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ABSTRACT

Aim. The take-off is regarded as the most importans@lod the pole vault yet there
is an insufficient amount of research on the grogaattion forces of the pole vault take-
off. At this time there is not any scientific reedacomparing force and time between take-
offs that are out, on and under. The purpose efghidy is to compare the differences in

ground reaction forces between pole vault taketbiis are out, on or under.

Methods Over five days, 15 male and female college poldtges completed 226
vaults on a (AMTI Accupower) force plate. The junwsre put into categories of out, on
and under and analyzed by Accupower, and Dartbftavare. Separate mixed modal

ANOVAs (SAS 9.3) were applied {F05) for comparison between jump types.

ConclusionsThere is no significant difference between grotgattion forces of

the three jump types.
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CHAPTER 1. INTRODUCTION

USA Todayselected pole vaulting as the third-hardest thongdo out of all sports
(Mihoces, 2003). What makes the sport difficult e different variables of the event that
include, but are not limited to, the speed of ttidedie, size, skill level, pole choice, grip on
the pole, standard setting, and different techréqivost experts agree that superior pole
vaulters are unique athletes. An elite pole vaudiesaid to have the speed of a sprinter, the
acrobatics of a gymnast, the strength of a powter liand has the risk-taking attitude of an
extreme sports athlete. With so many variablesadhigtic uniqueness, experts agree that
the take-off is the most important phase of thepalult (Plessa, Rousanoglou, &

Boudolos, 2010).

Professionals in athletic performance and trackfeetd use science to determine
the best ways to enhance athletic performance.dwgonents in technology allow
researchers to advance the quality and speedioféisearch. Biomechanical analysis
using digital video and software data have impraedoverall understanding of
movement. Force plate analysis has progressedrcbses understanding of kinematic
and kinetic factors in sports. Having a better us@ading of pole vault variables through
biomechanics, kinematic factors, and kinetic fagtbas enhanced pole vault performance

(Launder & Gormley, 2008).

Statement of the Problem

Previous research focused on methods to minimiegggrioss during the pole vault
to increase maximum height (Barlow, 1973; Gros,2)98he take-off is regarded as the

most important phase in the pole vault. There isx@ansive amount of research on pole



vault velocity and take-off angles, and their efffeic maximum vertical height. However,
there is a scarcity of information regarding groueaction force. There are only two
articles to my knowledge by Barlow (1973) and Pdestsal. (2010) that measure ground

reaction force and ground contact time of the ta#tdéeg in the pole vault.

Numerous pole vault techniques emerged since teel810s when fiberglass poles
were introduced. Vital Petrov and his creationhef Petrov/Bubka pole vault model
produced the world record for both men and womethenpole vault. In his bookrom
Beginner to BubkaAlan Launder discussed the Petrov model in dedgiopular aspect of
the Petrov model is the free take-off. A free takithappens when the vaulter takes off
while the pole remains unloaded (Launder & GormB808). The take-off foot is just
behind the top hand at the moment that the fooele#he ground. There is some confusion
with the terminology because the terms a free tdkgsre jump, and out take-off have
been used interchangeably. For the purpose oflibisission, the term out take-off will be
used. The model suggests that by taking off skgfutither away from the vault box rather
than directly under the top hand, less energybellost and the vaulter will be taller
during the take-off. As of yet, no published resbdras measured the difference in ground

reaction force of the take-off when the vaulteresbff on, under, or out in the pole vault.

Purpose

The purpose of this study is to compare the diffees in ground reaction forces

between pole vault take-offs that are out, on a@eun



Specific Objectives

To compare vertical ground reaction force for paelt take-offs that are on, under

and out

To compare breaking ground reaction force for palalt take-offs that are on,

under, and out

To compare propulsive ground reaction force foepault take-offs that are on,

under, and out

To compare medial ground reaction force for polaltviake-offs that are on, under,

and out

To compare lateral ground reaction force for p@aaltitake-offs that are on, under,

and out

To compare total time on the force plate for paelttake-offs that are on, under,

and out

To compare propulsive time on the force plate faewault take-offs that are on,

under, and out

To compare breaking time on the force plate foep@lult take-offs that are on,

under, and out



Limitations

1. The investigator will be unable to control the e@omimental factors of each subject
which may have affected individual performancesesenhfactors may include sleep,

training cycle, nutrition, and physical condition.

2. The subjects may be jumping differently due tartkeowledge of being tested.

3. Motivational aspect of competition may be diminidhe

4. The sample size is limited to only North Dakotat&taniversity pole vaulters.

Definition of Terms

Approach Run The phase of the vault preceding take-off duwngch the vaulter, from a

starting position, attempts to steadily increasedniher forward horizontal velocity and

momentum up to the point at which he or she ledveground (Barlow, 1973).

Breaking ForceThe component of force generated in a directigmosite to the approach

run by contact with the take-off foot (Barlow, 1973

Center of Gravity- The point of the body through which the result#rthe earth’s pull

upon the body passes and at which the total weigtite body can be considered acting

(Barlow, 1973).

Dartfish— Video analysis software used to study biomedafactors in sport.

Force Plate- A measuring instrument used in athletic, clihiaad research setting that
measures ground reaction forces generated by a bduy device is used to measure many

parameters of biomechanics, such as gait and alanc
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Free Take-off (Also known as a “Pre-Jump”) Occurs when the tesiubkes off the

ground and the pole is still unloaded or ridgede Tdke-off foot would be directly under
the top hand, but the pole tip would only touchlthek of the box the instant the foot
leaves the ground. The take-off foot is just sligbehind the on take-off. A free take-off

also falls into the category of an out take-off.

Ground Contact Time The time in which the foot makes contact with ¢gmound until the

moment it leaves the ground.

Ground Reaction Force The reaction to the force that the body exantthe ground.

On Take-off- When the take-off foot is directly under the tognd at take-off. The tip of
the pole touches the back of the plant box at éineestime that the foot extends off of the

track.

Out Take-off When the take-off foot is behind the top hanthke-off. Similar to the free
take-off, but the out take-off foot can have a tgedistance from an on take-off than a

free take-off .

Plant— The phase of the vault which is initiated asgbke tip starts to advance and drop
relative to the vaulter’'s body and finishes wheatitp hand is extended vertically at the

highest point.

Stride— The sequence of the approach run which occans fhe moment one foot breaks
contact with the running surface to the point aicltihe opposite foot of the recovery leg

touches the running surface and also breaks cofi@adbw, 1973).



Take-off— The moment the take-off foot touches the gradumihg the plant to the

moment the vaulter leaves the ground.

Thrusting Force- The component of force generated in the saneetitin as the approach

run by contact with the take-off foot (Barlow, 1973

Under Take-off When the take-off foot is closer to the vaulkltean the top hand. The

pole tip strikes the back of the box before theltesleaves the ground.



