerning the magnification to normal

size, However Guerra did not make full use of the data he had
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collected for he located the centre of gravity of his subjects by
estimating it to be slightly above the iliac crest. He justified
the error involved by stating:

The path of the vaulter's centre of gravity

comprised a horizontal distance of approximately

20 feet. Therefore, any slight error of

estimation along the path in relation to the

large distance travelled would be insignificant, (p.16)
He neglects the fact that he is compounding these errors in his
velocity c¢alculations, since the change in vertical displacement
is much less than 20 feet, and that as path variation is the
determinant of success or failure in a vault, which is not a long
jump event, errors should be measured relative to these variations.

Dainis (1979) was the only investigator to use a smoothing

technique, a quadratic function, to reduce his random errors. He
employed a Numonics 1224 digitiser linked directly to a computer,

calculating the centre of gravity of his subjects by the segmental

method.

Segmental analysis

This technique determines the centre of gravity of the body by
summing the moments of the individual segments about a fixed reference
point. Dainis (1979) used this technique with three segments (trunk,
upper and lower extremities) and used data from Dempster's (1955)
study, as presented by Plagenhoef (1971). He could not find any
avallable data concerning the segments of young female gymnasts,
However Plagenhoef (1971) presented data from Kjeldsen (1969)
concerning female gymnasts and more recently Coock (1978) has produced
results using the water tank displacement method to calculate the

percentage mass of female gymnasts' segments. Johnson (1878) has
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also published data relating to the location of the segmental centres
of gravity in females. However Dainis (1981) congiders that Dempster's
values are better suited to his subjects than any segmental data
concerning adult females, This is of course arpguable and Dainis (1979)
has had to adjust the position of the centre of gravity along the
longitudinal axis of the body in order to achieve minimum horizontal
acceleration.

This highlights the importance of selecting segmental data which
are as appropriately as possible matched to the characteristics of the
performer e.g, same sex, age, size and body type; or perhaps using
predictive equations similar to those developed by Clauser, McConville
and Young (1969) when they become available for women.

Once the centres of gravity had been calculated Dainis used a
least-squares quadratic function to smooth the horizontal and vertical

displacement data. He did not attempt to estimate his errors beforehand,

Error reduction procedures

Various methods are available to reduce errors by smoothing
displacement data. Smith (1875) lists some problems which are likely
to lead td6 errors in gathering data from film, and recommends certain
techniques to remove the noise due to error. Other methods of
smoothing are also listed in Chatfield (1980), Winter (1979) and
Miller and Nelson {1973). These include:

1) Smoothing the raw data by eye. A subjective method whereby a
curve of 'best~fit' is drawn through or close to the points,
23 Moving averages, which is a linear filter to smooth out local

fluctuations and estimate the local mean, usually over 3, 5 or

more vailues,
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3) Polynomial smoothing. In these more objective methods a computer
may be harnessed to 'best~fit' the curve through the digitised

points.

The mathematical equation of the polynomials, now most usually
adopted for this smoothing process gives the least squares of the
residuals (Winter, 1979; Negus, mimeographed material; Widule and
Gossard, 1971). Of course, although this technique is not subject to
human judgement in the acfual fitting process, it is in selecting the
degree of polynomial that is to be used. A polynomial of an order
that is too high for the data will follow the points too closely and
not remove the noise due to error, If the order is too low then some
of the actual data will be smoothed out and lost. It follows then
that in smoothing data using this technique some prior knowledge of
the form of the data and its error characteristics should be obtained
$0 that the appropriate order may be selected.

Other techniques are available which are especially useful for
cyclic data, These include the use of Fourier analysis and low pass
filters (Winter, Sidwall and Hobson, 1974). However polynomials are
considered better for non-repetitive movement, especially where the
data can be expected to have tﬁe form of the polynomial chosen
(Winter, 1979),

A second-order polynomial is an obvious choice for displacement
data in which the performer is airborne and wﬁich is properly
considered to be parabolic., However this cannot be adopted also for
those phases of the movement where the performer is in contact with
the ground, since rapid changes in displacement can be expected,

especially during the landing (Widule and Gossard, 1971).
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Spline fitting is a modification of the polynomial smoothing
technique where the curve is broken into sections and an equation,
often cubic, is fitted to these. A number of researchers have
evaluated the cubic spiine against other smoothing techniques
(Zernicke, Caldwell and Roberts, 1976; McLaughlin, Dillman and
Lardner, 1977)., Zernicke and co-workers filmed a performer kicking
whilst standing an a force platform, They compared the vertical
acceleration curves derived from the displacement data which had
been smoothed using either a cubic spline or orthogonal polyncmial
equations. They found that the 5th-order polynomial, of all the
polynomials used, gave the acceleration curve that more closely
approximated the force trace, but that the cubic spline provided a
much better estimation, with a 95% mean agreement between the two.

McLaughlin et al (1977) also compared the acceleration curve
from a cubic spline fit with the vertical reaction force trace for
a standing vertical jump. fhey had difficulty in obtaining an exact
synchronization between the film record and the instant of take-off,
but still found excellent agreement between the two curves. In
evaluating the cubic spline against a Sth-order polynomial for knee
angular acceleration in running they found that the polynonmial
appeared to smooth out some of the true signal and provided unreasonable
values at the end points,

The spline was also found to produce good results when compared
with those obtained using the finite difference method based on the
Taylor series expansions in angular acceleration during elbow flexion:
and when compared to the nine-point chord average for knee angular

acceleration. However the methods used here to evaluate a good curve
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are largely based on the expectations of the researcher, rather than
on objective criteria,

In the same study (McLaughlin et al, 1977) a more objective test
was performed using the spline where the vertical acceleration was
calculated from displacement data of a dropped weight. The acceleration
graph overshot the expected value of 9.8m.s"2 at the end-points where
it tended to zero., The authors suggest that caution should be exercised
when interpreting the derivatives near the end-points of the data. They
concluded that for smooth and monotonic curves a simple quadratic‘or
cubic¢ spline fit would appear to be appropriate.

When smoothing data to reduce errors knowledge should be acquired
beforehand of the fundamental form of the data, so as to retain the

essential elements of the signal while reducing the random error.

Angular Kinematics

Angular displacement and velocity can also be smoothed to reduce
random errors in calculations, although in all studies of vaulting
this has not been the case. This situation exists because of the need
to measure only specific angles such as take-off and contact, and not
the whole range of motion (Ferriter, 1964; Guerra, 1968: Hatano, 1976;
Dainis, 1979).

The body angle has been determined by various methods. Ferriter (1964)
drew a line from the malleolus of the ankle to the ear or wrist and
measured between this line and the vertical. Guerra (1968) used a
similar method to determine angle at take~off and also measured the
angle between the trunk and the horizontal at horse contact. Trunk
angle was also used by Hatano (1976) however this angle is not

appropriate for all phases of the vault due to the changes in body
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‘configuration thaf occur. The technique used by Ferriter (1964) is
to be recommended since it more closely approximates the whole hody |
line. Dainis (1979) drew a line between the centres of gravity of i
the legs and arms to determine the body angle of the gymnasts over :
several frames and differentiated this to produce angular velocity. l :
However he used this information only as a check on angular velocity
derived from the calculation of whole body angular momentum., He does
not give any details as to the agreement between these two sets of
values,

While angular momentum will be constant in free-filight, angular
velocity need not necessarily be so. Dainis gives no details as to
in which part of the flight phase the velocity values were calculated.
One assumes he has smoothed the data by taking the average of the
values calculated,

In summary, procedural guidelines recommended for adoption in
biomechanical studies have been reviewed and the critical specifications

required to meet the needs of this study have been identified,
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SOME TECHNIQUES FOR THE MEASUREMENT OF FORCES

Introduction

In performing certain athletic or gymnastic activities the
athlete must produce large changes in displacement, both in
nagnitude and direction. To produce these changes a force must be
exerted against the ground or apparatus, usually by the feet. In
vaulting, the gymnast exerts that force against the horse with the
hands. By this means she influences the movement of the body in
pogst-flight. How effective that hand contact is in determining
post-flight is uncertain, It is a matter of controversy but has
not yet been objectively studied,

The study of contact forces in sporting activities can give
information about more effective force evoking technigues and several
studies have looked at the reaction forces at the feet and their
role in determining effective performance,

In general forces are measured directly by préessure sensitive
devices which respond to the deflection, however minimal of the
surface on which forces are being applied or indirectly by the reverse

dynamics approach,

Strain-gauged equipment

The vertical reaction force between the gymnast's feet and the
Reuther hoard was determined by Kreigbaum (1974). Tn a descriptive
study she strain-gauged the displacement of the board and fed the
output through a Wheatstone bridge circuit to an oscillograph, The
equipment was statically calibrated by loading the board with weights
and measuring the deflection of the trace on the U~V paper. Results

obtained indicate that there are two peaks during contact. The first
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being the acceptance of the gymnast's weight on the hoard and the
second due to the simultaneous extension of the hip, knee and ankle
Jjoints. Peak values were approximately 18 and 6 times body weight
respectively.

The gymnasts were filmed during the take-off ﬁsing a Locam 16mm
camora at 180 frames per second. The centres of gravity were
calculated using Kjeldsen's data (1969) and velocity values were
obtained. No information is given concerning the technique used if
one was used at all to smooth the data. The force traces were
integrated to give total impulse, This correlated significantly with
the magnitude of the second peak, but showed no relation to change in
speed of the gymnast, Kreigbaum may have obtained a significant
relationship had she correlated total impulse with change in
momentum. However she chooses to explain this result in the following
way. ..

First,...part of the impulse from the bhoard would

be lost in the damping effects of the articulations

and soft tissues of the body. Second, some of the

impulse could be absorbed by the partial relaxation

of musculature surrounding these articulations, so

that the joints were not rigid connections and thus

flexed in reaction to the upward force, (p.138)
Whilst kinetic energy might be absorbed under these conditions, the
change in momentum should be accounted for by ﬁhe impulse from the
board (Smith, 1972). Discrepancies between the two must be due to
either errors in calculating the velocity of the centre of gravity,
incorrect records being provided from the Reuther board or the fact
that the mass of the gymnasts was not taken into consideration.

Kreigbaum does not give an overall evaluation of the vaults

studied, so it is not known which variations in the characteristics
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of the force trace were associated with improved results,

Force platforms and plates

Force platforms and‘plates have been widely used to study the
reaction forces between the athlete and the contacting surface. They
have the advantage over the technique employed by Kreigbaum in that
they generally give the three orthogonal components and moments of
the force.

The amount of deflection of the surface must be minimal, Paul
(1975) recommends less than 1/1000th ineh otherwise it will interfer
with the skilled movements of the athlete. The surface of the platform
must also be rigid, in order to minimize 'cross-talk' between the force
compenents, and this has led to problems with the natural frequencies
of the system. However force plates are manufactured today which have
natural frequencies advertized as over 200Hz (Paul, 1975) but which
when measured are found to be over 400Hz (Soames, 1978),

Strain-gauges and piezo-electric crystals are often used to
measure the deflection of the surface. The signals from several of
these are fed to a bridge circuit and from there to equipment for
amplification and recording, It is important that systems used to
record the force continuously against time should have a low inertia
(Paul, 1975), otherwise directional changes will be swamped by delayed
responses and overshoots, The use of pen recorders, which have a high
inertia, is undesirable (Payne, 1968) since the signal regquires a
rapid response and the use of an ultraviolet recorder with low inertia

galvanometers is recommended,

Force platforms in sport

Force platforms have been used in the study of many sporting
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activities. In the field of gymnastics Payne and Barker (1976) have
studied the take-off forces involved in the flic~flac (back handspring)
and back somersault,

They used four good gymnasts as subjects and chose the best
performance of each from several trials filmed using a 16mm camera,
The film was synchronised with the force tracesby means of a continuous
motion clock in the field of view, which produced impulses on the force
trace, The reaction board was used to determine the position of the
centre of gravity to within 2cm. Prints were préduced from the film
and onto these the reaction vectors and the positions of the centres of
gravity were drawn. These were evaluated in terms of the magnitude
and direction of the reaction vector relative to the centre of gravity.
From their results they concluded that common coaching and teaching
instructions were well supported by biomechanical evidence of the
important factors in performance,

Studies of this type and others similar, involving statistical
analyses, could be of great importance to coaches and teachers, but
are rarely undertaken in gymnastics.

Payne and co-workers have produced information on reaction
forces relating to the sprint start (Payne and Blader, 1971), the
shot putt and weight-lifting (Payne, 1974) and the tennis serve and
golf drive (Payne, 19278).

Long~jump has been a popular event in studies incorporating
force platforms techniques, Ramey (1973, 1974) and Bedi and Cooper
(1977) have studied the angular momentum changes that occur during
take-off, The moments of the horizontal and vertical reaction forces

are calculated relative to the centre of gravity of the athlete and
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summed to produce a value for their turning effeect. These evaluations
have led Ramey (1974) to suggest that, although an athlete cannot
significantly alter his maximum force, he can alter the position of the
centre of gravity relative to the take-off foot at the approach

instant to produce an optimum amount of angular momentum for a specific
type of jump.

Many studies have been conducted into the forces exerted during
take-off in a vertical jump. Of interest is one study by Lamb and
Stothart {(1976) which compares the results 6btained from cine and
force platform techniques in determining the vertical take-off
velocity of the jump. They integrated the force trace where the value
of the force was greater than body weight and compared the results to
those obtained from the film, where the centre of gravity vertical
displacement curves had been smoothed using a least-sguares polynomial
and derivatives calculated to give velocitf values. They found good
agreement between the forces at the feet and the change in momentum
of the centre of gravity. Smith (1972) also obtained similar results
when studying a drop-landing onto a force platform. He obtained two
values for the change in momentum of the body, one from the centre of
gravity of the system and the other by summing the changes in momentum
of the segmental centres of gravity, the values were almost identical
and compared well with the impulse at the feet.

In summary, some useful work with relevant applications to sports
biomechanics has been reviewed. In these studies both the horizontal
and vertical reaction forces invoked by the athlete or gymnast have
been measured, to give a better understanding of their effects on

velocity and angular momentum changes which occur,
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CHAPTER 3: FROCEDURE

‘OVERVIEW

Two experimental programs were undertaken. The first was in two
parts:
a) to determine the characteristics for each type of vault and if
these differed between different types of vault.
b) to develop equétions predicting the outcome of a vault from

initial characteristics of the performance,

The second was designed to validate the predictive equations in
two ways:
a) with a group of good vaulters performing their best vaults,
b) with a program to examine the effect of pre-dictated variations

of pre~flight characteristics on post-flight,

In Experiment 1 six vaulters were filmed performing three, and
in one case four, vaults, while recording contact forces from two
platforms to which the side vaulting horse was bolted. In Exﬁeriment 2
four vaulters performed three of their best vaults, one of each type
was selected for analysis. Two of these vaulters were asked to
introduce pre-~flight variations in two of their vaults to order, but
only one was ahle to perform these variations efficiently as requested.