CHAPTER 2. LITERATURE REVIEW

The purpose of this study is to compare the diffees in ground reaction forces
between pole vault take-offs that are out, on ateunThe literature review will examine
specific articles that pertain to pole vault andrenspecifically, the pole vault take-off. In
this chapter, the literature is arranged in thefaing order: pole vault origins and
equipment, physics of the pole vault, and simikesibetween the long jump and the pole

vault take-off.

Pole Vault Originsand Equipment

The origins of the pole vault are uncertain. Wataen (1947) suggested that pole
vaulting started in northern England due to thgdaamount of small streams and dykes.
Early competitions used poles to jump for height distance. In 1873, the Princeton
Caledonian Club instituted the event, which becaaré of the intercollegiate track and
field program in the United States (Ganslen, 19F&yly competitive pole vault poles were
made of hickory wood, which could have weighed ntbes 30 pounds (Dillman, &
Nelson, 1968). Changes in pole vaulting equipmesrevimade to improve performance
and safety. Lighter bamboo poles replaced woodé&spo an effort to maximize speed on
the runway. Holes were dug into the ground whicluldater lead to the pole vault box.
As pole vaulters jumped higher, the need for safegnsified. Grass landing areas were

replaced by foam, sawdust, and sand (Frank, 1971).

Poles

During the early 1900s, the most successful polétees used bamboo poles. The
improvement of technique and scientific analysid arethods of training, rather than
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equipment, were the reason for increased perforeng@oniam, 1963). Warmerdam is
known as the greatest pole vaulter of the strgpghe era. In 1943, on a bamboo pole,
Warmerdam pole vaulted 4.77m to set the world ktoat he held until the late 1950s.
Following World War Il, pole vaulters transitioné@m bamboo poles to metal poles

because of their reliability and light weight (CeopLavery, & Perrin, 1970).

Don Bragg has the best known vault on a metal @go#e80m. In the late 1940s
and early 1950s, the fiberglass pole was developee first fiberglass poles used were
unreliable and broke easily. Fiberglass poles exalytbecame superior due to scientific
advances in the development of material (Crameg8)1L9n 1962, the first 4.89m jump was
accomplished by John Uelses of the United Statgd. 982, the first 5.51m pole vault was
completed by Kjell Isaksson of Sweden. In 1981 fifs¢ 5.80 m vault was completed by
Thierry Vigneron of France. Due to the fiberglastegechnology, the pole vault world
record improved over three feet (.9144m) in tweyggrs and vaulters were jumping higher

than they had ever imagined possible (IAAF, 2009)

Bubka

In 1984, Sergey Bubka of Russia advanced the piswimrld record of 5.83
meters to 5.85 meters. It is without question Biuttka was the most dominating force in
pole vault history. Between 1984 and 1994, he btbkavorld record 35 times, both
indoors and outdoors. He was the world champiord@oyears, winning six consecutive
gold medals at the world championships. Bubkaesatfly man to ever clear 20 feet in the
pole vault and holds the indoor world record ab@rieters and the outdoor world record at

6.14 meters (Launder & Gormley, 2008).



Pole Vault: Women

Pole vault records for women started being offigie¢corded by the IAAF in 1992
with Sun Caiyun of Nanjing jumping 4.05 meters (IKA2009). The pole vault world
record progressed quickly, improving roughly a feeery four years until 2004. The first
Olympic pole vault competition for women was heidhe 2000 Sydney Olympics, during
which Stacy Dragela of the United States jumpe@ #néters to win the competition. From
1992 to 2003, the world record improved from 4.0&ems to 4.82 meters, held by Yelena

Isinbayeva from Russia.

Isinbayeva

What Surgay Bubka did for the pole vault for thenméelena Isinbayeva was
doing for the women. Isinbayeva holds the indoorlevcecord at 5.00 meters and the
outdoor world record at 5.06 meters. She set 2Tdwecords and won nine straight
championships between 2004 and 2008 (Launder & &gtr2008). Isinbayeva was a
two-time Olympic gold medalist and the only womarhaive jumped 5.00 meters as of

2011.

Technical and Scientific View of the Pole Vault

The pole vault is considered the most technicahewetrack and field. Elite pole
vaulters start sprinting towards the vaulting bbammaverage distance of 16 to 22 strides
away. They reach speeds up to 9.9 meters per seduledcarrying a 5.20 meter pole,
weighing seven pounds. The vaulter plants the mdethe vault box, the pole bends and

propels the athlete vertically over a cross bae gbal is to jump as high as possible



vertically over a cross bar. To achieve maximalitssthe vaulter attempts to minimize

energy loss through the different phases of the pallt.

The science of pole vault can be described usiygips, kinematics, and kinetics.
The pole vault involves the transfer of kinetic gyeinto gravitational potential energy or
vertical height (Pelletier, 2011). Kinetic energydeefined as “Energy due to the motion of
an object" (McGinnis, 2005, p. 392). Elastic poigrenergy, or strain energy, is defined as
“Energy due to the deformation of an object; feetthing or compromising” (McGinnis,
2005, p. 395). Gravitational potential energy isrgly of a body or system due to
gravitational force. A full pole vault involves dhree energy transfers. The pole vaulter
builds up kinetic energy by sprinting down the raywAs the pole vaulter plants the pole
in the box, the kinetic energy is transferred & pole, creating elastic potential energy.
The fiber glass pole bends while lifting the vawitertically into the air, transferring the
kinetic energy to gravitational potential energyn@aximum force against gravity

(Pelletier, 2011).

Technical

There are six basic phases of the pole vault. Tphlases include the run, the plant,
the take-off, the swing, the inversion, and theaflyay. Each phase needs to work together
to create a pole vault. The continuous chain medggests that each phase of the pole
vault builds upon the other phases. If a vaultelds up a great amount of speed or kinetic
energy during the run up phase, but the take-off paor, energy will be lost during the

take-off. The energy loss cannot be recovered dutture phases (Young, 2002).
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The Run

The first phase of the pole vault is the run. Thkewaulter chooses a spot on the
runway to start, picks up the pole, and startsinginrhe approach run progresses in speed
in order to achieve maximal speed at the take-0offe faster the pole vaulter runs the
greater the amount of kinetic energy that will sedifor the pole vault. Speed of a pole
vaulter is the most important determinate in maxibze clearance (Barlow, 1973;
McGinnis, 2007; Gros, 1982; Launder & Gormley, 200Blot all fast vaulters are elite

vaulters, but all elite vaulters are fast” (McGisnl989, p. 3472).

Proper sprinting technique is important for maximggrunway speed and setting
the vaulter up for an effective take-off. Runninghaa pole changes the sprinting
biomechanics of a vaulter. Due to the added weagltte pole, the center of mass of the
vaulter moves forward during the run and the fdoka is slightly ahead of the center of
mass compared to a sprinter (Launder & Gormley820Qeeping the pole tip at a high
angle reduces the weight and torque placed onabker. During the run, the pole tip
gradually lowers, increasing the last three stépgbeovaulter and putting them in an ideal

position for the next phase (Chang, 2009).

The Plant

The plant is the phase following the run. Six gheistrides away from the box; the
pole vaulter lowers the pole horizontally with tlaway and initiates the plant. The plant
is completed when the back hand is fully extendeal/a the head. Barlow's (1973) study
shows that an early plant is ideal in setting thelter up for the next phase of the pole

vault. Grip on the pole plays an important roléha pole vault. A narrow grip improves

11



the ground take-off angle, but makes it more diftito plant the pole due to torque forces
(Launder & Gormley, 2008). Vitali Petrov noted tiia¢ run up and pole plant should be

seen as a single integral movement (Launder & Gayn#008).

The Take-off

The take-off is often discussed as the most impbphase of the pole vault
(McGinnis, 1987). The take-off is the moment thret take-off foot touches the ground
until the moment it leaves the ground. At take-efite pole vaulters have a higher center
of gravity, faster horizontal speeds, and fasteticed speeds than lower level pole vaulters
at take-off (McGinnis, 2007). McGinnis (1987) foutit an optimal take-off angle for
elite male vaulters is 15-20 degrees. Barlow's ) 87udy found a mean take-off angle of
21.9 degrees. Not all of the subjects in Barlowiglyg were elite pole vaulters compared to
McGinnis’ study (2007). Barlow (1973) also founétlas bar height increased, the take-
off angle also increased. Ground reaction forae@mtact time will be discussed in

greater detail in later sections.

The Swing

An effective plant produces a stretch reflex, allaythe trail leg to whip
aggressively forward. The swing can put more enerpythe pole vault system. It is of
equal importance for putting the vaulter in theganoposition for using the elastic energy
in the pole. During this phase, elite pole vaultes able to reduce the length of the pole by
thirty percent by bending the pole. Putting morergg in the pole is done by creating
torque on the pole by keeping the top arm and tdkkeg straight through the swing

(McGinnis, 1987). According to McGinnis (2007), dges in technique can change based
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on the attributes of the vaulter. A shorter vaultiere to his shorter radius, may swing up to
vertical too quickly, causing him to stall. Pregswith the bottom hand will slow down the
rotation of the swing, but may make the vaulteg far the next phase of the vault, the

inversion.

The Inversion

The inversion phase of the pole vault is when tdgter is completely upside down
on the pole. Sergey Bubka stated that his goaltavee completely inverted when the pole
was at its maximum bend (Launder & Gormley, 2008)s allowed him to exploit all of
the elastic energy he put into the pole. Duringitiversion, a quarter turn of the body is
completed in order to stay close with the pole @ettlice energy loss. Barlow (1973) found
that it took an average of 0.695 seconds to gedfdtfie top of the pole from the moment
the pole touched the back of the plant box. Ba{®973) also found that the average peak
vertical extension force of the pole on the plamt lwas 247 pounds. The peak vertical

extension increased as the bar increased in height.

The Fly Away

As the pole goes from bent back to straight, théteaimplements another quarter
turn as the energy from the pole propels the vaaoiter the cross bar. Launder and
Gormley (2008) explained that the top of the vl result of the previous phases and
can be unique to the individual vault. Launder @wtmley (2008) also stated that the
vaulter should attempt to drop the legs as sodhegsare over the bar. This will push the

center of gravity to the highest point over the bar

13



Conceptual Framework

The Continuous Chain Model suggests that in ordethfe next phase of the vault
to be successful, the previous phases need bampedaorrectly to progress forward.
Barlow's (1973) study stated that from the momieatpole touches the back of the box,
there is an average of 0.695 seconds until theeraislgoing vertically over the bar. There
is very little time to make corrections. This iseoof the reasons why the pole vault is so
difficult. The take-off is an early phase in thdguwault and, when done correctly, the
consecutivghases can happen ideally, leading to a bar clear&ihen the take-off is
done poorly the results, more often than not, tesw missed attempt due to poor energy

transfer and poor positioning on the pole.

The lmportance of the Take-off

The take-off in the pole vault is the most impottainase in the pole vault
(McGinnis, 2007). According to McGinnis, the takiéqohase begins with the touchdown
of the take-off foot and ends the instant the feaves the ground. The pole vault take-off

is best demonstrated when looking at factors thtdrchine performance.

PE(apex) = TE(to) + U(to-rel) - E(to-rel)jg¢+ — KE(rel), o

where,

PE(apex) = potential energy of vaulter at the
apex of vault

TE(to) = total mechanical energy of vaul-
ter and pole at take-off

U(to-rel) = mechanical work done by wvaulter
from take-off to pole release

E(to-rel)jgst = mechanical energy lost from take-
off to pole release

KE(rel)ys = excess kinetic energy at pole re-
lease.

Figure 1.Maximum Height Achieved by Pole Vaulter Using Rts/éMcGinnis, 2007)
14



McGinnis (2007) explained:
The equation essentially states that the maximughhachieved by a pole vaulter
(PE [apex]) is determined by:
1. How high his center of gravity is and how fastifimoving at take-off (TE[to]).
2. How much he pulls and pushes himself upwarchemble during the vault
(U[to-rel)).
3. How much energy is lost or not converted to pié energy (E[to-rel]lost and

KE[rel]xs) (p. 1).

Research on the pole vault take-off found that éigbvel pole vaulters possessed
the ability to achieve greater running velocitieaye a tall plant before the take-off,
shorten their last stride preceding takeoff, insechorizontal velocity over the last three
strides, have a shorter ground contact time atéfikend have a high vertical velocity
(Barlow, 1973; McGinnis, 2007; Gros, 1982; Laun&dsormley, 2008). Barlow (1973)
found that braking force represented 66% of tama¢tin contact with the ground of the
take-off foot lasting an average of 0.080 secoiitds. other 33% represented the total
forward thrust force during contact time. Improvihgust force time during the take-off
may increase the transfer of kinetic energy totiel@nergy, thus improving the height of

the pole vault.

Foot Placement During the Take-off (On, Under, énd)

Taking off “on” in the pole vault is when the také-foot is directly under the top
hand In “From Beginner to Bubka” byaunder and Gormley (2008), Vitaly Petrov, the
coach of both Bubka and Isinbayeva, argued thatiatkes-off point in the pole vault needs

to be directly under the top hand during the juiiiie importance occurs where the top

15



hand is in relation to the take-off foot upon leaythe ground and not where the foot
starts. The advantages of being “on” in the poldtvare, reduced loss of energy transfer,
better take-off angle, better body position, fapi@e speed, and greater pole bend

(Launder & Gormley, 2008).