A preliminary feasibility study to ascertain the nature of the
records, likely distribution of measurement data and to provide
realistic samples of data from which to develop the programs of
analysis was conducted on six young gymnasts, filmed while performing
three vaults each,

Subjects were always allowed adequate practice and warm~up hefore

any recordings were made, and several trials were filmed before the
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actual recofdings were taken,
Thus a total of nine subjects (one was included in both
vaults
experiments) performing thirty—ninehwere recorded, Of the nineteen
vaults recorded in Experiment 1 one was omitted from the analysis
because of its perceived poor standard. In Experiment 2 seven vaults
were selected for analysis. Of these, the four vaults with pre~dictated

variations of pre-flight were performed by a subject who had taken

part in Experiment 1,
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ORGANIZATION OF THE LITERATURE REVIEW

The initial location of references relating to vaulting was
through of review of cine techniques in biomechanics (Atwater, 1973).
The bibliographies of Hay (1974, 1976), Squire (1977) and the Sports
Documentation Monthly Bulletin published by the University of
Birmingham library were valuable sources of information. A search
of the back issues of the monthly bulletin'was conducted at the
Birmingham library and a subsequent check on the issues received at
Loughborough University was conducted, Repgular searches were also
made of current scientifiec journals which had previously provided
information, -

A éearch of Index Medicus using Medline under descriptors
'vault', 'jump' and 'gymnastic;' revealed several articles relating
to injuries in gymnastics, three articles concerning the long-jump
and many relating to the cranial.vault. None of these were considered
relevant,

Several coaching articles had been collected by a national
coach (Mr. W. McLoughlin) and the author in an ongoling current
awareness program, A search through the back issues of the main
gymnastic coaching journals revealed few others. Again a regular
check was made of current issues,

Several papers were also collected by following up references

cited in other papers, a procedure that was followed until no new

references could be located.
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EQUIPMENT

Photographic equipment

A Bolex H16 Refléx spring driven camera was used in the
collection of film data, This camera has a variable shutter and
framing rate and can be used with either a 50mm, 1.8 or 25mm,

1.4 lens,

The framing rate was set at 64 frames per second and the
shutter in the 'half-closed' position, this gave an opening of
72° and an exposure time of 1/320 second, This time was brief
enough to prevent blurring of the limbs during thelr most rapid
movements,

A cable release was attached to the camera and used in the
filming in order to aveid any movement of the camera,

Kodak 16mm film both Video News Film (daylight, colour, ASA 160)
and Tri~X Reversal (daylight, black and white, ASA 200) were used
for the filming.

A Hulcher 35mm sequence camera was used to take a series of
still pictures at time intervals of 1/25 second. This camera was
used with a remote shutter control,

A Weston light meter was used in conjunction with both cameras,

Ancillary equipment used in the photographic procedures
included a right-angle met{re scale marked in black and white
intervals with 8cm black and white targets attached to the ends;

a conical timer, which is a rotating cone based on the design of
Blievernicht (1867) driven by a gramphone motor. It can be adjusted
to rotate at the rate of 1000ms per revolution., The cone has a

height 50cm and diameter 1.0lm marked in .01 second intervals and
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can be read accurately to within .002 seconds; and finally a Venner

Electronic Counter, which has a digital display in milli-seconds.

The force platforms

The force platforms used in this study are those described by
Payne (1974) and designed and constructed by Payne and Blader,
based on the design of Cunningham and Brown (Payne, 1975).

They are two identical cantilever type platforms constructed
with a strain-gauged cylindrical post in each corner, supporting a
cast-iron frame and 15cm of aluminium honeycomb, These platforms
measure the fhree orthogonal components of the force, as well as
their moments, In this experiment only the vertical (Z) and tﬁe
horizontal force (X) were recorded,

The signals from the strain gauges are fed into a Wheatstone
bridge circuit which sums the values of each component. These
voltages then pass to an amplifier (4000 system, S.E. Laboratories
Ltd., S8E 4300) which is linked to an ultra-vioclet (U-V) recorder
(5.E, Laboratories Ltd,, type SE 2100)., This recorder uses low
inertia galvanometers, whose positions vary in accordance with
the current and deflect the beams of light accordingly onto
photo—sensitiﬁe paper, Kodak Linagraph direct print paper (standard
type 1895, 30.5cm wide) was used to record the traces.

A continuous motor clock driven by a mains frequency

synchronized motor was connected to the U~V recorder to produce
four pulses in a regular cycle of ,02 seconds on the paper. This

clock has a sweep needle that rotates at the speed of 5 revolutions
per second. The face of the clock is marked at ten regular intervals

and can be read accurately between these .02 second intervals,
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The integrating instrument

A Haff Planimeter (No, 317) which measures in square centimeters

was used to integrate the force traces.

The Vanguard analyser

A Vanguard X—Y analyser was used to digitise the points from
the film.

The analyser consists of a backprojection screen onto which the
picture is projected after being reflected hy a mirror, The projector
has a frame counter and pin register to ensure the exact location of
each frame in the gate,

A double plate perspex cursor moves horizontally and vertically
across the screen to the desired point, This point can be accurately
located without parallax error by superimposing two coincident sets
of fine lines drawn on the parallel perspex plates. The cursor locks
into position while the reading is being taken.

A Minc Computer was linked to the analyser, and with the use of
a standard program (VANGRD: R. Buxton), upon depression of a foot
pedal the X and Y coordinates were entered into a file on a floppy
disc in the computer, A digitis:iing rate qf one coordinate pair per
2 seconds is feasible, but on average a workable rate was found to

be one point per 4 seconds,

The computers

The ICL 19045 computer located in the Computer Centre at
Loughborough University was used to transfer the data from the floppy
disc to the Prime system, This required the disec to be read into the
ICL 19048 angd then two programs (FLOPPY TRANSFER JOBS 1 & 2:

R. Thirlby) were run to transfer the data onto a file in the Prime
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system. Use was also made of statistical packages available on
the ICL 190483,
The data was analysed using the Prime, a system which consists
of two 1280K byte Prime 400 processors, 620 Megabytes of disc
storage, a magnetic tape deck compatible with discs on the' ICL 1904§
and other ancillary equipment. It is an interactive system linked
to terminals spread throughout the campus. There are several types

of terminals available for use, these include Trend printers, V.D.U,'s

and a Sigma S5660 colour V.D.U,

Gymnastic apparatus

height of 1.20m,, and anchored firmly to the ground to avoid any
movement as the gymnast made contact,
The springboard used is commercially available and manufactured

to meet the specifications of the Apparatus Booklet {(I1.G.F.,, 1979).

THE SUBJECTS

Selection of subjects

The vaulting horse was set at the regular senior competition
The nine subjects used in this study were selected according

to their vaulting ability from two English clubs. The gymnasts were

from International, National or Regional Zone squads and considered

by their coaches to be good vaulters, The group was considered to

be fairly homogeneous since the two coaches worked together closely

and taught the same technigues.

Preparation of the subjects

Black electrical tape was cut into strips of suitable lengths,

3 - 10cm, which were used to mark the joint centres as described by
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[y

Dempster (1955) and Plagenhoef (1971). Crosses were attached to

the subjects and a white dot of lcm diameter was placed in the
middle., Joints marked in this manner include the ankle, knee, hip
and shoulder. Because of the flexion of the arm during the vault,
two landmarks were placed on the shoulder, one Scm helow the
acromion process and the other 3em above the posterior fold in

the axilla. A radiograph was used to determine the distance for this
method,’(see Fig. 6) since it was thought that the 8cm distance from
the 1st rib, recomﬁended by others (Plagenhoef , 1971; Lees,
mimeographed material) is both difficult and awkward to locate and
measure. Longer strips of tape were placed along the line of the
plane of the joint axis. The rotation of the arm about its
longitudinal axis during the movement required that the plane of

the joint axis be marked for the elbow and the wrist, dots were
placed on the medial and lateral epicondyles of the elbow and the
styloid process of the wrist.

In order to locate the joints between C7-T1 and T12-L1, during
the digitising, thin strips of polystyrene, with black tape wound
around at lem intervals, or black electrical tape folded and with
a white dot on the end, were attached to the skin or leotard of the
subject.

Weight was recorded using previously calibrated balance scales
(Salter, Birmingham; Avery, St. Mary's; Herbert & Sons., Loughborough)
with the subjects wearing the sleeveless leotards and any light,
flexible footwear worn in the experiment. Weight was recorded in
kilograms or pounds to the nearest 0.lkg. or 0.25 pound and convefted

to kilograms.,
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Stadiometers were used to measure the height of the subjects.
The subjects stood with the back, buttocks and heels against the
stadiometer, while the head was kept in the Frankfort plane. Upward
pressure was exerted against the mandible and styloid processes,
while the heels remained in contact with the ground. The reading

was taken from the scale in millimetres.

EXPER IMENTAL AREAS

Outdoor sports field, University of Birmingham

The first experimental test session was conducted on the
‘red~gra' area of the outdoor sports field at the University of
Birmingham, The force platforms were located centrally in this area,
in a specially designed concrete pit. They lay side-by-side giving
a total surface area of 152 x 76cm2. Two pieces of 1" thick
blockboard were screwed to the surface of the platforms to bring
them up to ground level: It was into these pieces of wood that the
herse was firmly secured. However the location of the platfornms
restricted the layout of the equipment. This meant that there was
virtually no limitation to camera-subject distance, however the
gymnasts were limited to l4m in their approach run.

The background was composed mainly of a steeply sloping grass
bank, which provided a good contrast with the subjects. It was
necessary to locate the U~V recorder near the horse which detracted
from the plain background, but during data transcription this proved
to offer no problems,

The use of an outdoor area provided the usval organizational

problems and the session was twice postponed due to inclement weather.
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On the test day rain threatened, a few drops fell and it was not
very warm,

A layout of the experimental area is given in Fig. 7,

Victory Hall, Lodghborough University of Technology Sport's Hall,

8t. Mary's College, Twickenham

These gymnasia provided good conditions for the second test
program, The layouts were similar to that described for the Birmingham
session., They differed however in the following respects:

1. Approach run - a full 20m run was availablef
2, Background - painted walls or backbeoards provided a good
background contrast.

3. Camera-subject distance - at St. Mary's the camera-subject

distance was limited to 12m and a 25mm lens was used,

STANDARDIZED TEST PROCEDURES

Experiment 1

Aim: To test the hypothesis that the outcome of a vault, reflected
in measurements of the kinematic variables of post-flight, could
be predicted from kinematic and kinetic variables during the
pre~flight and contact phases, and if these vary between 4ifferent

types of vaults,

Apparatus

The cine camera was positioned normal te the plane of movement
of the gymnast in line with the centre of the horse, at a distance
of 15m, It was firmly secured to a solid tripod and set at a height
of 1.5m. A 50mm lens was used and this enabled the gymnast to be in
the field of view from contact with the beard until landing, a

distance of approximately 5m. YTarallax error of assum‘\ﬂﬁ shoulders
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The Hulcher sequence camera was similarly placed at right-angles
to the plane of movement of the vaulter. However it was closer to
this plane at a distance of 12m and was positioned in line with the
edge of the landing mat nearer the horse,

The light metre was used at frequent intervals, as the clouds
gathered and dispersed, to take light readings and calculate the:
appropriate f-stops,

The right-angled metre scale was placed in the vaulter's plane
of movement and filmed prior to filming the subjects, so that the
film measurements could be converted to actual distances. The distance
between the targets attached to the ends of the scale was measured
to be one metre using a metre rule. The horizontal arm of the scale
was adjusted to the correct position with the use of a spirit level,
marked in ,03 degree intervals, but capable of greater precision in
measurement. The vertical arm was checked in both planes using a plumb
line,

The conical timer and continuous motor clock were also placed
in the field of view and filmed during the data collection.

The force platforms were located in the pits as described and
attached to the U-V recorder, to which the continuous motor clock
wés also linked., The horse, which had been braced to reduce the
oscillations, was screwed to the blockboard on top of the force
platforms., Run-up mats were providea to a distance of 14m. and thick
crash-mats were used as a landing surface. The gymnhasts were
permitted to adjust the distance between the springboard and the

horse to suit their requirements,
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Preparation for performance

Prior to the test sessions all subjects were told the nature of
the experiment and were asked to prepare themselves to perform their
best vaults. This preparation included a general warm-up inside and
then the gymnasts were allowed as many vaults as they needed in order
to be performing at their best. Several of the last few warm-up
vaults were filmed and forces recorded, with the subjects' knowledge,
to familiarise them with the procedures and nature of the occasion

ready for the moment when data could be collected.

Recording and measurement procedures

Several people were needed to organise the session and operate
the equipment,

The subjects performed fheir vaults in a randomised order, in
case the performance of a specific type of vault affected the
performance of the next t;pe. Mr. C. Acikada organised the gymnasts
and told them which vaults to perform, from a previously prepared
list. He also frequently checked the security and locations of
segmental endpoint markers.

Mr. H, Payne operated the U~V recorder and the Hulcher sequence
camera, by remote control during thelperformances.

The author operated the cine camera using a cable release and
checked the alignment of the camera after rewinding.

After any iqterruptions to the session, e,g. following changes
of film or U-V paper, the gymnasts were allowed two vaults to warm-up
again. Figure 8 shows the layout of apparatus, equipment and personnel

involved in the data collection,
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Figure 8, Layout of equipment, apparatus and personnel,

Experiment 1,
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Variables measured

Information concerning the following variables was collected
during this experiment,
la) Kinetic variables
Horizontal forces (1bs.)
Vertical forces (1bs.)
Time (ms)
b) Derived kinetic variables
Horizontal impulse (N.s/body mass)
" Vertical impulse (N.s/body mass)
Average horizontal compressive force (N/body weight)
Average vertical compressive force (N/body weight)
Average hdrizontal repulsive force (N/body weight)
Average vertical repulsivé force (N/body weight)
2a} Kinematic variables
Position of segmental endpoints {(mm)
Time interval between frames (ms)
b) Derived kinematic variables
Displacemgnt of the centre of gravity (m)
Angular displacement (degrees)
Horizontal velocity (m.sul)
Vertical velocity (m.s_l)
Angular velocity {degrees / second)
Vertical accéie}ation (m.spz)
3) Physigue variables
Height (mm)

Weight (1bs,)
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The criterion variables in this study were obtained from the
derived kinematic variables of post~flight, These are:
a) horizontal displacement of the centre of
gravity (m)
b) change in vertical displacement of the centre
of gravity from loss of horse contact to peak

of flight {(m)

Comments
1., The subjects were not performing under ideal conditions due
to the location of the force platforms and out of doors.
2, While the records of the forces evoked during horse contact
gave a general representative picture of the behaviour of
the subjects, low freguency noise was also recorded dge té the

oscillations of the horse initiated by the compressive force,

Experiment 2

Aim: To check the validity of the predictive equations obtained
from Experiment 1 outdoors on vaulting performance_indoors.

Four subjects were used in this experiment., The subject who had
participated in the first experiment slso performed the vault with

specified modifications of pre-flight.

Apparatus

The camera was located at the maximum permissible distance
across the width of the gym and the minimum size lens used which

would just record the reguired field of view.
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The right-angle metre scale, light meter and conical timer were
used as for Experiment 1, Two tungsten 1000 watt lights with daylight
filters attached were used at St. Mary's, since the natural light was

not sufficient to permit filming at high speeds.

Preparation for performance

These subjects were similarly asked to prepare themselves to
perform at their best and were allowed time for both a general and
a vaulting warm—up. Two of the subjects were also asked to perform
the layout squat and handspring vaults with modifications in pre-flight.
These modifications were to have either a high or low pre-flight, in
terms of the trajectory of the centre of gravity. Only one subject (JT)
was able to perform these vaults in the required manner,

Several warm~up trials were filmed,

Recording and measurement procedures

The cine camera was operated during the performance of the vaults.