Taking off “under” in the pole vault is when th&eaoff foot is closer to the vault
box than the top hand. Both coaches and athlatés avoid taking off “under” due to the
negative consequences. The negative consequemrcadass of energy, low take-off angle,
bad body position, and slow pole speed, resultingoissible back injury (Launder &
Gormley, 2008). There are successful elite poldtgesiwho have jumped 6.00m or more
and have taken off up to a foot undBussabarger, 2010pole vault is about transferring
energy from kinetic to potential elastic energyrlBa (1973) suggested that taking off
under increases breaking force, thus losing enégwf yet, no published research
describes the difference between breaking forcdsyamund reaction force for taking off

on, under, and out in the pole vault.

A pre-jump or a free take-off occurs when the vaulakes off of the ground and
the pole is still unloaded. The take-off foot woblel directly under the top hand, but the
pole tip would only touch the back of the box thstant the foot leaves the ground. The
free take-off is part of the Petrov model and ecticed by Bubka and Isinbayeva, the
world record holders in the event. Launder (198)aned that there are many
advantages to a free take-off. The advantagehatehe vaulter is able to attack the plant
more aggressively due to better body position, éeesgy loss, higher hand hold, and the
use of stiffer poles, resulting in less pressur¢henback of the vaulter. By attempting the

free take-off vaulters reduce the rate of takinfguolder, which has many more negative
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consequences than positive. It is important to tiwdéa free take-off and an out take-off
overlap in the fact that the take-off foot is jbshind that top hand when the pole is in the
back of the box. The difference comes from howttiarfoot is away from an on take-off
(the point where the top hand is directly overtedee-off foot). Being too far out or away
from an on take-off will not allow the pole vaubblp to reach a vertical positioning.
Instead, the pole will bend in a more horizontatiorg which can lead to dangerous
outcomes. A free take-off usually refers to a vautking-off outside two to four inches

out from an on take-off.

Kinetics and Kinematicsin the T ake-off

Limited research exists regarding ground reactovoes during the pole vault take-
off, although there is a plethora of long jump eesl. The kinematics of the pole vault
take-off is often described in comparison to thegljump take-off (Plessa et al., 2010).
Plessa et al. (2010) found that there was no sogmf difference between the pole vault
take-off and the long jump take-off. Due to thedfimys of Plessa et al. (2010) and the lack
of ground reaction force research on the pole wakk-off, it is important to include
research on ground reaction force of the long jtahkp-off. Only two published studies
have measured ground reaction forces of the palk tzke-off. This section will review

the research, methods, and findings of Plessa €Gi0) and Barlow (1973).

A recent study by Plessa et al. (2010) comparethlke=off ground reaction force
patterns of the pole vault and the long jump. Tine @ the study was to determine if there

is a similarity between the long jump and the palalt take-off. If there are kinetic

17



similarities, then long jump drills may be more bkaal for pole vaulters due to avoiding

extra loading of a pole vault pole.

Researchers observed 12 right-handed female poléevs who competed in the
national championships during the time of the stddyeir mean highest vaults were 4.10
meters. Ground reaction forces were measured askigtler 9286AA force plate. The
force plate was placed at the subject’s optimad-@af location and covered with a tartan
surface. A camera recording at 50Hz was used aakl Performance software was utilized
for two-dimensional kinetic analysis. Testing tq@kce in an indoor simulated
competition. After their individual 30 minute wammp, they completed four pole vault

trials and four long jump trials.

Analysis of the data measured temporal force paemé&r the vertical, anterior-
posterior, and medial-lateral ground reaction faoeponents. The temporal phases
determined were the duration of the total contawe tmeasured in milliseconds. Passive
and active, breaking and propulsive, and mediallatedal phases were measured. Force
parameters were the impulses during the tempoesgshexpressed in body weight. Time
in peak force was calculated in milliseconds. Rhg@mples t-tests were used to measure

the difference between the long jump and the paléty

The results show that the kinematic parameterddvaer values for the pole vault
than the long jump. These parameters includedgasfghe support leg (57.4 vs. 60.1 deg),
the touchdown horizontal running velocity of thets of mass (7.2 vs. 8.0 m/s), the take-
off angle of the center of mass (19 vs. 22 deg],thr take-off resultant of the center of

mass (6.4 vs. 7.3 m/s). Kinetic parameters exasimeground reaction force patterns
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were similar for the long jump and the pole howeeentact time, and force and impulse
magnitudes were significantly differenp<.05). One important factor is that the first part
of the contact (passive and breaking) is the sama&tidn while the second part of the
contact phase (active and propulsive ) was longduration during the long jump. Active
was 9.5% shorter and propulsive was 15.3% shartdre pole vault. Total contact time is
a longer duration for the long jump than the paaltvtake-off. Plessa et al. (2010) stated
that pole vault improvements may occur by increg$ie duration of the active and

propulsive contact phase of the pole vault take-off

Barlow (1973) conducted a comprehensive study,yaima the kinetic and
kinematic factors of the last step, the take-aif] the pendulum phases of pole vaulting.
Barlow stated that kinetic factors affecting théepeault are largely determined by many
previous variables, up to the phase during whiehvtulter clears the cross bar. Due to the
substantial amount of data found during the study/tae purpose of this literature review,

the focus is primarily on the running approach taie-off.

Eleven vaulters ranging in age from 16 to 25 y®atanteered for the study. All
subjects were male and pole vaulted at the amatellegiate, or interscholastic level. Best
recorded heights ranged from 4.27 to 5.50 metaado® (1973) noted that all vaulters
were considered to be highly capable performers.r€bearch took place indoors on a
tartan track surface. After completion of an apiatte warm up period, the athletes
started vaulting at a cross bar six inches undsgr gersonal best heights. If the bar was
cleared, the vaulter could move the bar threexanshes higher. Athletes were allowed at

least seven jumps and no more than 10 jumps to ttledhighest height possible.
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Kinetic parameters were obtained from a 36 incl2dbynch multi-dimensional
force platform positioned to measure the final feintke at take-off. The force plate was
calibrated prior to the study to insure accuradye Torces recorded were vertical force,
horizontal braking force, and horizontal thrustfogce. Kinematic parameters were studied
through high speed cinematography. Of the 94 sdhéit were recorded, 17 were
successful and eight were considered almost sufatdsstotal, 25 vaults ranging between
3.96m-5.33m were used for kinetic and kinematidysms Statistical package for the
social science (SPSS) was used for statisticaysisaBarlow (1973) stated that the
effectiveness of force on kinematic results depamdsvo things: the magnitude and the
time for which it acts on the body. The recordisgitbograph was able to analyze various
periods of force within 0.001 of a second. Spedtifite phase measures during the run and
take-off included: duration of foot contact at take-off, horizontal breaking force
duration, horizontal thrusting force duration, gade plant completion in relation to the

initiation of support during the take-off.