Variables measured

Variables obtained in this experiment differ only from those
obtained in IExperiment 1 in that there were no kinetic data collected
and that it was necessary to record the type of pre-flight being used

in four of the vaults.

Comments
1, The use of indoor areas in this experiment provided the subjects

with good and familiar conditions in which to perform.
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CALIBRATION OF EQUIPMENT

Camera framing rate

In both studies the framing rate of the camera was calculated
by filming the conical timer during all performances, The revolution
rate of this timer can be accurately set to 1000ms with the use of
the Venner electronic clock. A reed switch, attached to the rim of
the large rotating cone, provided a pulse once per reveolution which
activated an on-off circuit to operate the Venner clock, Only minor
effort was required to adjust the timer to a rate of 1000ms per
revolution., Variations greater than tSms were considered unacceptable,
The revolution rate was checked at regular intervals during the
experiment, see Figure 9,

A framing rate of 64 frames per second gives an interval of
15.6ms between successive frames. The resolution of the film and the
image size of the timer meant that it could only be read with
confidence to 2ms. This is a large error in 15,6ms, 12%, therefore
was decided to take the readings of strategic frames in the vault
and calculate the average time intervals for the intervening phases,
The framing rate was assumed to be constant for each phase,

The continuous moter clock alse used in Experiment 1 can also
be read with confidence to 2ms. Both this cloek and the conical timer
were used to determine the duration of horse contact. The results
are presented in Table 1,

The Pearson product-moment correlation coefficient between the
results of the two clocks was calculated {see page101) and found to
be r = 0.995. The standard error of the measurement, page 102,

Xy

estimating the value of the continuous motor clock from that of the
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Figure 2. Calibration of the conical timer using the Venner

electronic clock.



Table 1.

Duration of the contact
continuous motor clock,

71.

phase read from the conical timer and the

J

Vault Conical Continuous Vault | Conical | Continuous
timer motor timer motor
clock clock
(ms) (ms) (ms) - (ms)
HPTV 268 278 TSH 424 410
JTTV 188 179 AAH 268 253
JBTV ‘184 191 DMH 294 287
TSTV 270 269 HPY 204 1939
AATV 206 193 JTY 233 228
DMTV 204 191 JBY 227 213
HPH 434 427 TSY 300 292
JTH 286 282 AAY 262 255
JBH 225 214 JBHSF | 197 204
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conical timer was found to be smeas = 5.1ms, This gives an error of
2.6% for the conical timer, which is considered to be acceptable,

The results and line of best-fit have been plotted in Figure 10,

Force platforms and ancillary equipment

The force platforms, Wheatstone bridge circuit, amplifiers and
the U-V recorder were calibrated as one unit, since they were
connected and operated as one unit- for Experiment 1.

The platforms were calibrated stétically in both a pre-loaded and
an uﬁloaded condition. Leoads ranging from 50 to 403,81lbs were first
placed on the platform in a progressive series and readings taken.
These readings were repeated during unloading to permit dccount to be
taken of hysteris effects. In a second series, a pre-load of I1001lbs
was first added, the zero reset, then the loading and unloading
conditions were combined and sequences repeated. The pre-loaded and
unloaded‘results were used to producé a calibration factor for each

component of the two platforms.

Vertical (z) axis

The amplifiers were set in the range used in the experiment and
known weights were placed on the platform in ascending order and then
removed one at a time in the reverse order, Thus each platform was
calibrated in loading and unloading conditions, Two 501b. weights
were then placed on the platform, the zero reset and the procedure
repeated. The resulting U-V records were measured using a standard
metric drafting scale. Lach was measured five times along different
portions of the trace; the results are given in Table 2.

The mean for each of the five trials was calculated. A two-tailed
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Table showing the galvanomneter deflection {(mm) measured five times
for each applied load under various test conditions for the vertical
component of both force platforms.

jal
o
* MS
= o
[s] o H
ot [+
- hat hen Galvanometer Deflection (mm)
T u o o W0
< O ) T & O
S 3 I |1 2 7 4 5 Mean
50 on 0 12.5 12.7 12.7 12.6 12.6 12.52
50 off . 12,5 12.5 12.4 12.3 12.3 12.4
100 on 0 25,0 25.2 25,3 25,2 25,2 25.18
100 off 0 25.0 25,0 25.0 25.0 25.0 25.0
151.25 |on 0 37.7 37.8 37.5 37.5 37.7 37.64
151.25 |off 0 37.7 37,8 37.7 37.5 37.7 37.58
202.5 |on 0 50,5 50.3 50.5 50,7 50.5 50.5
-+
= | 202.5 |off 0 50. 5 50.5 50. 4 50.5 50.7 50,52
(@]
g 403.8 |on 0 100.5 !100.3 |100.7 |100.7 |100.3 | 100.5
“ | 102.5 |on 100 25.5 25.5 25,5 24.5 25.5 25.48
102.5 |off 100 25,5 25,5 25,5 25.5 25,5 25,5
303.8 |on 100 75.5 75.5 75.5 75.5 75.5 75.5
50 on o 13.7 |13.7 |13.8 |13.7 |13.7 |13.72
50 off 0 11.9 12,0 11,8 11.9 11.8 11.88
100 on 0 26.2 26,3 26.2 26.2 26.3 26.24
100 off 0 25.2 25,3 25.2 25.3 25,1 25.22
151.25 |on 0 39.2 39,3 39,2 39,2 39.2 39.21
; 151.25 |off 0 39.0 39.0 38,8 38.7 38.9 38,88
fa]
E 202.5 |on 0 51,9 51,7 51.7 51,7 51,8 51,74
é 202.5 |off 0 52,0 52.0 52.0 52.0 52.0 52.0 -
403.8 |on 0 101.2 |101.3 |101.2 |101.3 [101.2 |101.24
201,96 |on 100 51.5 51.6 51.7 51,8 51,7 51,66

*

on = lead measured in the ascending order

off= load measured in the descending order
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t-test of the differences of the paired observations (see page 102)
for the loading and unleading situationé was conducted, for both
platforms. The results were not significantly different at ¢ = 0.2 ,
showing that even at this low level of significance there was no
difference between the means.

The line of best-fit through the calibration readings was
calculated using the POLFIT program (page 102). This produced a
calibration graph containing the points, the line and regression

equation for the line. {(Figures 1L and 12).

Horizonfal (%) axis

A cable tensiometer exerting a measured force, horizontally,
on each stationary platform, was used to calibrate the horizental
component, )

One end of the tensiometer was firmly attached to the wall,
the other to a frame on top of the force platform, The equiPment had
been designed to ensure tbe cable was horizontal and tﬁat the platform
was stationary. See Fipgure 13,

| Each platform was calibrated in the unloaded and pre-loaded {10C1lbs)

condition. The tension in each case was increased‘progressively to
3001bs then decreased in similar steps.

Two-tailed t-tests were conducted as for the vertical axis and

they also showed no difference between the means at & = 0.2 , Results

are presented in Tables 3 and 4 and Figures 14 and 15,

The Haff planimeter

A reliability study was conducted on the integrating technique,
using a Haff planimeter,

One force trace was integrated ten times resulting in a mean of
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Table showing the galvanometer deflection (mm) measured five times

for each applied load under various test conditions for the horizontal
component of force platform 1,

T
kol
I
-3
o o
[#] g 8
~ 5 28~
N h 2o Galvanometer Deflection (mm)
= 0 o] e S
g 5 A '
3C S FRZ )1 2 3 4 5 Mean
50 on 0 7.9 8.0 7.9 7.9 7.8 7.90
50 off 0 8.7 8.6 8.5 8.6 8.6 8.60
100 on 0 16.5 | 16.5 | 16.4 | 16.4 | 16.5 | 16.46
100 oft 0 17.1 16,9 |16.9 |17.0 | 16.9 | 16.98
150 on 0 25.0 | 25.0 |25.2 |252 {251 {2510
150 oft 0 25.5 | 25.4 |25.4 |25.3 |253 | 2538
200 on 0 32.8 |32.8 |33.0 |a33.1 |33.1 !a32.096
200 off 0 33.3 | 33.2 |33.2 [33.2 ]33.2 |33.22
250 on o al.2 | 41.4 | 41.3 |41.2 |41.1 |41.24
250 off 0 41,2 la1.2 lai,z |a1,4 |4a1.2 |41.28
s
300 on 0 49,0 (49,0 [49.0 |49.0 |49.0 |49.0
50 on 100 8.4 8.5 8.5 8.5 8.5 8.48
50 off 100 8.5 8.4 8.0 8.1 8.0 8,20
100 on 100 16,7 | 16.7 | 16.6 |16.5 | 16.6 | 16,62
100 off 100 16.3 | 16.4 |16.4 |16.3 | 16.3 16.36
150 on 100 24.8 |24.8 |24.8 |[24.8 |24.8 |24.80
150 off 100 24.7 |24.5 |24.6 |24.7 |24.6 |24.62
200 on 100 32.9 |32.9 33.0 [33.0 (33.0 |32.04
200 off 100 32.8 |32.8 |32.9 [32.9 |[32.9 [32.86
250 on 100 41.3 | 41.2 |41.2 [41.3 j41.3 |41.26
250 off 100 41.2 | 41.2 lar.2 [(41.2 l41.2 l41.20
300 on 100 49.5 |49.7 |49.7 |as.8 |49.8 |49.7




80,

Table 4,

Table showing the galvanometer deflection (mm) measured five times
for each applied load under various test conditions for the horizontal
component of force platform 2,

o}
of
Q
~
o [
Q = B
~ 7 S HA
. s by, Galvanometer Deflection (mm)
w0 = wi = 0
(o] o T § Q
3 & Zad 2 3 4 5 Mean
50 on o 7.3 7.4 7.4 7.3 7.3 7.32
50 off 0 7.4 7.3 7.3 7.4 7.4 7.36
100 on e 14.8 14.8 14.8 14.8 15.0 | 14.84
100 off 0 14.8 14.9 14.8 14,9 14.8 14.84
150 on 0 21.8 21.8 21,8 21.9 21.9 21.84
150 off 0 22.0 |21.9 22,1 22.0 22.0 22.00
200 on 0 29.4 29.0 29,0 29,0 29,0 29,08
200 off 0 29.5 29.4 29,5 29.4 29.4 29.44
250 on 0 36.3 36,3 36.2 36.5 36.4 36,34
250 off 0 36,7 36.8 36.8 36.8 36,8 36,78
- 300 on ) 44.0 43,9 44,0 44,0 44.0 43,98
100 on 100 | 14.5 4.5 14.4 14,5 14.4 14,48
100 off 100 14,4 14,5 14,6 14.5 |14.5 14,50
200 on 100 29.0 29.0 29,0 29,0 29,0 29,00
200 off 100 29,0 29.0 29.0 29.0 29,0 29,00
300 on 100 43.8 43,7 43.7 43,7 ¥43.7 43,72
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7.7cm2 and a range of 7,5 = 7.9cm2, This giving a standard deviation
of O,l2cm2, and an error of 1.6%, 1s considered to be acceptable and

indicates that this was a reliable method.

The Vanguard analyser

Scale correction

The distances measured from the film were scaled to half life
size using a metre scale filmed in the object plane. The ratio of the
actual size of this scale to the measured size of the image was set
using potentiometers on the Vanguard analyser.

Initially the zero position was set in the corner of the scale;
then the one metre length of the horizontal arm was set equal to
500mV. A similar procedure was followed for the vertical arm. The zero
was then shifted to an arbitrary position in the lower left-hand

corner of the screen and the one metre lengihs measured again. An error

of less than 3mV equivalent to 6mm in real distance was acceptable,

Digitising technique

The reliability of the equipment and the author's digitising
technique were tested in conjunction with the centre of gravity program
(COFG, Appendix E). Ten frames of the same vault were digitised on two
occasions. The raw data were processed in the manner adopted for this
study (see page 94) and the position of the subject's centre of gravity
in each frame wasz calculated. No effort was made to standardise the
location of zero for the two occasions, instead the mean difference
between the two sets of data was calculated and then each value in the
second set was corrected for the systematic error. The corrected data

are presented in Table 35,
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Table 5,
Horizontal and vertical displacement data for the same vault

digitised twice.

Horizontal Vertical

1 2 - 1 2
1.383 1,389 1.646 1.654
1,444 1.450 1,702 1,706
1.505 1,505 1.755 1.756
1.567 1.560 1,799 1.805
1.624 - 1.618 1.849 1.830
1.683 1,679 1.897 1.893
1.737 1.739 1.941 1.934
1.799 1.800 1.979 1,977
1.858 1.857 2,024 2.018
1.920 1.921 2.055 2.049

A regression analysis was then conducted, the second set of values
being regressed on the first, The standard error of the regression '
estimate was determined., It was observed that the B coefficient was
approximately unity (By.x = 0,994 horizontal data and BY-X = 0,968
vertical data),

The regression line is shown plotted against the horizontal and
verfical data in Figures 16 and 18,

The standard error of the estimate is quite small e.g; it is

Sy = 0.0046 horizontally and Sy = 0.0031 vertically and can be seen

to be random from the graphs of the residuals in Figures 17 and 19.
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the data transcription process.

Validity of the cubic spline fit to parabolic data

A vault, from take~off teo landing, consists basically of twe
parabolae with an intervening phase of rapid acceleration. QOther
researchers (McLaughlin et al, 1977) have not had good resﬁlts when
using the cubic spline to smooth and double differentiafe parabolic._
displacement data, especially at the end points.

However, they used Reinsch's algerithm {1967) which has as a
feature the eﬁd conditions of

s''(0} = tl{max) = O

where s'?

is the value of the second derivative of the spline., The use
of this algorithm does produce valid readings near the endpoints in
parabolic motion,

The spline used in this study is based on Cox's algorithm (1975)
which differs from Reinsch's in that the end conditions of the second
derivative are not fixed. The technigue uses B-splines or fundamental
splines as a basis function. These splines are fitted over four knots
and summed to produce values at the knots which define the cubic
functions. This necessitates the addition of four extra knots placed
at each end, which allow the conditions of the function at the end
conditions to be met accurately.

The validity of Cox's alpgorithm was evaluated on theoretical data

for parabolic motion, The following graphs have been plotied against

89
This random error then is the(magnitude of error to be expected from
|
|
|
|
- 1
time: vertical displacement, Figure 20, the residuals, Figure 21, l

vertical velocity, Figure 22 and vertical acceleration, Figure 23. The
{
"residuals are of a very small order, and reflect the rounding ta two




Figure 20. Cubic spline fit to parabolic data.
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decimal places of the input data, the velocity graph appears to be
linear. From Figure 23 it can be seen that the acceleration has a
constant value of -9,8m,s~2 as would be expected. Hence the velocity
graph is not only linear but also has the required slope. The cubic
spline based on Cox's algorithm was considered to give a va}id

representation of the data and its derivatives for parabolic motion.,

ANALYS5YIS OF DATA

Raw data

The raw data was initially inspected using the Sigma terminal
and the prog?am PLOTVAULT (see Appendix E). This inspection revealed
any errors in the sequence of digitising the eleven p;ints for each
frame, The program enabled the user to inspect every seventh frame
of the vault and notice any discrepanciei in the configuration of
the performer,

On several occasions the upper arm had not been digitised, so
these framef were deleted. Inspection alsc revealed that occasieonally

the same point had been digitised twice so one of these points was

edited from the file,

Duration of the phases

The error in measuring the duration of the phases will be
compounded by not knowing the exact time of contact or take-off.
The conical timer was read'for the following frames:
1. First frame of pre-flight
2. Pirst frame of horse~contact
3. First frame of post-flight

4, Last frame of post-flight
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From these readings the average time interval between frames was
calculated for the different phases:

T1l: duration of.pre—flight. This was calculated between the
first frame of pre-flight teo the mid-point between‘the last frame
of pre-flight and the first of contact. Since the gymnast may have
left the board up to 1léms before the frame taken as the first frgme
of pre~flight, this error must bhe taken into account. Similarly there
could be a 8ms error in the time of contact. In all a possible total
of Z24ms in an average pre;flight time of 31lms, giving a maximum
error of 7.7%.

T2+ duration of contact. Sihce the times of contacting and
leaving the horse were taken at the mid-points of successive frames
where contact was seen to be made or lost there is a total maximunm
error of l4ms in T2; giving for the average value of T2, 297ms, an
error of 4.7%.

T3: duration of post-flight. This was taken from loss of contact
with the horse, as above, until the last frame of post-flight, hence
it has a 24ms error: giving a 4,7% error for the average of 509ms,

For the above reasons the duration of the different phases is

given to two decimal places.

Calculation of centre of gravity

The program COFG (see Appendix E) was used to calculate the
centre of gravity of the body for each frame. This program uses the
segmental method based on a nine segment model and required eleven
peints to be digitised for each calculation.

Data from Cook's {1978) study on female gymnasts was used for

the percentage mass of the different segments. Cook used the water
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tank displacement method as described by Dempster (1955} to calculate
the mass of the various segments for six gymnagts, She also used the
density wvalues given by Dempster,

Kjeldsen (1969) performed the same experiment on six gymnasts,
however her results indicate that the subjects were more 'pear' shaped,
since she had a large value (34.2%) for the abdomen and pelvis. The
gymnasts in this present study tended to have broad shoulders and a
narrow pelvis therefore it was décided to use Cook’s data,.

The percentage distances of the segmental centre of gravity from -
the proximal joint centre used in this program were from Johnson's
study (1876) and Dempster's study (1955} for the tofso segments. The

data concerning the segments is given below in Table 6,

Table 6,

Segmental data

Segment % segmental mass % distance from
proximal joint to
centre of gravity

Head 11.6 43.3

Thorax 18.6 62.7

Abdomen and pelvis 17.C 59.9

Thigh 29,9 44,5

Lleg 9.4 45.8

Foot 3.1 46,8 )

Upper arm 6.5 47.8

Forearm 2.9 48,4

Hand 1.1 49.3




97.

The moments for the segments were summed about the origin and
the centre of gravity for each frame was calculated, The output
from this program was in the form of a hard-copy giving the position
of the X and Y coordinates and the time for each frame. These are
presented in Appendix B,

Files were also created for later use. These files included:
the X and Y displacements for plotting the path of the centre of
gravity; time and horizontal displacement for calculating'the

horizontal velocity; time and vertical displacement for calculating

vertical velocity.

Calculation of change in displacement

For the pre-flight and contact phases of the vault the changes
in displacement were calculated by subtracting the initial value for
that phase from the initial value of the next phase.

Vertical displacement during contact was calculated to have the

smallest of these four values (Eg‘z 0.24m). Since the expected error

in each displacement point is 3mm the resulting error in this calculation

is 2.5%.

However for post-flight vertical displacement the percentage error

using this technigque would be much greater since the value is generally

less, ZFL ranges from ~0,01 - 0,23m, Hence when calculating the
difference between the peak of the second parabela and the position
at loss of contact, the results read from the Tables in Appendix B
were cdmpared to results read from the smoothed displacement time
graph. Where these did not agree to the nearest centimetre the value
read from‘the graph was taken to be correct,

The change in horizontal displacement was calculated fréom the
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1ast frame of contact until the last frame of post-flight,

Calculation of the performance criterion score

The performance criterion score is the sum of the standardised
scores for the horizontal (XFL) and vertical (ZFL) displacements of
post-flight. A series of standardised scores was calculated for each
vault from the values of the subjects in Experiment 1, The performance

eriterion score for each performer was calculated from the equations:

1

ZXFL = (XFL - MEAN(XFL)) / SQRT (VAR(XFL))

ZZFL = (XFL ~ MEAN(ZFL)) / SQRT (VAR(ZFL))

z ZXFL + ZZFL

These calculations were included in the GENSTAT package.

Smoothing the displacement-time data

Horizontal data'

The file created by the program COFG containing the horizontal
displacement and time data was used to calculate the horizontal
velocity over the free~flight phases,

This file was initially edited and two files were created. The
first contained all the points for pre-flight and no points where the
gymnast was in contact with the apparatus. The second similarly
contained all the points of post-flight. These files were each read
into the POLFIT.DIALOG program which is available at Loughborough
University through the computer centre. A polynomial of degree one
was selected and fitted to each set of data. The resulting equation
for the line was outputted from the program and the horizontal

velocity taken from the value indicating the slope of the line,



Vertical data

The cubic spline technique was used to smooth the vertical
displacement~time data. The package SFIT.DIALOG, again made available
by the computer cenfre at Loughborough Univefsity, is an interactive
program allowing the user fo observe the plotted data and insert the
knots accordingly.

0f =all the terminals available, the Sigma $5660 provided the
largest and most accurate picture, this terminal was therefore used
in this process.

A knot was fitted at the begining of contact in between the points
which indicate the last frame of pre~flight and the first frame of
contact. The same procedure was used to place a knot at the end of
contact,

A double knot, giving a discontinuous acceleration curve, was
placed where the path of the centre of gravity was determined to be
changing rapidly; i.e. at the end of the first parabola, where a
marked upward displacement is shown. This position corresponds to
the end of the compressive phase where there is a marked drop in
acceleration, hence the inclusion of the double knot was justified.
A fourth knot was placed mid-way between the doubte knot and the
end of contact. |

The location of the knots in these positions produced the hest
results minimising the magnitude and maximising the randomisation
of the residuals and giving accurate values for g in the free-flight
vhases,

The:program enabled the production of graphs using the CALCOMP

plotter. The vertical velocity graphs were used to determine the
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take-off, contact and initial post~flight vertical velocities for

all performances.

Angular kinematics

The bedy angles at take-off and contact were calculated by
plotting the coordinates of the feet and the centre of gravity for the
first frame each of pre-flight and contact. These two points were
Jjoined by a line and the angle measured to the right herizontal. The
error involved in this technique is small since the angles are large
and a 3mm error in the location of both points over a length of one
metre would give an error of 0.34 degrees,

The angular velocity calculations were "smoothed" by the
ﬁrocess of calculating this value over seven frames. These frames
were the first seveg frames of pre-flight drawn using the PLOTVAULT
program,

A line was:drawn on each of the figures, between the knee and
the C7~T1 intersection., The angle between these lines was measured
and divided by the time interval over the frames to produce the

angular velocity value.

Impulse and force

Due to the low frequency oscillations produced by the horse on
the force platforms, absolute force vil ues could not be read from
the traces,

These traces were integrated, using a Haff planimeter, to
remove the effect of the oscillations, The oscillations of the
horse were caused by the initial impact between the gymnast and the

/

horse, therefore this initial peak value was considered to be true

sigﬁal, and the initial trough considered to contain noise., Thus
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the traces were integrated from instant of contact until the end of
the first peak after the gymnast had left the horse. | he Hﬂ1{3le of the
Subsf.quqﬁ- oscillebions was aere .

The phases of compression and repulsion were also integrated,
where compression ends and repulsion starts at the minimum point of
the first major trough (generally below zero),.

The addition of the impulses for compression and repulsion gave -
the same value as the total impulse., These impulses were then corr-
ected to scale using the calibration factors presented in Figures
11 to 15 and the time interval over which the integration was
conducted.

The values were converted to Newton,seconds. The impulses
for the compression and repulsion phases were divided by the time
interval of the phase and body weight, to express the average
forces in terms of percentage body mass.

The total impulse was divided by body mass,

Statistical analyses,

Pescriptive statistics

The Pearson product-moment correlation coefficient

The correlation coefficient between two sets was calculated

using the raw score formula:

e WY - GXOE)

xy ~ -
Ten2x? - GxHmiy? - @y %

Linear regression

The computer package POLFIT,DIALOG was used to calculate the
line of best fit between two sets of variables. It also produced

the standard error of the estimate.
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Inferential statistics,

Related t-test.

This was used in comparing results obtained on the same

variable, measured using different techniques,

i
A 2
24 7 9

n(n - 1)

with (n - 1) degrees of freedom, where n=number of pairs.
di = difference between paired observations (taking intec account
the difference of the sign),

d = mean of the differences.

The GENSTAT package was used to compute a sequence of three
milti-linear regression eguations in a stepwise manner. At each
step one variable is added to the regression equation, the
variable added is the one which makes the greatest reduction in the
error sum of squares,

The f-ratio was calevulated from the m=an sguare results, using

the following formulas

M
F = Sb

MS
W

The GENSTAT package was also used to perform a one-way
Analysis of Variance.

The standard measurement of the error was calculated:

= | 2
“meas Se /



CHAPTER 4

ANALVSIS OF RESULTS
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OVERVIEW

The results of the experimental program are presented in three
stages. In the first stage the nature of the sample is described and
shown to be not unusual for highly skilled gymnasts,

In the second stage, initially the results of the first
experiment are presented and the three vaults are described in
biomechanical terms. Thé apparent dependence of the critical
post-flight phase upon the initial phase of the vault is examined.
Later, the results from the second experiment are used to validate
the relationships shown between the three phases of the vault,

The third stage uses the results from Experiment 1 to determine
the principal components which show pattern of change across the

initial phases of the related vaults.
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PART 1

Sample characteristics

The characteristics of the female gymnasts who participated in
this study are summarized briéfly in Table 7, full details are

available in Appendix F.,

Table 7.

Sample characteristics

Number of subjects = 9
Experiment 1 (outside) = 6
Experiment 2 (indoors) = 3 (+1)
Skill level of subjects
International = 4
National =3
Regional = 2
Physique
U.S.A. female
gymnasts
Mean (S.D.) Range Mean (8.D.)
Height (cm) 158.4 (6.8) 148.0 ~ 167.7 160.6 (4,36)
Weight (kg) - 51.1 (7.1) 37.5 - 59.5 53.7 (5.86)
Age (years) 17 (2.0) 14 - 21 19.4 (1.07)

Examination of the above summary table indicates that the physique
characteristics are not unlike those shown by U.S.A. female gymnasts.

Sinning (1978) found that U.S5.A. gymnasts were shorter in height,
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lower in weight and had a higher body density than other college

women, While no attempt has been made to estimate body density the
results in this study, for the English gymnasts, show that the two
groups have very similar anthropometric characteristics, and encourages
the view that the English group-was not in any way unusual in its

physical characteristics.
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PART 2

Before the results can be analysed certain tests must be made
of the validity and accuracy of the data, While all care has been
taken in deriving these results, certain pr&cedures are prone to
error, especially velocity calculations (Smith, 1975; Lees,1980 ).

Equations of parabolic motion lend themselves as useful methods:

with which to test the validity of the derived linear velocity results.

Validation of linear velocity calculations

Both the heorizontal and vertical displacements were smoothed
using polynomial smoothing techniques.

Initially an attempt was made to use the cubiq spline for error
reduction in both sets of data, since the spline will provide information
concerning velocity for all phases of the vault, However for the
free-flight phases of the horizontal displacement this tephnique did
not produce constant horizontal velocity and the percentage error
was greater than 5%. Therefore it was decided teo fit a polynomial of
degree one to the fiight phases and ignore the changes in horizontal
velocity that occur during contact,

However the cubic spline was found to produce good results for
the vertical velocity, Results for subjects from both experiments

were used in this validation.

Polynomial of degree one

In order to validate the horizontal velocity calculated using the
polynomial smoothing technique, the duration of pre=flight (T1l) was

calculated from the equation
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§ = vt

where s horizontal displacement between the first and last frames

of pre-flight and has a possible error of 1%,

horizontal velocity calculated from smoothed displacement

<
i

data.

The time calculated from this equation was then compared to the
duration of pre-flight as read from the conical timer, As mentioned
previously (page 94) value for duration of pre-flight has had 8ms
added to it to reduce the percentage error variation of this variable.
Therefore the calculated time should have a value of 8ms less than the
read time, this 8ms has been subtracted from the time read from the
timer so that the same result can be expected from both,

The results are presented in graphical form in Figure 24 , with
the regression line and equation, From this it can be seen that the
- results in most cases show exact agreement and very little variation
exists in the others,

The standard error of the estimate was calculated:

Se =] OﬂOOG
which for a mean value of the time read from the timer ( EI = 0,245 )
gives a percentage error of 2.5%,

Considering the possible 1% error in the displacement data this

result is considered to be excellent and well within the limits of

acceptable error,

Cubic spline
The duration of pre-flight was calculated from the equation
v = u + at

where v = vertical veloecity at contact

u = vertical velocity at take-off.
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The duration of pre-flight (T1) as presented in the results {AppendixD )
corresponds exactly to the duration over which these velocities were
calculated.

The results, regression line and equation are presented in
Figure 25. The staﬁdard error of the estimate was also calculated

Sy = 0.014 5.
which for the mean value of T1 (0.25) gives an error of 5,6%.

This at first sight appears to be unacceptable, howevef it should
be realized that this error represents the difference between the two
velocity calculations, therefore each will have an errer of i,s%.

This result is considered to be very good and entirely acceptable
within the limits of expérimental error.

The two smoothing techniques have been shown to produce valid and
accurate results for the velocity calculations of pre-flight, the
cubic spline having the advantage over the polynomial in that it allows

observations of velocity to be made during contact.

Prediction of post-flight displacement from the pre-flight and

contact phases,

The results for the six subjects, from Experiment 1, on three
vaults: the layout squat, handspring and Yamashita vaults, are
summarised and presented in the following Tables: 8,9 and 10.

The full details for each subject, from which these tables were
calculated, may be found in Appendix D, A performance criterion score
was calculated for each vault for each subject, as described in the

previous chapter, based upon the flight path in the last critical

phase of the vault., The mean value of this score and its standard
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deviation and range are also presented.

One performance (DMY) has been omitted from this analysis due to
poor performance, where the vault on a national scale would have rated
lower than 7.2 points.

Finally, a correlation coefficient was calculated between each
measured biomechanical variable and overall post-flight performance
‘as measured by the criterion score. These coefficients are also
presented in the tables,

The tables are arranged so that all data from the two initial
phases of the vaults are grouped for each variable, From these tshles
it can be seen that several variables correlate well (i.e, r ) 0.74)

with the post-flight performance score.

The layout sguat vault

When results for the layout squat vault are considered it can
he seen that this vault has been performed with a short dura;ion of
pre-flight, a high horizontal take-off velocity and therefore a short
horizontal displacement.