Kinematic results for the approach run showed ttatast two to three strides may
be shortened by as much as 0.2032 to 0.4572micigation for the take-off. The
majority of champion-level vaulters shortened thast strides by an average of five inches
(Barlow, 1973). Notedly, vaulters who vaulted higtiean 4.89m had longer stride lengths
during their run, but their last three stridesevginorter compared to the vaulters who

jumped less than 4.89m.

Kinematic results for the pole plant suggest thatgole plant accounts for 50-75%
of a successful vault. Barlow (1973) found vaultehe vaulted 4.89m or higher initiated

their pole plant an average 3.65m before reaclake-0ff compared to vaulters who

20



vaulted less than 4.89m who initiated their pla@d& before take-off. During the final
three steps, vaulters who jumped higher than 4.i8@nreased speed during the first two
steps and slowed down during the take-off steptfi@waulters who jumped less than
4.89m, deceleration occurred during all three stepaverage. Barlow (1973) noted that
67% of all the trials resulted in an increase inzental displacement from the third to the
second stride. Lastly, 75% of the higher vaultingugp and only 16.7% of the lower

vaulting group accelerated over the two strides.

Kinetics of the take-off movement is an explosivevement requiring maximal
effort in a short duration. The take-off duratiwas generally less than 0.13 of a second
for the study. Barlow (1973) believed that a sliontation of the take-off is a highly
important factor leading to high velocity of thedyo The study found that the total
average duration of horizontal and vertical forasw.122 second. As the cross bar heights
increased, the mean duration decreased. The rémgesrizontal and vertical duration
ranged from 0.135 seconds at 3.96m to 0.116 seair&i83m. Barlow (1973) concluded

that better vaulters had shorter support timeaka-off.

Horizontal striking force started the moment thpmart leg made contact with the
force plate and lasted an average duration of Gs@ténd. Propulsive muscular effort was
recorded when the entire foot was flat on the fgieg¢e and the center of gravity was
directly over the support leg. The average peakicatiforce at the take-off occurred at
0.045 second after the first point of contact. Eontal breaking force accounted for 66%
of total time the vaulter’s support leg was in @mtwith the force plate. The average peak
horizontal breaking force was recorded at 0.015@@&fter first contact. The total mean

value for breaking force duration was 0.080 seco@uasthe contrary, horizontal thrusting
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force accounted for 33% of total contact time ard Wirst reached at 0.100 second after

initial contact or 0.022 second before take-off.

A few take-off kinematic findings of study includdaktter performers in every case
had faster running speed. All vaulters shortened tast preceding take-off from 2.04 to
4.20 inches. The length of the second stride tetalb@ greater than the third or last stride
of the last three steps. All vaulters decreaseddpethe final stride of take-off, but better
vaulters increased speed in their first to sesiride and decreased speed from second to
last stride. Higher performers were able to incedheir speed longer than lower
performers. Pole plants were initiated 0.432 t®8.4econds before take-off. Lastly, the

average pole plant took place 1.87 strides befike-off.

A few take-off kinetic findings of the study incled the average duration of forces
at the take-off foot was 0.122 second in all vaafid shorter durations were found for
higher performers compared to lower performersizdotal breaking force accounted for
66% of total time, averaging 0.080 second and genmiforce accounted for 33%. Peak
vertical striking force at take-off had an averagagnitude of 819 pounds during the first
0.01 to 0.02 of a second (approximately five tiiesbody weight of the vaulter), peak
vertical propulsive force averaged 500 pounds @aprately three times the vaulter’s
body weight), and average breaking force was 6Qihg® compared to 56 pounds for
horizontal thrusting force. Lastly, the total a\ggravertical impulse at take-off was 57.89
pounds-second. The athletes who vaulted 4.89mttarh@oved to be more efficient in
changing their momentum while in contact with tbecé plate. Barlow (1973) found that
peak vertical striking force tended to increasthascross bar increased. Horizontal

breaking force and vertical impulses are foundaaieater for the more successful

22



vaulting group. Due to different body mass, treeeechers divided vertical impulse by the

vaulter’'s mass to compare more accurate readings.

Conclusion

The pole vault is an extremely complex sport thablves many different
variables. There has been a lot of research tim tuynderstand the sport and its variables in
order to create better athletes and consistenbimeainces. The continuous chain model
discusses the importance of the phases of thevpaleand how each phase builds on the
previous phase. The take-off phase is one of tHesiaphases of the pole vault and has
been researched the most. Most research on thée pheasures take-off angles and speed
during the final three strides of the approach Researchers agree that the take-off is the
most important phase of the pole vault. Yet, theree only been two articles measuring
ground reaction forces of the take-off leg and &ai$ (1973) research is over 30 years
old. Plessa et al. (2010) published their studyemmecently, but neither of the two articles
or any research has commented on the ground redotice of the take-off in relation to

being on, under, or out.
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CHAPTER 3. METHODOLOGY

Participants

Fifteen healthy male and female division one galpole vaulters and multi-event
athletes from North Dakota State University (NDSdlunteered to participate in the
study. Seven of those athletes met the criterlaaaing five or more jumps in at least two
of the three categories of out, on, and under dute study. At the time of the study, their
personal best vaults range between 3.8 meters.ahddeters. Vaulters height, weight,
personal best heights, six step approach length, pod take-off were recorded in a data
history form. All of the subjects were right-handsale vaulters who take-off with their
left foot. Approval from the North Dakota State Meiisity Institutional Review Board was

obtained.

Testing Procedures

Athletes vaulted indoors on a raised pole vauitvay during normal practice
sessions. The environmental conditions were id&ahie study. Five vault practices were
used for testing with individual athletes beingeesfor a maximum of four practices. The
vaulters were allowed their normal warm up routine testing started when the vaulters
got back to their 12 step approach run. Demogragdiia was collected prior to the testing.
Each vaulter vaulted through the testing procedlikesa normal practice. Only jumps
during which the vaulter was able to complete hjéuhp, swing to vertical, and make an
attempt at a bungee was analyzed. The bungee heaghplaced at a height of six inches
over the subject’s personal best height. Beforé @aalt, the force plate was zeroed out

and the subject checked their on step where thbdog of the vaulter is directly above the
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take-off foot as shown in Figure 2. Subjects opsteere tested by standing on the ball of
their take-off foot and having their top hand dilgover their take-off foot. The vaulters
weight was recorded with AMTI Accupower softwared{@anced Mechanical Technology
Inc, Watertown, MA, USA) and video record of thesiap was recorded with Dartfish
software (Version Slpharetta, Georgia, USA). No more than 10 jumpd ao fewer than
five jumps were collected from each vaulter at eafcieir four practices. All the jumps