Duration of pre-flight correlates negatively with the score
(r = ~0.796) as does horizontal displacement (-0.867) and this
indicates that within the range of horizontal velocities shown by the
subjects (3.54 - 4.O7m.s_1) those who had a short pre-flight were generally
able to obtain a good result in post-flight,

Take-off vertical velocity is less in this vault than the
other two vaults, however with the short duration of pre-flight
vertical velocity at horse contact is maintained and is positively
correlated with score. Indicating that the staircase effect between

pre~flight and contact is important in obtaining a good post-~flight.
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Table 8,

Pre-flight phase results

VAULTS
Layout Squat Handspring Yamashita
n == n =6 n =25
Mean rX Mean rx Mean rX
(s.D.) (5.D.) (5.D.)
T1
Duration 0.24 ~0.790% 0,30 -0.672 0.27 0.322
(s) (0,03) (0.05) (0.05)
VX1
Horizontal 3.82 0,347 3.64 0.8690 3.59 0.680
Velocity (0.20) {0.15) (0.33)
(m. s
VZ1
Vertical Take-off 3.24 -0, 342 3.85 -0.065 3.84 0.371
Velocity (0.20) (0.15) (0.16)
{m.s
TH1
w Take-off 79.4 0.237 183,1 -0.810%| 82,3 ~0.686
E Angle (5.0) (4,1) (5.5)
< (degrees)
g X1
. Horizontal 0.924 0.867%] 1.10 -0.,655 1.00 Q. 7T90%
g Displacement (0.08) (0.17) (0.16)
G |
ol Tz
@ | vertical 0.52 1-0.433 | 0.71 |-0.487 | 0.67 | 0.398
Displacement (0.07) {(0.07) (0,09)
{m)
THDOT
Angular 243 ~Q. 107 317 0,793%; 316 0.1431
Ve1001tx (39) (30) (20)
(deg.s
THZ
Contact 183.6 0.412 1156.8 0.194 1154.9 -0.636
Angle {16.6) (11.7) (23.8)
(degrees)
VZ2
Contact 0.87 0.740*{ 0,88 0.774% 1,18 ~0,430
Vertlfal Velocity (0. 30) (0.44) (0,42)
(m.s

X The correlation with the criterion performance score.

* Significant at o = 0.05 ,

one tail.
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Table 9.

Contact phase results

T
VAULTS
Layout Squat Handspring Yamashita
n=2=6 % n==~6 % n=>5 %
Mean T Mean T Mean T
(8.D.) (8.D0.) (8.D.)
T2
buration 0.22 ~0,997*| (0,33 ~0.867*! 0,25 -0, 223
(s) (0.04) (0.08) (0.04)
X2
Horizontal 0.65 =0.,797% 0,83 ~0.729*i 0.70 -0. 128
Displacement {0.08) {0.18) {0.18)
(m)
Z2
Vertical 0.24 Q.399 0. 30 0.653 0.34 0.121
Displacement (0.04) (0.07) (0.06)
(m)
FX1
Average Horizontal | -1.17 0.193 |[-0.95 -0,099 |[-0.63 ~(0,048
- Compressive Force (0.,25) (0.27) (0.77)
| (N/body weight)
;3? FZ1
L2 Average Vertical 2.13 0.624 1.40 0.397 1.37 0,329
- Compressive Force | (0.46) (0.28) (0.42)
3 (N/body weight)
E FX2
8 Average Horizontal | -0,14 ~0.358 {-0.,29 ~0.356 }-0.13 -0, 122
Repulsive Force (0.11) (0.09) (0.19)
(N/body weight) -
FZ2
Average Vertical 0.78 0.383 0,84 0.403 1.03 0.255
Repulsive Force (0.08) (0.11) (0.01)
(N/body weight)
IX
Horizontal -0, 81 0.206 |-1.38 0,327 |-0.97 -0,821%
Impulse (0.31) (0.37) (0.27)
{N.s/body mass)
Iz
Vertical 2.18 -0.,430 2,97 -0.801*| 2,53 0.792*
Impulse (0.29) (1.28) (0.36)
(N.s/body mass)}

X The correlation with the criterion
, one tail,

* Significant at

o = 0,0

5

‘performance score,
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Table 10.

Performance criterion score

Vault Mean 5.D, Range

Layout sguat 0 1.89 (~2.45) - (+2.03)
Handspring _ 0.01 1.91 | (-2.74) - (+3.07)
Yamashita 0.01 1.81 (-2.01) - (+1.97)

Figure 26 presents the paths of the centres of gravity of the
gymnasts, with the performance criterion score awarded to each vault.
These displacements are measured with a reference zero at the
centre of tﬁe top of the horse. The variations in the heights of
the centres of gravity at take-off are, of course, mainly due to
the height of the subject, but upon landing the body configufation
and angle also influence these results.

The impertance of horizontal displacement in pre~flight can be
observed from this graph, where the better vaulters (JB, JT)} have
started closer to thg horse, the path is still moving upward before
contact, reflecting the vertical velocity at contact, and continues
with a marked upward displacement during contact. Vaulters HP and TS
on the other hand commence further away from the horse than any of the
other vaulters, and they are approaching the peak height of their
first flight prior to horse contact. These two gymnasts alsc fail
to gain height during contact and have a meagre post—-flight,

Mean take-off angle is 79.4° and angular velocity is low, being

-1
243 deg.s contact angle is also low, being just below the
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horizontal,

When the results from the contact phase are analysed, duration
can be seen to be extremely well correlated with the score (r = ~0.997)
indicating that a short period of contact provides the best
poét—flight results. Average vertical compressive force is also
moderately well correlated with the score (r = 0.624), indicating
that those who spent less time in contact with the horse exerted a
greater force in order to reverse the angular momentum of the body
and gain 1ift from the horse, The turning effect of this reaction
vector is shown in Figure 27,

For the layout squat vault, observations of the results and
correlation coefficients indicate that tﬁis vault should be
periormed with a short pre-flight and duration of contact. The
interaction of the variables of pre-flight and contact will be
evaluated and used teo produce predictive equations later in Ehis

chapter.

The handspring vault

For the handspring vault the rotation initiated at take-off
continues in the same direction throughout the vault., This requires
that the contact angle be higher than for the layout squat vault,
the mean value being 166.80 or 23° above the horizontal. In order
to achieve this contact angle, the angular velocity is also high
317«deg.sql. and this is well correlated with score (r = 0.793).
To obfain this high angular velocity the better gymnasts were
leaning forward at take-off, since angle of take-off is negatively

correlated with score (r = -0,810). The best vaulter JB had a
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Figure

27. Turning effect of the compressive force

reaction vector,



take-off angle of 75.5o and an angular velocity of 357 deg.sﬁl.

On the other hand HP who achieved the lowest performance criterion
score for this vault was much nearer the vertical at take-off, 84.90,
and had a lower angular velocity, 282 eleq.s—!

From Figure28, the graph showing the paths of the centres of
gravity of the gymnasts, one can observe that JB who takes-off
nearer the horse has the best result and HP whose take-off is
further away has the worst., HP has also lost most of her vertieal
velocity by the time she reaches the horse, whereas the other vaulters,
especially JB, show that the centre of gravity is still moving
upwards. Vertical velocity at horse contact was well correlated with
score (r = 0,774) and duration of pre-flight was moderately correlated
with score (r = =~0.672).

These results indicate that the use of the staircase effect
between pre-flight and contact is also important in this vauit.

Observation of the contact phase variables reveals fhat duration
of contact is long (0.335). This is largely due to the two poorer
performers HP and TS who both stayed in contact with the horse for
a long time, 0,43s and O.42s respectively. The reasons for this
long duration becomes apparent when\one exanines the preceding phase.

1

)

As previously mentioned HP had a 1ow\angular velocity (283'deg.s“
and a low vertical velocity at contact (0,20m.sq1). She did not have
a high contact angle to compensate for the low angular velocity
therefore was required to stay in contact with the horse for a
long time in order to rotate the feet over the body and complete the

vault, TS had a higher angular velocity 303 deg.s—l, which is
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lower than the mean values, she also had a low contact angle (169.70),
In order to compensate TS flexes her elbows to increase her angular:
velocity, thus requiring a long duration of contact in an effort to
extend them and gain 1ift from the horse. .

The extremely high correlation between duration of horse contact
and post-flight performance is due t§ the inability of all gymnasts
to exert an average repulsive force greater than body weight, Those
who stay in contact with the horse for a long period thereforellose
more vertical velocity in this phase than those who contact and leave
gquickly. This is reflected in the negative correlation between
vertical jmpulse and the score (r = ~0.801).

The best handspring vault performed by JB had the shortest
contact time (0.24s), This was due to the high angular velocity which
tended to 1ift the bédy from the horse, the high vertical velocity at
contact and the use of the staircase effect.

The difference in performance between JB and HP can be seen
from their vertical velocity graphs (Figure 29). JB not only has a
high contact velocity but also shows a marked rise in vertical
velocity during the compressive phase. This is due to having very
little compression and allowing the stretched body to pivet quickly
around the wrists, HP shows no such peak and her velocity drops
markedly toward the end of the long. repulsive phase therefore leading

to a poor result.

The Yamashita

The paths of the centres of gravity, given in Figure 30, clearly

show that the best two vaults, performed by JB and JT, have the
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greatest horizontal displacement in pre-flight (1.09m and 1.l4m
respectively). This would appear to be in direct contrast with the
observations relating to the layout squat and handspring vaults,
However it should be noted that tﬁe range in heorizontal displacement
was from O,72m (TS the pooraest performer) to 1,ldm (JT), for the
handspring it was from 0,87m (JB the best) to 1.32m {(HP the poorest
performer). The mean results for the best three vaults having values
of 1.09m and 1.07m for the Yamashita and handspring respectively.
Indicating that in the Yamashita the poorer performers started too
close to the horse, while in the handspring they started too far away.
This explains the reason why, for this vault, horizontal displacement
is well correlated with the criterion performance score, positively,
where r = 0.720, Horizontal displacement is the only pre-flight
variablé to be well correlated with score.

The weak, but negative, correlation between vertical velocity and
contact and the score is due solely to the performance of TS who has
a very high contact velocity, due to the extremely short pre~flight,
However she hits the hbrse with a.low contact angle (194.10) and
thus must stay in contact with the horse for a long time where she
loses most o{’her vertical velocity and hence has a poor post-Ilight,

_Duration.of horse contact is less in this vault than for the
handspring. TS showing the longest duration (T2 = 0.30s) and the
poorest performance. However no general pattern emerges with regard
to this variahle for the Yamashita.

Vertical impulse is well correlated, positively, with the

post-flight result (r = 0,792), this mayAbe due to none of the subjects
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showing an extremely long duration of contact and the range being'
guite small (T2: 0.20 - 0,30s),

Horizontal impulse is also well correlated with score, but
negatively {r = -0.821). This implies that the-better gymnasts have
a greater horizontal impulse than the poorest gymnasts, but the
value is less than for the handspring wvault (Yamashita: IX = 0.97,
handspring: IX = 1,38), Thi$ result could in part be due to the
greater pre-flight horizontal velocity shown by the better subjects
(JB: VX1 = 3.59m.s 1, JT: VK1 = 3.91m.s ©), which has enabled
greater 1ift to be obtained from the horse, as shown by the gain in
height during post-flight (JB: ZFL = O.lé;JJT: ZFL = O.lé). It

_appears from the vertical reaction forces that these two gymnasts
have gained the 1ift using different techniques., JB is using a
rebound technique since her average vertical compressive force is
large (FZ1 = 1.82N/body weight), while JT shows the largest average
repulsive force of’any subject in this experiment (FZ2 = 1.22N/bod§
weéight) and is using a technique which requires more of a pushing
action on the part of the gymnasts. The force traces for thisc
gymnast-. (Appendix C) clearly show the differsnces.in these two
techniques as do the vertical velocity graphs (Figure3l ). Where the
velocity of JB reaches a peak, due to the large compressive force,
drops and fails to regain the peak value shown, whereas JT continues
with an inereasing vertical velocity after the end of the compressive
phase,

The turning effect of th;se reaction vectors of compression and
repulsion appears to be‘smail, especiélly in the repulsive phase,

as shown in Figures 32 and 33.
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Figure 32, The turhing effect of the compressive force -

reaction vector,
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Figure 33
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Predictive equations

Multiple regression equations were used to determine whether
the outcome of a vault could be' predicted from either or both the
pre-flight and contact phases. The group was initially thought to
be fairly homogeneous, However iﬁ practice performances, though of
a good standard, ranged widely, as previously discussed. The patterns
of performance that have become apparent from the observations were
subjected to a regression analysis to determine the extent to which

these interact to determine post-flight.

The layout squat vault

Prediction of post-flight from the pre-flight phase

Initially post-flight was predicted from three pre-flight
variables and & regression equation calculated, viz:

7 = 53.74 ~ 18.04%X1 - 0,12TH2 - 64.35T1

where X1 = horizontal displacement

TH2 contact angle

T1 duration

il

This prediction accounted for 99.8% of the variance of Z which is
significant at &« = 0.001.

The equation indicates that a short pre-flight with a high
contact angle will produce the best results, It should be noted
that other variables, which were well correlated with the score did
not appear in the equation, due to their correlation with the
variables that did appear.

Vertical velocity at horse contact was not only well correlated

with the post-flight performance criterion (r = 0.740), but also



correlated moderately with duration of pre-flight (r = -0.679).

Similarly vertical displacement during pre-flight correlates well
with duration of préwflight (r = 0.850) and horizontal displacement
(r = 0,722),

These variables are all related by the Newtoniaﬁ laws of
parabolic motion, despite this they do not correlate perfectly
because of the range in take-off velocity. However they can be seen
to interact significantly to produce a short pre-flight, which with
the use of the staircase effect between pre-flight and contact
produces the best post-flight results,

The appearance of a high contact angle playing an important
role in producing a good result should be interpreted within the
results shown by these performers, The highest contact angle was
169.90, which is only 10° above the horizontal and a long way below
the former 450 requirements shown in the 1970 I.G.F. Code of'Points.

The regression equation, in conjunction with the correlation of
other variables obeying the laws of parabolic motion indigate that
a low, short, but constantly rising pre-flight will produce thelbest
results in post~flight. Therefore, for the layout sguat vault the
subsidiary hypothesis can be accepted where:

H2: The outcome of a vault is a funetion of pre-flight.

Prediction of post-flight from the contact phase

Measures of performance during contact were also used to predict
the outcome of the vault, The values for these measures for each
subject are presented in Appendixp and summarised in Table 8.

Of these duration of contact (T2) accounted for 99.4% of the
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variance in the criterion variable, post-flight performance, which
was significant at « = 0.001. Including as a second variable the
next ‘'best’ variable available{_understandably adds little to the
predictive power of the equﬁtion, the maximum variance rising by
only C.2% to 99.6%. Consequently it is clear that there was no
advéntage in adding further terms to the regression equation, so a
predictive equation based only on one variable was selected, viz:
Z = 10.36 - 47,0272
where T2 = duration of contact,
Considering the foregoing one might at first be tempted to conclude
in favour of the originally postulated hypothesis {(H3) that the
outcome of a vault is a function of the interactions between the
vaulter and the horse during contact. However as T2 can, in turn,
be predicted almost wholly (99.8%) from pre-flight variables, viz:
T2-= -9,09 + 3,13X1 + 2.48TH2 + 1.58T1

where X1

horizontal displacement
THZ = contact angle
Tl = duration of pré-flight
then clearly such a conclusion should not be drawn, but the alternative

that pre-flight can predict post-flight be accepted insteéad.

The handspring vault

Prediction of post-flight from the pre~flight phase

The regression equation for predicting height and distance);in
post-fiight from pre-flight is as follows:

Z

]

19.88 - 0O.26TH1 + 2,16VZ2

"where TH1 = take-off angle

-VZ2

vertical velocity at contact
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This equation accouﬁts for 73.0% of the variance of Z (significant
at ¢ = 0.1),

Angular velocity, although well correlated with the performance
criterion score (r % 0.793), does not appear in this equation since it
is correlated with take-off angle (r = -0.540) and vertical velocity
at contact (r = 0,600),

In light of the above equation and its predictive efficiency
suggestions may be made about pre-flight behaviour of the gymnast in
the handspring vault. She should be leaning well forward at take-off,
have a high angular velocity in flight and a high vertical velocity
at contact,

Within the limits of take-off velocity, height (2Z1), distance (X1)
and duration of pre-flight (Tl), are also significant and highly
correlated with vertical velocify at horse contact (Vz2),

( = —-0.829, = -0.950, r = -0,975}, Had the take-off

T71.vz2 Tx1.vz2 T1.VZ2

velocity been identical for all subjects these correlations should
have been perfect, according to the equations of parabolic motion:

v u + at

H

2
and s = ut + %at

i

However the mean (S5.D.) of horizontal velocity was 3.65 (i0.29) m.s—l.
* These results indicate that within the range of take-off velocity

shown by these subjects velocity at horse contact will be greater for
a short pre-flight. This in combination with a high contact angle and

angular velocity in flight, will produce the best post-flight results,

Prediction of post~flight from the contact phase

When contact variables were analysed it was again found that .
. J
duration was the most important, again negatively correlated with the
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performance criterion score (r = -0.867, significant at o = 0.025),
Vertical impulse was also well, and negatively, correlated with 7
performance (r = -0,801, significant at o = 0.025)., This is contrary
at least to the casual expectation that a large contact impulse would
lead to a high subsequent flight. As discussed previously this is
due to the long pericd of contact shown by two subjects HP and TS,
Vertical impulse is well correlated with duration of contact
(r = 0.825), this is to be expected where there is a large range in
the duration of contact. Vertical impulse is not included in the
predictive equation:

Z = -1.74 - 15,2072 4 15.03Z2 + 1.52FZ1

duration

il

-where T2
Z2 = vertical displacement

FZ1 = average vertical compressive force

T

which accounts for 99% of the variance of Z and is significant at
& = 0.05.

This equation indicates that a short duration, a large vertical
displacement and a high vertical compressive force during contact
will produce the best post-flight,

However duration of contact ¢an be predicted in turn from
pre-flight variables:

T2 =3.99 + 0.01THY + O.01THZ2 4 1.88Z1

1]

where TH1 = take-off angle

i

TH2 = contact éngle

21

it

vertical displacement

this accounts for 93.1% of the variance of T2 and is significant at

/"\

o = 0.05.
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Vertical displacement during contact is extremely well
correlated with duration of pre-flight (r = -0.974) and vertiecal
velocity at contact (r = 0.929), The above results indicate that
the post~flight and contact phases are dependent upon pre-flight
performance. Therefore the subsidiary hypothesis H2 may be accepted
where:

H2: The outcome of a vault is a function of pre-flight,

The Yamashita

Prediction of post-flight from the pre-flight phase

The predictive equation for post-flight displacement from the
pre-flight variables is:

Z -13.88 + 17.09X1 + 4.21VZ2 -~ 0,1TH1

|

where X1 = horizontal displacement

VZ2 vertical velocity on contact

i

TH1 take-off angle

This accounts feor 99.3% of the variance of 2 and is significant at

a = 0.1. The lack of a high level of significance being obtained
when such a large proportion of the variance of 7 has been accounted
for, is due to the small number of subjects (n = 5),

This equation indicates that the gymnast should be leaning well
forward at contact, have a long horizontal displacement and a great
vélocity at horse contact in order to achieve a good post-flight,
however these results may only be applicable within the range of
performance shown by the gymnasts studied.

The subsidiary hypothesis can however be accepted for these

performers where:
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H2: The outcome of a vault is a function of pre-flight.

But this needs to be further tested before any generalizations can

be made to the wider range of performances,

Prediction of post-flight from the contact phase

When post-flight is predicted from contact performance the
praedictive equation is:

Z = -5.58 - 10,29IX + 6.33FX1 + 0.97rz1

where IX horirzontal impulse
FX1 = average compressive force

FZ1 = average vertical compressive force

0Of these variables only horizontal impulse is well correlated
with score, where r = -0,821 (o = 0.05), However vertical impulse is
also well correlated with score (r = 0,792), but does not appear in
the equation since it is also well correlated with horizontal impulse
(r = -0.863). As previously discussed, the gain in vertical velocity
during horse contact, may be a function of the interaction between
the horizontal and vertical impulses and the high correlation
between these two would tend to support this view.

Due to the small number of subjects who performed the Yamashita
(n = 5), the équations which predict the contact variables from
pre-flight tend to reflect random variations rather than patterns
dictated by the mechanics of performance. It could be that the contact
phase is independent of pre-flight, however pre-flight has been shown
to account well for post-flight performance therefore it is likely
that had more subjects been used the relationship between pre-flight

and contact would also have become apparent.
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The subsidiary hypothesis H3: The outcome of a vault is a function
of the interaction between the vaulter and the horse during contact,

is thus rejected.

Validation of predictive equations

In order to validate the predictiﬁe equations it was necessary
to test them on performances conducted under different conditions.

The results from Experiment 2 were used in the validation. These
vaults were all performed indoors, where a full approach run was
available for the use of the gymnasts.

Three gymnasts, who were not performers in Experiment 1, produced
their 'best’ vaults, and another subject JT modified her pre-flight in
the layout squat and handspring vaults, These seven vaults were then
used to test the predictive equations,

The criterion on which to accept or reject these predictive
equations was based upon a comparison of the two rankings of the vault
from the two performance criterion-scores,

The first performance criterion score was calculated as for the
subjects in Experiment 1, using the following equations:

ZXFL = (XFL -~ XFL} / (S.D,

]

(XFL)’
" ZZFPL

(ZFL - ZFL) / (S.D.(ZFL))

where ZXFL = the standardised score for post-flight horizontal

displacement

ZZFL = the standardised score for post—flight vertical
displacement
The mean and standard deviation used in these equations were

from the subjects of Experiment 1 only,
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These standardised scores for post-flight horizontal and
vertical displacements were then summed to produce the performance
criterion score, ~

The second performance criterion score was calculated from the
predictive equations,

Fach of these two scores was then ranked with the subjects of
Experiment 1. If the two rankings were within one position of each

other then the equation was considered acceptable,

The layout sgquat vault

The mean and standard deviation for the six subjects in Experiment 1

were calculated:

XFL = 1.45m 5.0, = 0.24m
ZFL = = 0,03m

O.QSm 5.D,

The results for BSTV (XFL = 1.71m, ZFL = 0.07m) were used to
calculate the first performance criterion score:

Zl= 1.75
This is within the range shown by the subjects, and ranked in the
second position.

The pre-flight multiple regression equation for predicting the
second criterion score requires a short pre~flight with a high contact
angle, where:

22= 53.74 - 18,04X1 - 0Q,12TH2 - 64.35T1

For BSTV: X1 = 1,14nm

TH2

S

175, 9degrees

T1 0.28s

H

therefore Z1 = -4.67
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which gives a ranking of seven, The large difference indicates
that the equation may not be valid for a vault performed under
different conditions, /

Thé. reason for this b®comes apparent when the ranges of the
independent variables for the subjects in Experiment 1 are compared
to the values for BSTV. Both duration of pre-flight and contact
angle are within the ranges shown by the other performers, however
horizontal displacement is outside the range shown: 1,14m c.f.

C.83 —~1.05mi It is because of this large horizontal displacement
that a poor score has been predicted, However BSTV also showed a
horizontal velocity well above the range.shown by the other
performers, 4.49m.s-1 c.f. 3.54 - 4.O7m.s_1. The range shown by
fhe six performers is quite small and appears tc be a limiting
factor in the application of the equation to other performances.

These resulis indicate that ﬁorizontal displacement may be less
important in the wider realm than duration of pre-flight, since
horizontally,

5 = vt
and if horizontal vélocity is large, the duration of pre-flight
will still be short, even though the displacement is increased.

The principles previously discussed with regard to the
staircase effect and its importance in producing a good post-
flight for the layout squat vault are still valid, but the equation
cannot be used successfully outside the range of horizontal
velocity shown by the six subjecté.

Of the two layout squat vaults performed by JT, one has a
'horizontal velocity value within this range (JTTVL: VX1=3.97m.5_15,

the other is just outside (JTTVH: VX1=4.1%m.s T).



139,

These two vaults were included in the analysis to veritfy
further the effect of pre=flight on post-flight, Not only must the
criterion on ranking be met, but these two vaults must be ranked in
the correcl order relative to each other, if the equations are to
be validated within the limits of horizontal velocity.

The vault with the high pre-flight (JTTVH) showed post-flight
displacements of 1.58m‘horizonta11y and 0,16m vertically,.

" Therefore Z1H = 4.1l
For JITTVL, post-flight horizontal and vertical displacements are
1.59 and O, 14m respectively,
therefore ZlL = 3.58.

These results give both vaults a ranking of one and indicate
that the vault with the high pre-flight was the better of the two.

For the predictive eguation:

Z2 = 53,74 - 18.04X1 - 0.12TH2 - 64,35T1.

JTTVH and JTTVL have the following values for the independent

variablesg:s

JTTVH JTTVL
X1 = 0.74m X1 = 0.54n
TH2 = 206.86 degrees TH2 = 221.2 degrees
Tl = 0.17s Tl = 0.13s
therefore Z2H = 4:65 and Z2L = 9,09
Rank = 1 Rank = 1

While the criterion scores calculated from the equation give
the correct ranked position and excellent agreement between the
two scores calculated for JTTVH, it can be seen that the order of

‘the two vaults, relative to each other has been reversed. The

»
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predictive equation indicating that JTTVL is a better vault than
JTTVH. This shows further limitations which must be placed on the
application of the equation,

Vault JTTVL was performed with an extremely short duration of
pre-flight, Tl = 0,13s, and horizontal displacement, X1 = O, 54m,
These values lead to the prediction of a high criterion score which
was not justified,

However vault JTTVH was also outside the range shown by the
other perféormers on these two variables (Tl = 0.17s, c.f. 0.20-
0.28s; X1 = 0.74m, c.f, 0.83-1.,05m) but the two scores for this
vault were in excellent agreement.

These results show that there is some flexibility in the equation,

but not to the extent of almost halving the duration of pre-flight,

The handspring vault

The mean and standard deviation for the post~flight results of
the six subjects performing the handspring vault are presented below:

XFL = 1.16m S.D. = 0.27m

i}

ZFL = 0.03m S.D, = 0.04m

For SCH, XFL 1.63m and ZFL = 0.09m

therefore Zl = 2.99

and a rank of two.
From the predictive equation

Z2 = 13,88 - 0.26TH1 + 2,16VZ2
where for SCH: TH1

1}

80.4degrees
=1
VZ2 = 1.18m.s
therefore 22 = 1,46

this also gives the second position in the ranking, Horizontal velocity
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for 8CH is only just outside the range shown by the other performers,
3.98m,s—1, c,f, 3.45 -~ 3.89m.s"l, the other pre-flight results shown
by SCH are within the ranges from Experiment 1,

However the two handspring vaults performed by JT show horizontal
velocity results outside 3,45 —'3.89m.s_1 (JTHH: VX1 = 4,23,

JTHL: VX1 = 4.19 ).

JTHH . JTHL
XFL, = 1.66 XFL = 1.81
ZFL = 0,09 ZFL = 0,10
therefore ZlH = 3.35 and ZlL = 3.9
Rank = 1 Rank = 1

The criterion score calculated from post—-flight indicates that both of
these vaults are better than any performed by the six subjects and
that the vault performed by JT with the low pre-flight is better
than that with the high pre-flight.

For the equation:

Z, = 19.88 - 0.26TH1 + 2,16VZ2

2
where JTHH JTHL
TH1 = 76.5 TH1 = 68,3
VZ2 = 1,26 VZ2 = 1,73
therefore ZzH = 2.71 | . and Z2L = 5,86
Rank = 2 Rank = 1

The equation has been able to predict accurately to within one
position the performance of both these vaults, and has ranked them
correctly relative to each other. Indicating the post-flight can be
predicted with some accuracy from the pre-flight performances and

this indicates that the pre-flight should be short, with a low
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take~off angle, a high angular velocity and a constantly rising

path of the centre of gravity.

The Yamashita

Upon the coach's advice no subject was asked to perform this
vault with modifications in pre-flight, since it is a more difficult
vault to perform and the safety of the gymnasts' may have been put
at risk,.

As a conseguence only one vault is presented here to evaluate
the predictive equation., The vault was performed by AG and has the
second highest post-flight achieved by any subject in this study.

ZFL = 0.22m

1,48m

1]

XFL
When compared to the mean results for the other subjects'
performances of the Yamashita:

XFL = 1.52 5.D. = 0.18

ZFL = 0.09 5.D, = 0.04

for AGY Zl = 3.03

This is ranked as the best vault,
From the predictive equation:

Z? = -13.88 + 17.09X1 + 4.21VZ2 - Q.1TH1

)

Q,79m

where for AGY: X1 =
-1
VZ2 = 1,88m.s
TH1 = 57.5degrees

therefore 22 = 1.79
which is ranked in the second position. This gives an acceptable

result for agreement between the two post-flight criterion scores.

Of interest in the performance of this vault is the technique
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used to gain such a high post-flight.

From the vertical velocity graph (Figure 34 ) it can be seen
that AG contacts the horse with an extremely high vertical velocity
(VZ2 = 1.88m.s_1) and appears to be using the technique shown by JT
during the contact phase, where a large force is applied during the
repulsive phase, The vertical velocity upon leaving the horse is also
large for AGY (VZ3 = 1.91m.s—1), which gives a long dﬁration of
post-flight, tending to counteract the loss in horizontal velocity

1

shown during contact (VX1 = 4.1lm.s ©, VX3 = 2.07m.s 1),



(m.s.

Figure 34, Vertical velocity graph:AGY,
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PART 3

Determination of the differences between the Four types of vaults,

The three vaults so far discussed can be classified according
to post-flight complexity, This classification is based upon the
angular momentum requirements of post-flight,

For the 1;yout squat vault the post-flight angular momentum is
in a negative direction, therefore this vault is determined to be
the least complex. The angular momentum requirements, in a positive
direction, are less for the Yamashita than the handspring, since
the angular displacement is approximately the same, but the angular
velocity is greater due to the pike. Hence the Yamahsita was assigned
to the second position of complexity and the handspring vault to the
third,

The handspring front has also been included in this analysis.
This vault was performed by one subject only (JB) and while it can
be put to no statistical tests, any patterns that are seen to develop
over the other three vaults can be extrapolated to determine if they
correspond to the results shown for this vault,

The handspring front was determined to be the most complex in
terms of the angular momentum reguirements in postﬂflight. It may
appear at first sight that this vault would have the same post~fligﬁt
angular momentum as the handspring, since it has three times the
angular displacement, while the moment of inertia is reduced
accordingly by tucking to approximately one third of that for the
handspring. However the gymnast doés not tuck immediately after
leaving the horse, nor does she land in a tucked position, Therefore,

in order to have the necessary angular velocity to complete the
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rotation she must necessarily have greater angular momentum.