were organized into categories of on, under and out
Data Collection

Ground reaction forces were measured using a #0dth x 30 in length x 4.9 in
height AMTI Accupower (Advanced Mechanical Techmgytdnc, Watertown, MA, USA)
force plate at a sampling rate of 2,400 Hz usingupower software. The force plate was
fixed in an 11 inch tall, three foot-eleven inchdeiraised runway between 3.048m and
3.9624m from the back of the box. The top boart 148" tung and groove sturdifloor and
the bottom brackets are 2 %2 x 9 %2 |-joist eighhisections. A tartan surface was placed
over the runway and the force plate so the foragephas level with the raised runway. All
trials were recorded with a Sony DCR-HC52 video eaniilming at 30 frames per
second. The camera was set from a distance of 1drsnen the right side of the runway
from the center of the force plate and at a carheight of 1.6 meters. Three lines were
placed on the runway at 2.74m, 3.05m, and 3.96m tire back of the vaulting box for the

use of reference points of the Dartfish software.
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Data Analysis

Vaults were randomly selected by order of stati$timportance to reach an effect
size of 40. Nine jumps were selected from the pdekulters who had at least three vaults
in all three jumping groups. Six jumps were selédtem the pool of vaulters who had at
least one jump in all three groups. The remainimggs were selected from a pool of
vaulters with at least five jumps in 2 or more greuOut of the 226 jumps collected from
seven subjects, 24 of 24 outs, 42 of 54 ons, araf 88 unders were used. There were 82

attempts in which the athletes made no attempata @was not collected.

Dartfish software was used to determine the difiee between the subjects on
step and take-off step in meters. On steps wersunea prior to the vault attempt and
marked as zero, shown in Figure 2. On jumps wefieatkas having a range 0+.0254m,
out jJumps were any jumps greater than .0254m fiweron step, and under steps were

jumps that were less than on 0.0254m of the on stegwn in Figure 3.

Figure 2.The vaulter checking the on step. The on step ikedaat 129 inches, or
3.2766m. For this jump, 3.2766 meters is markezkad to show that jumps greater than
zero are positive and jumps less than zero are thegja
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Figure 3.The vaulter’s take-off step at 131 inches or 3432 %vhich is 0.0508m
greater than zero. Since 0.0508m is greater th@2%m this jump is placed into the out
category.

Ground reaction force parameters were consistahttive study by Plessa et al.
(2010), in which vertical (Fz), anterior-poster{éty), and medio-lateral (Fx) were
collected in newtons and were converted to bodgieiTotal contact time was expressed
as anterior-posterior (tFy), and was measured ilisgtonds. Temporal phases were the
duration of the contact phaseoftac) and measured in milliseconds and will also balam
to Plessa et al. (2010). Breaking phase will besuesl using (teaking and the propulsive
(tpropuisivd phase (eaking from teontactinitiation until Fy changed from negative to posst
and t propulsive: frombieakingending until éontactending) (Plessa et al., 2010, p. 419). Lastly
the force parameters were the magnitudes of Fz, Fy+ Fx+, and Fx- peaks expressed in

body weight, as shown in Figure 4.

27
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Figure 4. Force data of Fz vertical force, Fy- anterior bkeéag force, Fy+
propulsive posterior force, Fx- medial, and Fx+dedl force using Accupower

Statistical Analysis

All information and test scores were entered intdiStical Analysis Software
(SAS Institute Inc. 2011. SAS/STAT 9.3 User’s Gui@ary, NC: SAS Institute Inc.). A p-
value <0.05 was used to determine statistical signifiea@zparate mixed model
ANOVAs were run on each outcome measure with juype {(group) and vaulter (subject)
treated as fixed effects and the individual jumpated as random effects. We then
obtained F-tests on groups and subjects and rlEowfolp t-tests on the least-squares means
(LS-means) for all significant F-tests. The testmpared: vertical force, breaking force,
propulsive force, medial force, lateral force, tditme on the force plate, time breaking,

and time propulsive for all jumps that were on, emaind out.
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CHAPTER 4. MANUSCRIPT FOR PUBLICATION FOR TRACK COACH

Introduction

The take-off is regarded as the most important@lraghe pole vault. There is an
extensive amount of research on pole vault velptailye-off angles, and their effects on
maximum vertical height. Little information exigegarding ground reaction force. During
a literature search, two articles found measuremgaeaction force and ground contact
time of the take-off leg in the pole vault: oneBgrlow (1973) and one by Plessa et al.
(2010). Numerous pole vault techniques emergec ghme late 1940s when fiberglass
poles were introduced. Vital Petrov and his creatibthe Petrov/Bubka pole vault model
produced world records in the pole vault for bottnnand womerAlan Launder, in his

book From Beginner to Bubkaliscussed the Petrov model in detail.

A popular theory of the Petrov model is the frdeetaff. A free take-off is when
the vaulter takes off while the pole remains unkmh{lLaunder & Gormley, 2008). The
take-off foot is just behind the top hand the motibka foot leaves the ground. There is
some confusion with the terminology since free takepre jump, and out take-off have
been used interchangeably. (For the purpose ofithcsission, the term out take-off will be
used.) The theory suggests that by taking off fiydglarther away from the vault box
instead of directly under the top hand, less enanfj\oe lost and the vaulter will be in a
better position for the next phase of the vaultofget, no published studies have
measured the difference in ground reaction forahetake-off when the vaulter takes off

on, under, or out in the pole vault.
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The purpose of this study is to compare the diffees in ground reaction forces
between pole vault take-offs that are out, on amdkeu The science of pole vault can be
described using physics, kinematics, and kinefibg. pole vault involves the transfer of
kinetic energy into gravitational potential eneggyertical height (Pelletier, 2011).
Kinetic energy is defined as “Energy due to theiorodf an object” (McGinnis, 2005, p.
392). Elastic potential energy or strain energyaBned as “Energy due to the deformation
of an object; for stretching or compromising” (Mec@is, 2005, p. 395). Gravitational
potential energy is energy of a body or systemtdugravitational force. A full pole vault
involves all three energy transfers. The pole auilds up kinetic energy by sprinting
down the runway. As the pole vaulter plants thepolthe box, the kinetic energy is
transferred to the pole creating elastic potemtnedrgy. The fiber glass pole bends while
lifting the vaulter vertically into the air, trarsfing the kinetic energy to gravitational

potential energy, or maximum force against grafftglletier, 2011).