When a comparison is made across the mean values of the three
vaults (Tables 7 and 8 , pagesl1l3 & 114) no general pattern emerges
that can be considered as common to all vaults. Post-flight has been
shown to be dependent upon pre-flight for each of the vaults, and
each vault has a different post-flight requirement, Hence it was
thought that variations between the individuals swamped the relationships
between the vaults,

In order to achieve greater homogeneity of performance and a high
level of skill, the results from the three consistently bhetter
performers (JB, JT and AA) were examined more closely, These nine
vaults received performance criterion scores of greater than 0,31 and
no vault was awarded a score of less than 8,2 points by the
international judge.

These results (Tables 11 and12 ) indicate that many of the
measured characteristics of performance show markedly different values
between the layout sgquat vault and the other two vaults. While other
variables, horizontal velocity, take-off angle and vertical velocity
at horse contact show very little variation across the vaults.

Vertical velocity at horse contact has been shown to be an
important determinant for all three vaults and apparently the similar
results found here have been achieved using different board take~off
velocities and pre-flight displacements.

Angular velocity, average horizontal repulsive force and
horizontal impulse are the only variables which show a consistent
change across the three vaults.

These results were subject to Analysis of Variance and a
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Table 11.

Pre-flight Means (and ranges) of the performance

variables for vaulters JB, JT and AA,

Vertlgal Velocity
(m. s

(0.94 - 1,21)

{0.88 - 1.23)

Layout Yamashita Handspring
Squat
T1
Duration 0.23 0,28 0.29
(s) (0.20 ~ 0.24) (0.28 - 0.28) (0.23 - 0,33)
VX1
Horizontal 3.88 3.75 3.68
Velocity (3.70 - 4.07) | (3.56 - 3,91) | (3.45 - 3.89)
{m.s
VZ1
Vertical Take-off 3.17 3.83 3.87
Velocity (3.00 - 3.39) (3.74 - 4.00) (3.63 - 4.03)
(m. s
TH1
w Take-off 80.1 80.6 81.2
E Angle (76.2 - 85.1) (75.2 - 87.9) (75.5 - 85.6)
g (degrees) ’
-
5 X1
= Horizontal 0.89 1.09 1.07
e Displacement (0.83 - 0.92) | (1.03 - 1,14) | (0.87 - 1.25)
< (m)
S
(] Vertical .50 0.72 0.70
& ‘Displacement (0.39 - 0.57) | (0.66 - 0.74) | (0.63 - 0.80)
(m)
THDOT
Angular 247 321 333
Velocity  _ (219 ~ 269) (296 - 339) (297 - 357)
(degrees, s )
TH2
Contact 190.4 146.0 . 153.4
Angle (169.92 - 211,0)|(131.2 - 155,7)(140.0 ~ 168.4)
{degrees)
vVz2
Contact 1.08 1.06 0.99

(0.75 - 1.46)
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Table 12,

i Contact and post~flight means (and ranges) of the

performance variables for vaulters JB, JT and AA,

Average Horizontal
Compressive Force
{N/body weight)

-1.25

(1.09 - 1.36)

-0,93
(0.90 - 1.20)

Laydut Yamashita Handspring
Squat
T2
Duration 0.19 0.24 0.26
(s) (0.18 - 0.21) (0.23 -~ 0.28) (0.24 - 0.29)
X2
Horizontal 0.58 Q.70 0.69
Displacement (0.56 - 0.62) (0.61 - 0,.77) (0.66 - 0,72)
(m)
22
Vertical 0.26 0.34 0,31
Displacement (0.23 - 0.31) | (0.32 - 0.38) | (0.24 ~ 0.39)
(m)
FX1

-0, 98
{0.77 - 1.17)

FZ1

Average Vertical
Compressive TForce
(N/body weight)

2.34
(1.76 - 2.90)

1.50
(0.88 - 1.82)

1.47
{(L.03 - 1,70)

CONTACT VARIABLES

FX2

Average Horizontal
Repulsive Force
{N/body weight)

-0, 13
(0,03 - 0.19)

~0.22
(0,15 - 0.33)

-0.30
(0.21 - 0,42)

1

FZ2

Average Vertical
Repulsive Force
{N/body weight)

0.79
(0.74 - 0.82)

1,05
(0.96 - 1.22)

0.88
(0.79 - 0.96)

X

Horizontal
Impulse
(N.s/body mass)

-0.89
(0.66 - 1.22)

~1.09
(0.81 - 1,31)

-1.28
(1.09 - 1.52)

(m)

17
Vertical 2.03 2.72 2.60
Impulse (1.66 - 2.27) 1(2.49 - 2.84) ((2.48 - 2.81)
(N.s/body mass)
AFL

. Horizontal 1,60 1.65 1.32

% n| Displacement (1.50 - 1.70) {1.63 - 1.68) (1.17 - 1.49)

R

8

§ 5 Vertical 0.07 0.11 0.06

=1 Displacement (0.04 ~ 0,09) {0.08 ~ 0,13) (0.03 - 0.11)
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.'significant difference between the groups was found on all those
expected, except duration of pre-flight, average horizontal repulsive
force and horigontal impulse. Variables which show a significant
difference have been indicated in Tables 11 and 12.

The layout squat vault has been performed with a lower vertical
velocity ét take-off, less horizontal and vertical displacement, and
a lower angular velocity and contact angle than the other two vault;,
while maintaining vertical veloeity at contact.

The low contact angle (190.4°) enables the gymnasts to be in a
good positioﬁ to exert the force necessary to reverse the angular
momentum., The larger turning effect of tﬁe vertical reaction force
was due to the greater horizontal distance between the centre of
gravity and the hand; as previously shown in Figure 27 (page 118).
This low contact angle is the consequence of the combined effects
of low angular velocity and short pre~flight,

The vertical compressive force is greater for this vault than
the other two and will not only produce a greater turning effect,
but will also lead to a greater gain in height, which is necessary
since pre-flight vertical displacement is low,.

Angular velocity and duration of horse contact aie the only
variables which show a consistent pattern of change across the three
vaults. The angular velocity results are interesting since the vaults
have heen ranked according to angular momentum post-flight requirements,
It appears that the mean angular velocity results reflect the
pre-flight angular momentum. This is not unexpected since the same
three subjects were used in the calculations and they had very

.similar body configurations over the frames which the calculations
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.were made. Pre~flight angular velocity then is an important determinant
of post~flight angular momentum for these vaults.

The handspring front vault has an even‘greater angular momentum
requirement in post-flight, the extrapolation of this pattern of change
would lead to the conclusion that pre-flight angular velocity should
be greater in this vault than in any other. The angular velocity results
for JB over the four ranked vaults are shown in Figure 35, From this.it
appears that the pattern of change is not continued to incorporate the
more complex vault. However results for'vaglt JBHSF indicéte that she
has successf;lly used the staircase effect between pre-fligﬁt and

1, VZ3 = 2.11m.s"1) to produce a greater vertical

contact (V22 = 1.95m.s
displacement in post-flight in order to be able to complete the rotation.
When post-flight displacement results are compared for the

handspring and handspring front, both performed by JB a large difference

can be observed.

Table 13.

Post-flight displacement

XFL (m) ZFL (m)
JBH 1,49 0.11
JBHSF 1,98 0.23

Hence it appears that there may be a 1imit to the amount of
angular momentum that a gymnast can generate at take-off and that
once this limit has been reached, more complex veults will make
greater use of the staircase effect in order to be able fo successfully

éomplete the vault.
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CHAPTER 5: SUMMARY, DISCUSSION AND CONCLUSIONS,

SUMMARY,

The biomechanical characteristies of the layout squat, handspring
and Yamashita vaults have been described and observations made
concerning the effects of the performance in the initial phases on
post-flight. These results have been used to produce predictive equations
for post-flight from the twa preceding phases, The dependence of post-
flight upon pre-flight'performance for all three vaults, and the
dependence of contact behaviour on pfe-flight for the layout squat
and handspring vawlts was confirmed,

Application of these equations to other performancés has been
shown to be good for the handspring and Yamashita vaults, but not for
the layout squat vault. Howewer mechanical principles indicating the
importance of the staircase effect in producing a good performance
'held true for all vaults.

The results from the best performers (from Experiment 1) have
also been analysed, over all vaults, to determine consistencies between
their initial phases. The complexity of the successful vault has been
seeaxfo be explained by the angular momentum requirements of
post-flight,

lFrom a homogeneous group of nine highly skilled gymnasts of
International, National and Regional levels, aged 14 to 21 years,
kinematic data was gathered on all subjects and kinetic data on the

six subjects in Experiment 1.

Answere were sought to the following questions:
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2)

3)

4)

5)

CONCLUSIONS
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What are the biodynamic characteristics of the pre-
flight, contact and post-flight phases of a vault?
Which of the biodynamic characteristics are most
instrumental in producing the best post~flight?

In what way are the performance variables of contact
due to the pre-flight and to what extent do they
account for post-flight'behaviour?

If the pre-flight characteristics are controlled to
coﬁform with selected criteria can the resultant
post~flight be accurately predicted?

If post-flight characteristics are controlled to
conform with selected criteria, i.e. different types
of vaults are performed, can patterns of change be

shown across the initial phases of the related vaults?

On the basis of the results obtained and within the

limitations of the techniques used, the following con¢lusions

are drawn:

la)

b)

The biodynamic characteristics of pre-flight are
determined by the necessity to have a high vertical
velocity at the end of pre-flight,

The biodynamic characteristics of contact reflect the
necessity to change the angular momentum and to gain

1ift from the horse.

c) The biodynamic characteristics of post~flight are

largely determined by the need to gain sufficient



2)

a)

b)

c)

3a)

b)

¢)

155.

height, without undue loss of distance, to complete

the retation required for the specific vault,

For the three vaults studied the post-flight performance
was found to be dependent upon pre-flight.

For the layout squat vault a short duration of pre-
fligﬂt (down to 0.17s) a high contact angle and vertical
veloeity are instrumental in producing the best post-
Ilight,

Forlthe handspring vault thé characteristics of greatest
importance in producing a good post-flight were a high
vertical velocity at horse contact, a low take-off angle
and a high angular velocity.

Characteristics of importance in producing a good result
for the Yamashita vault were horizontal pre-flight
displacement which was not short (less than Im), a high
vertical velocity at horse contact and a low take-off angle.
For the layout squat vault duration of contact could
account for almost all of the variation shown in post-
flight performance., However it was itself determinedlby
the pre-flight performance,

The contact variables which produced a good result for
the handspring vault, sho;ﬁ duration and swall vertical
impulse, were also found to be dependent upon pre~flight
performance.

The important characteristics of contact for the l;amashita,
horizontal and vertical impulse and compressive forces

could not be shown to be dependent upon pre-flight
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performancé, due to the small number of subjects,
However because information from pre-£flight variables
permit the prediction of post-flight (accounting for
99,3% of the variance} it was concluded, although with
reservations because of the small number of subjects
contributing data, that a relationship did exist
between the pre-flight and contact phases for the
Yamashita,
4) When pre-flight characteristics are controlled to
conform with selected criteria and performance
variables are cdose to those shown by the subjects in
the initial experiment, the resultant post-flight
displacement can be predicted with reasonable accuracy.
5) When vaults are ranked according to the angular momentum
of post~flight, angular velocity in pre-flight
increases in:smagnitude up to a limit where the staircase
effect between pre-flight and contact hecomes more

important,

DISCUSSION

The pre—flight phase,

Results indicate that a high vertical velocity at horse contact
is an important post-flight determinant in all vaults. This has
generally been achieved throﬁgh a shorter duration of pre-flight.
However for the Yamashita it was indicated that a larger horizontal
displacement produced better post-flight performance,

Result; from a study by Ferriter (1264) show pre-flight displace~

ments ranging from 0.79 to 1.27m and duration from 0,19 to 0.35s, These
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ranges are very similar to those shown by the gymnasts in Experiment 1,
where pre-flight displacement ranged from Q.87 to 1,32m and duration
from 0,23 to 0.36s. However the take—off vertical velocity shows a
large difference between the two groups, Ranging from 1.30 to 1.83m.s—
in Ferriter's study and 3.63 to 4.03m.s_1 in this study. Hence it can
be seen that these vaults were performed using different techniques
where the subjects from this study mostly showed a constantly rising
pre-flight and a positive vertical velocity at contact, where the
higher velocity produced the better result, The subjects from Ferriter's
study cén be assumed to have a negative vertical velocity at horse
contact since they would have reached the peak of their pre-flight
trajectory before they contacted the horse. They all left the horse
.with a negative vertical velocity, therefore failing to gain any 1lift.
0f course the requirements of vaulting at this time dictated that
lpre-flight and post-flight motion should be symmetrical about the

horse. All but two of Ferriter's subjects exhibited a larger parabola
of the centre of gravity in pre-~flight than in post-flight, whereas

the reverse situation was found to exist in this study. Therefore
vertical velocity.at horse contact can be seen to be not only determined
by duration of pre-fliéht, but also by the resultant take-off velocity.

The vertical velocity at take—-off was also less for gymnasts in a

more recent study'by Dainis (1979), with a range from 2.66 to 2.90m‘s_1.
However the pre-flight trajectory was similar to that shown by the
subjects in this study since vertical velocity at contact shows only
slightly lower values in the range from -0.17 to 1.2Om.s-1 conpared
with this study's 0,20 te 1.46m,s“1. Dainis similarly concluded tﬁat

post-flight performance was largely determinad by this variable,
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Conclusions drawn concerninj fhe layout squat vault must
similarlybe placed in the wider context of opinions expressed by
other authors,

The layout squat vault has been best performed here with a short
duration of pre-flight ( to a liﬁit of 0.17s) and a high contact angle,
The high cohtact angle would appear toczconflict with opinions expressed
by Hendershott (1974) and others (Bajin, 1971; Bollen, 1978), However‘
Hendershott recommended that the formerly required contact angle of
450 was too high and that an angle of 300 produced a better post-flight
perfornance, Tﬂe highest contact angle in this study was only just
greater than 10o above the horizontal, Therefore when placed in the
wider realm of performance it can be seen that all these angles are
low, the highest being 200 below that recommended by Hendershott.

One may therefore assume that the optimum contact angle, for
ensuring a good post-flight lies between the values of 10-30°
above the horizontal,

Concerning pre-flight perdormance of the Yamashita, the
previous studies conducted on thés vault (Vanis,1964; Hatano, 1976),
could reach no conclusions with regard to the effect of pre-flight
:on.post-flight. Thi s was largely due to the great wariation between
individual performances, However results from this study indicate
that at least up to a maximum of 1, 14m, a greater horizontal

displacement produces the better post-flight,

The contact phase.

Angular velocity during pre-flight has been considered by Dainis
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(1979, 1980) to be an important determinant of duration of contact

and post-flight performance in handspring vaults, since the initial

compressive force will be high, This has been shown to be the case

for handspring vaults in this study, but not for Yamashita vaults.