Technical

There are six basic phases of the pole vault. Tpleases include the run, the plant,
the take-off, the swing, the inversion, and theaflyay. Each phase needs to work together
to create a pole vault. The continuous chain medggests that each phase of the pole
vault builds the previous phrase. If a vaulteddsiup a great amount of speed or kinetic
energy during the run up phase, but the take-off paor, energy will be lost during the

take-off. The energy loss cannot be recovered duha following phases (Young, 2002).

Barlow's (1973) study stated that from the momkeatpole touches the back of the

box, there is an average of .695 seconds untiWaléder is going vertically over the bar.
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There is very little time to make corrections. Tisi®ne of the reasons why the pole vault
is so difficult. The take-off is an early phasdhe pole vault and, when done correctly, the
next phases can happen, ideally leading to a barahce. When the take-off is done
poorly, the results more often than not result missed attempt due to poor energy

transfer and poor positioning on the pole.

The Take-off

The take-off in the pole vault is the most impottainase in the pole vault
(McGinnis, 2007). According to McGinnis (2007), ttaée-off phase begins with the
touchdown of the take-off foot and ends at theainisthat the foot leaves the ground.
Research on the pole vault take-off found that &igbvel pole vaulters possessed the
ability to achieve greater running velocities, havall plant before the takeoff, shorten
their last stride preceding takeoff, increase laorial velocity over the last three strides,
have a shorter ground contact time at take-off,lena a high vertical velocity (Barlow,
1973; McGinnis, 2007; Gros, 1982; Launder & Gorm2§08). Barlow (1973) found that
breaking force represented 66% of total time intactwith the ground of the take-off foot,
lasting an average of .080 seconds. The other @p¥esented the total forward thrust
force during contact time. Improving thrust foraaé¢ and reducing ground contact time
during the take-off may increase the transfer o€kt energy to elastic energy, thus

improving the height of the pole vault.

The kinematics of the pole vault take-off is oftscribed in comparison to the
long jump take-off (Plessa et al., 2010). Plessd.€2010) found that there was no

significant difference between the pole vault talkleand the long jump take-off. Due to
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the findings of Plessa et al. (2010) and the ldaground reaction force research on the
pole vault take-off, it is important to include easch on ground reaction force of the long

jump take-off.

The results of Plessa et al. (2010) demonstratedkthetic parameters for ground
reaction force patterns were similar for the lomgp and the pole vault however, contact
time and force and impulse magnitudes were sigmifly different. One important factor is
that the first part of the contact phase (passidelaeaking) is the same duration, while the
second part of the contact phase (active and psiy@)lwere longer in duration during the
long jump. Active was 9.5% shorter and propulsias\i5.3% shorter in the pole vault.
Total contact time is longer in duration for thadggump take-off than the pole vault take-
off. Plessa et al. (2010) stated that increasiegduration of the active and propulsive
contact phase of the pole vault take-off could l@aminprovements in pole vault

performance.

The take-off duration was generally less than @f18 second for the study. Barlow
(1973) believed that a short duration of the takesoa highly important factor leading to
high velocity of the body. The study found thag tbtal average duration of horizontal and
vertical force was .0122 second. As the cross bahits increased, the mean duration
decreased. The ranges for horizontal and vertizatwn ranged from 0.135 seconds at
3.96 to 0.116 seconds at 5.33m. Barlow (1973) caled that better vaulters had shorter

support times at take-off.

Take-off kinetic findings of the study included theerage duration of forces at the

take-off foot was 0.122 second in all vaults afebreer durations were found for higher
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performers compared to lower performers. Horizobtabking force accounted for 66% of
total time averaging 0.080 second and propulsiveefaccounted for thirty-three percent.
Peak vertical striking force at take-off had anrage magnitude of 819 pounds during the
first 0.01 to 0.02 of a second (approximately fimees the vaulter's body weight), peak
vertical propulsive force averaged 500 pounds (@aprately three times the body weight
of the vaulter), and average breaking force wasg@ihds, compared to 56 pounds for
horizontal thrusting force. Lastly, the total a\ggravertical impulse at take-off was 57.89
pounds-second. Those athletes who vaulted 4.8%yatter were found to be more efficient
in changing their momentum while in contact witke force plate. Barlow (1973) found
that peak vertical striking force tended to inceeas the cross bar increased. Horizontal
breaking force and vertical impulses are foundd@teater for the more successful
vaulting group. Due to different body mass theeaeshers divided vertical impulse by the

vaulter’'s mass to compare more accurate readings.

M ethodology

Participants

Fifteen healthy male and female division one galpole vaulters and multi-event
athletes from North Dakota State University (NDSdlunteered to participate in the
study. Seven of those athletes met the criterlaaaing five or more jumps in at least two
of the three categories of out, on, and under dute study. At the time of the study, their
personal best vaults range between 3.8 meters.ahddeters. Vaulter's height, weight,
personal best heights, six step approach length, pod take-off were recorded in a data

history form. All of the subjects were right-handsale vaulters who take-off with their
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left foot. Approval from the North Dakota State Meiisity Institutional Review Board was

obtained.

Testing Procedures

Athletes vaulted indoors on a raised pole vauitvay during normal practice
sessions. The environmental conditions were id&ahie study. Five vault practices were
used for testing with individual athletes beingeesfor a maximum of four practices. The
vaulters were allowed their normal warm up routine testing started when the vaulters
got back to their 12 step approach run. Demogragdiia was collected prior to the testing.
Each vaulter vaulted through the testing procedlikesa normal practice. Only jumps in
which the vaulter was able to complete a full jus\wing to vertical, and make an attempt
at a bungee were analyzed. The bungee height wesdht a height of six inches over the
subject’s personal best height. Before each vthdtforce plate was zeroed out and the
subject checked his or her on step. Subjects @s stere tested by standing on the ball of
their take-off foot and having their top hand dilgover their take-off foot. The vaulter’s
weight was recorded with AMTI Accupower softwared{@anced Mechanical Technology
Inc, Watertown, MA, USA) and video record of thesiap was recorded with Dartfish
software (Version Slpharetta, Georgia, USA). No more than 10 jumpd ao fewer than
five jJumps were collected from each vaulter at eafctheir four practices. All the jumps

were organized into categories of on, under, and ou

Data Collection

Ground reaction forces were measured using a #40dth x 30 in length x 4.9 in

height AMTI Accupower force plate (Advanced Mecl@tiTechnology Inc, Watertown,
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MA, USA) at a sampling rate of 2,400 Hz using Acower software. The force plate was
fixed in an 11 inch tall three foot eleven inch wigised runway between 3.048m and
3.9624m from the back of the box. The top boart 168" tung and groove sturdifloor and
the bottom brackets are 2 %2 x 9 %2 I-joist eighhisections. A tartan surface was placed
over the runway and the force plate so the foragephas level with the raised runway. All
trials were recorded with a Sony DCR-HC52 video eaniilming at 30 frames per
second. The camera was set from a distance of 1drsnen the right side of the runway
from the center of the force plate and at a carheight of 1.6 meters. Three lines were
placed on the runway at 2.74m, 3.05m, and 3.96m tire back of the vaulting box for the

use of reference points of the Dartfish software.
Data Analysis

Vaults were randomly selected by order of statifimportance to reach an effect
size of 40. Nine jumps were selected from the pdekhulters who had at least three vaults
in all three jumping groups. Six jumps were seléd¢tem the pool of vaulters who had at
least one jump in all three groups. The remainiumggs were selected from a pool of
vaulters with at least five jumps in 2 or more greuOut of the 226 jumps collected from
seven subjects, 24 of 24 outs, 42 of 54 ons, araf 88 unders were used. There were 82

attempts that the athletes made no attempt ovaganot collected.