Two of the better subjects JT and AG appeared to exert a greater

force during the repulsive phase and thereby gain 1ift, This technique

has also been reéently found by Dainis (1981) in handspring vau;ts,'

The appearance of these two techniques warrants further investigation.
Horizontal contact forces for the layout squat have heen

recommended to be in a backwards direction‘(Ge;rge, 19803 Hay, 1978;

Hatano, 1976). No éubject in this study showed a horizontal impulse

in a backwards direction and only one subject showed a backwards

'component of this férce during the repulsive phase, This situation

probably occurs due to the low contact angle shown by these subjects,

The low angle, which is the result of a low angular momentum, will give a

greater horizontal distance from the centre of gravity to the wrists, so

increasing the turning effect of the vertical reaction vector. Thus

not only will the gymnasts have less angular momentum to.reverse but

will also be in a better position to do so,

Differences between the types of vaults

When comparing performances for the layout squat, handspring and
Yamashita vaults Hatano (1976) was unable to discern any difference
between the performance of the gymnasts for the initial phases. This
was due to the large between-performer variation shown in the study.
However large differences have been shown in this study between the
layout squat and both the handspring and Yamashita vaults, Patterns

.of change were found across all three vaults for pre~flight angular
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velocity and duration of contact, Dainis (1981) has suggested that
there may be a limit to the amount of rotation that can be initiated
at take-off. Such a limit was found for subject JB since when she
performed the handspring front vault the pre-flight angular velocity
did not show the expected increase from 357 deg.s-l, Rather she
used the staircase effect to greater advantage in gaining more 1lift
from the horse than she had shown for the handspring., This increased
use of the staircase effect was also recommended by Hay (1978) in

the performance of the Hecht vault where an increase in angular
momeﬁtum would increase the chances of the gymnast's feet hitting the
horse. While the application of the greater use of the staircase effect
has been deemed necessary for a different reason, the principle is
the same, in that where angular momentum can not be increased then
the gymnast will require a longer duration of pOSt-flight in order

to complete the rotation successfully. This longer.duration is brought
about by a greater vertical velocity upon leaving the horse, due to

the staircase effect between pre-flight and contact,

RECOMMENDAT TONS

The following recommendations for. future study are. made:

1) For many of the important pre—flight-variables the best results
were found to be produced from the end of the range, therefore
no upper (or perhaps lower) limit could be placed on optimum
performance, It is recommended that in order to determine such
limits a stud& be conducted which alters the pre-flight horizontal
' disﬁlacement to above and below the values pecorded during this

study,
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The different techniques used to gain lift from the horse need
further investigation to determine which produces the best -
result, While pre-~flight angular velocity has been shown to
determine contact for the rebound technigque, no firm statements

can be made about the technique which shows the large vertical-

repulsive force. Gymnasts could be grouped according to the

technique they use and comparisons made along similar lines to-

those made in this study.

SUMMARY -OF CONCLUSICNS,

The optimum Gharacteristiecs of performance in thecearly phases
of a vault are specific to each vault. As these characteristics
détermine post-flight performance more attention should- be

paid to their precise execution by gymnasts and coaches

than has previously been recommended.
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-APPENDIX A4,

+Graphic display of kinematic data.

Note: ‘Line diagrams dra?t&d', for every seventh frame of
the kinematie data for all subjects and all vaults
are presented, together with the calculated paths of
the subjects; centre of gravity for the pre~flight,
contact and post-flight phases.
The ini;cia.ls of the subject and of the vault represented

(TV = layout squat, H = handspring, Y = Yamashita,

1]

HSF handspring front) are recorded in the left

lower corner of each graph. True vertical and horizontal
displacements (in mm) are shown on the two axes.

For greater clarity each frame is drawn aiternately iq
red or green ink,

The aceuracy of the basic data and calculations may be

Judged from these diagrams.
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APPENDIX B

Centre of gravity displacement and time data,

Note: The data for each of the 25 vaults in both experiments

are presented, One vault per subject on each page.
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APPENDIX C

Force trace records.

Note: The force traces from each of the two platforms for
each vault for.all six subjects of Experiment 1 are
presented.

The calibration displacements are indicated in 10mm uris,
where 10mm is approximately equal to 40lbs, vertically.
and 651bs. horizontally, Exact calibration curves
{presented in Chapter 3} were used in the analysis,

The upper trace, 22, represents the vertical force

of platform two from the moment of contact at the

line marked 'on", to the moment of departure

indicated by the line across the trace. Trace X2

repregents the-horizontal force of platform two while

Z1 and X1 represent the vertical and horizontal forces

of platform one,
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APPENDIX D, -

Derived kinematic and kinetic data.

Note: The kinematic and kinetic data for all six subjects
taking part in the first experiment for each vault
are presented here (pages 23@ —‘235j. The kinematic
data for the four subjects in the second experiment
are also pfesented {pages 23b ~ 237),

Each vault is labelled at the head of the right hand
series of columns (HPIV = HP (subject): layout sguat

vault),




HPTV

JTTV

VAULTS

JBTV

TSTV

AATV

DMTV

PRE-FLIGHT RESULTS

T1
Duration

(s)

0.26

0.20

0.24

0.28

vX1
Horizontal
Velogity
(n.s ™)

4,07

3.70

3.86

3.99

VZ 1

Vertical Take-off
Velogity

(m.s 7)

3.39

TH1
Take-off
Angle
{degrees)

74.5

85.1

78.9

82.3

76.2

76.0

X1
Horizontal
Displacement

(r)

1.05

0.83

1.01

Z1
Vertical
Displacement

(m)

0.53

0.50

THDOT

Angular
Velocity
(degrees, s . )

239

219

253

249

269

231

TH2
Contact
Angle
{degrees)

177.1

211.0

169.9

170.0

120.2

183.0

VZ2

Contact

Vertiial Velocity
(m.s ™)

0.71

0.56

1.21

0,77
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HPTV

JTTV

VAULTS

JBTV

TSTV

AATV .

DMTV

CONTACT VARIABLES

T2
Duration

(s}

0.27 .

0.19

0.18

.27

0.21

0,20

X2
Horizontal
Displacement

(m)

0,73

0,56

0.56

‘0.76

0.62

0,64

YA
Vertical
Displacement

(m)

.22

Q.31

0,18

Q.23

0.21

FX1

Average Horizontal
Compressive Force
(N/body weight)

.39

-1.30

~1,02

-0.73

-1.36

~1,07

Fz1

Average Vertical
Compressive Force
(N/body weight)

.94

2.35

1.70

1.76

1.91

FX2

Average Horizontal
Repulsive Force
(N/body weight)

.19

-0.17

-0,03

-0,19

FzZ2

Average Vertical
Repulsive Force
{N/body weight)

.80

0.81

0.82

0.74

0.95

IX

Horizontal
Impulse

(N. s/body mass)

.26

-1.22

-0.66

-0.63

-0.78

17

Vertical
Impulse

(N. s/body mass)

.49

2.27

2,34

1.66

2.26

POST-FLIGHT VARIABLES

XFL
Horizontal
Displacement

(m)

.13

1,70

1.19

1,59

1.81

ZFL
Vertical
Displacement

(m)

.01

0.08

0.01

0.04

0.05

VX3
Horizontal
Velog}ty
{(m.s )

2,76

3.05

3.26

3.03

3.28

3.41

vZ3

Vertical
Velogity
(m.s )

.31

1.05

0.11

JUDGE'S SCORE

8.

8.4

8.6

8.7
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HPH

JTH

VAULTS

JBH

TSH

AAH

DMH

PRE-FLIGHT RESULTS

T1
Duration

(s)

0,36

0.33

0.29

VX1
Horizontal
Veloc}ty
(m.s

3.57

3.45

3.89

3.61

3,70

3.68

VZ1

Vertical Take~off
Veloclty

(m.s

3.98

3.63

3.89

3.74

4,03

3.88

TH1
Take-off
Angle _
{degrees)

84.9

85.6

75.5

86.9

82.5

84.9

X1
Horizontal
Displacement

(m)

1,32

0.87

0.94

1,25

1,08

Z1
Vertical
Displacement

(m)

0.77

0.72

0.65

0.80

0.73

THDOT

Angular
Velocity  _
{(degrees. s )

283

351

357

303

297

308

TH2
Contact
Angle
(degrees)

154.1

151.9

168.4

169.7

140.0

148.0

VZ2

Contact

Vertlial Velocity
({m.s

0.20

1l.46

1.22

0.75
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HPH

JTH

VAULTS
JBH TSH

DMH

T2
Duration

(s)

0.43

0.29

0.24 0.42

0.29

X2

"Horizontal
Displacement
(m)

0.96

0.69

0,66 1.12

0.72

0.81

Z2
Vertical
Displacement

(m)

0.22

0.31

0.39 0.36

0.24

0.30

FX1

Average Horizontal
Compressive Force
(N/body weight)

-1.24

~0.77

-1,17 -0.56

~0.72

Fzl

Average Vertical
Compressive Force
(N/body weight)

1,42

1.03

1.67 1.17

1,19

FX2

Average Horizontal
Repulsive Force
(N/body weight)

CONTACT VARIABLES

-0.35

-0,27

-0.42 -0.18

-0,32

rz2

Average Vertical
Repulsive Force

(N/body weight)

0.89

0.89

0.96 0.66

0.79

IX

Horizontal
Impulse
(N.s/body mass)

~-2.02

-1.24

-1.52 ~1,04

-1.22

~1.09

1z

Vertical
Impulse

(N, s/body mass)

2.81

XFL
Horizontal
Displacement

(m)

0.69

1.17

1.49 1,09

1.29

1.23

ZFL
Vertical
Displacement

(m)

-0.01

0.04

0,11 0.00

0,03

0.02

VX3
Horizontal
Velogity
(m.s )

1,78

2.50 2,58

2,55

VZ3

Vertical
Velogity
(m.s )

POST~FLIGHT VARIABLES

-0.16

1,28 *0,08

0,56

JUDGE'S SCORE

8.0

8.0
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HPY

JTY

VAULTS

JBY

TSY

JBHSF

PRE~-FLIGHT RESULTS

T1
Duration

(=)

0l32

0.28

0.19

0.28

0.19 -

VX1
Horizontal
Velogity
{m.s 7)

3.05

3.21

3.78

vzl

Vertical Take~off
Velogity'

{m.s 7)

3.96

3.74

4.00

3.89

3.83

TH1
Take-off
Angle
(degrees)

86.3

78.7

75.2

83.2

B87.9

79.3

X1
Horizontal
Displacement

(m)

1.01

1.09

1.03

0.82

z1
Vertical
Displacement

(m)

0.74

0.66

0.71

THROT

Angular
Velocity
(degrees. s )

295

339

296

323

329

352

TH2
Contact
Angle
(degrees)

142.7

151.1

131.1

194.1

155.7

137.0

vZa

Contact

Vertiial Velocity
(m,s ")

0.92

1.07

1,84

1,23

1,95

i
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VAULTS

HPY JTY JBY TSY AAY JBHSF

T2
Duration

(s) 0420 0.23 0. 24 C. 30 C.26 .20

X2
Horizontal
Displacement

(m)

0.48 0.72 0,61 .90 0,77 0.61

zZ2
Vertical
Displacement

{m)

0.25 | 0.38 | 0.32 | 0.40 | 0.33 | 0.43

FX1

Average Horizontal
Compressive Force
(N/body weight)

-1.,13 -0,90 -1.20 -0.62 ~0,69 -1.18

FZ1

Average Vertical
Compressive Force
'(N/body weight)

1.16 0.88 1,82 1.20 1.81 1.62

FX2

Average Horizontal
Repulsive Force
{N/body weight)

CONTACT VARIABLES

-0.15 -0.15 -0.33 -0.19 -0.19 -0.35

FzZ2

Average Vertical
Repulsive Force

(N/body weight)

1.04 1.22 0.96 0.98 0.96 0.93

IX

Horizontal
Impulse
(N.s/body mass)

~0.95 -1.15 -1.31 -0.63 -0.81 -1.38

17

Vertical
Impulse

(N. s/body mass)

2.54 2,94 2.72 1,96 2.49 2,41

XFL
Horizontal
Displacement

(m)

1.26 1.64 1.68 1.41 1.63 1,98

ZFL
Vertical
Displacement

(m)

0.08 0.12 0.13 0.04 0,08 0.23

VX3

Horizontal 2.23 | 2.80 | 2.52 | 3.02 | 2.84 | 2.72
Velogity'
(m.s ™)

POST-FLIGHT VARIABLES

VZ3
Vertical
'Velogity
(m.s ™)

1,16 1.52 1,59 0.70 1.07 2.11

JUDGE'S SCORE 8.6 8.9 8.2 7.6 8.4 8.9




BSTV

SCH

AGY

VAULTS
JTHH

JTHL

JTTVH

JTTVLY

PRE-FLIGHT VARIABLES

Tl
Duration

(s)

0.26

0,26

0,19

0.25

0.19

0.17

0.13

VX1
Horizontal
Velogify
{(m.5 )

4.4%

3.98

3.97

vzl

- Yertical Take-off

Velogity
(m,s ™)

3.01

3.88

3.70

3.43

TH1
Take=off
Angle
(degrees)

50,8

80.4

57.5

76.5

68.3

X1
Horizontal
Displacement

(m)

1.07

0.79

0.95

0.74

0.54

Z1
Vertical
Displacement

(m)

0,49

0.65

0.33

0.65

0.51

0.38

0.28

THDOT

Angular
Velocity
(degrees, s )

238

333

360

345

309

238

208

THZ2
Contact
Angle
(degrees)

175,9

127.5

143.0

138.6

142.0

206,6

221.2

vaa

Contact

Vertgial Velocity
{m.s 7)

0.74

1,15

1.88

1.26

1,73

1.60

1,67
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BSTV

SCH

AGY

VAULTS
JTHH

JTHL

JTTVH

JTTVL

T2
Duration

(s)

0.20

0.22

0.23

0.20

X2
Horizontal
Displacement

(m)

0.71

0.65

0.76

1.05

0.63

0.63

z2
Vertical _
Displacement

(m)

CONTACT VARIABLES

0,21

.32

0.36

0,48

0,34

0,34

XFL
Horizontal
Displacement

(m)

1.63

1.66

1.81

1.59

ZFL
Vertical
Displacement

- (m)

0.09

0.09

0.14

VX3
Horizontal
Velogity
(m.s ™)

3.69

2.83

2.86

3,02

3.05

VZ3
Vertical
Velogity
(m.s ™)

U POST-FLIGHT VARIABLES

0.81

1.67

1,22

1.22

1.64

1.55

JUDGE'S SCORE

B.6

8.7

8.6
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APPENDIX E

Computer programs,

1, Centre of gravity progran.

2, Graph plotting program.
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APPENDIX F

Details of subjects

Initials Level Age Weight Height
(years) | (kg) {cm)
HP | National 14 37.5 148.,0
JT National 17 59,2 167.,7
JBl International 17 51.7 151.3
TS Regional 16 54.2 165.8
AA National 17 50,0 155.7
DM International 19 59.5 164.1
BS International 17 55.6 161,1
SG International 21 45,5 157.5
AG Regional 16 47.0 154.1
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APPENDIX G

Correlatijon Matrices.

1. Layout squat vault,

2. Handspring vault,

[

Yamashita vault,
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Layout squat wvault.
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Handspring vault.
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