Dartfish software was used to determine the diffeeebetween the subjects on step
and take-off step in meters. On steps were meagui@dto the vault attempt and marked

as zero, shown in Figure 5. On jumps were defirsellaaing a range 0+£.0254m, out jumps
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were any jumps greater than .0254m from the on steg under steps were jumps that

were less than on .0254m of the on step, showiguré& 6.

Figure 5.The vaulter is checking the on step which is magkel®9 inches or
3.2766m. For this jump, 3.2766 meters is markezkad to show that jumps greater than
zero are positive and jumps less than zero are tinegya

Figure 6.The vaulter’s take-off step at 131 inches or 3482 %vhich is .0508m
greater than zero. Since .0508m is greater thaBb4@2this jump is placed into the out
category.

Ground reaction force parameters were consistehtmessa et al. (2010), in
which vertical (Fz), anterior-posterior (Fy), anédio-lateral (Fx) were collected in
newtons and were converted to body weight. Totatasd time was expressed as anterior-

posterior (tFy), and was measured in millisecofi@snporal phases were the duration of
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the contact phasediitac) and measured in milliseconds and will also balaimo Plessa et
al. (2010). Breaking phase will be measured usitagaking and the propulsive gbpulsive
phase (freaking from teontactinitiation until Fy changed from negative to postand t
propulsive: fromdreakingending until éontactending) (Plessa et al., 2010, p. 419). Lastly, the
force parameters were the magnitudes of Fz, Fy+ B, and Fx- peaks expressed in

body weight as shown in Figure 7.

Newtons Force vs. Time

3204

1024

t=1.117 s Fx=296 Fy =-627 Fz=2949 N

-1164-

Time [s]

Figure 7. Force data of Fz vertical force, Fy- anterior biéag force, Fy+
propulsive posterior force, Fx- medial, and Fx+dedl force using Accupower

Statistical Analysis

All information and test scores were entered irntiStical Analysis Software
(SAS Institute Inc. 2011. SAS/STAT 9.3 User’s Gui@ary, NC: SAS Institute Inc.). A p-

value <0.05 was used to determine statistical signifieaSzparate mixed model
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ANOVAs were run on each outcome measure with juype {(group) and vaulter (subject)
treated as fixed effects and the individual jumpated as random effects. We then
obtained F-tests on groups and subjects and reEowfaip t-tests on the least-squares means
(LS-means) for all significant F-tesighe tests compared vertical force, breaking force,
propulsive force, medial force, lateral force, Lditme on the force plate, time breaking,

and time propulsive in jumps that are on, underautd

Results

Means and standard deviation are listed in TabMolsignificant differences
(p>0.05) were found between take-offs that are @utand under in force parameters
Vertical Fz Posterior Fy, Anterior Fy, Lateral Fand Medial Fx. Time parameters of
Tcontact, Threaking, and Tpropulsive were not fotmbe significant between jumps that
were on, under, and out. Significant differencesexfound between subjects for all
categories. Table 2 demonstrates the effect of eacable between the three jumping

groups and between subjects.

Discussion

The findings are consistent with Barlow (1973) &telssa et al. (2010). Although
no significant differences were found between ftiffer@nt jump types, it is important to
note that Anterior Fy, Tbreaking, and Tpropulsiverathe closest to significance. Other

observations included

1. Vertical Fz force increased the from take-offs wwutinder

2. Posterior Fy (Breaking) force increased from taks-out to under
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3. Anterior Fy (Propulsive) force decreased from takis-out to under

4. Total contact time increased from take-offs outinder

5. Total breaking time decreased from take-offs outrider

Table 1. Mean and Standard Deviation of Out, On, and Under
Take-offs

Mean and Standard Deviation

Forces (BW) Out * On + Under +

Vertical FZ 3.591 0.496 3.856 0.390 3.939 0.435
Posterior FyB -0.879 0.169 -1.009 0.198 -1.087 0.211
Anterior Fy P 0.157 0.036 0.135 0.043 0.118 0.037
Lateral Fx R 0.286 0.138 0.380 0.170 0.407 0.172
Medial Fx L -0.009 0.012 -0.009 0.022 -0.014 0.032

Time (ms) Out + On + Under +
Tcontact 0.190 0.019 0.192 0.029 0.198 0.016
Tbreaking 0.126 0.011 0.133 0.010 0.138 0.013

Tpropulsive 0.058 0.011 0.059 0.009 0.053 0.010

Table 2. Difference Between Groups and Subjects

Difference between Groups Difference betweenesibj
Forces (BW) F Value P Value FValue P Value
Vertical Fz 0.54 0.65 18.94 <.0001
Posterior Fy B 2.34 0.30 62.92 <.0001
Anterior Fy P 18.65 0.05 25.28 <.0001
Lateral Fx R 0.85 0.54 34.68 <.0001
Medial Fx L 0.58 0.63 12.21 <.0001
Time (ms) F Value P Value F Value P Value
Tcontact 0.75 0.57 6.4 <.0001
Tbreaking 4.39 0.19 45.79 <.0001
Tpropulsive 9.25 0.10 12.99 <.0001
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Barlow (1973) observed that duration of total cohtame was less for athletes who
achieved greater vaulting success. The take ofttioies are unknown in Barlow (1973),
but one can only speculate if the vaulters weratpkff under or if other factors were
affecting the data, such as speed and athletioggtreBarlow (1973) and Plessa et al.
(2010) observed that 66% of total contact timereaking force and the remaining 44%
being propulsive force. The findings are consisteit this study: out take-offs
represented 66.3%, on take offs represented 698Parader take-offs represented 69.7%
of breaking force. These findings show that taloffgurther out increase the amount of

propulsive time during the vault.

Slight force differences between studies can biated to the force plate being
placed in a raised runway, resting on top of womdead of a tartan surface. McGinnis
(1989) stated that it can take more than 15 yearathletes to become proficient in the
pole vault. During the testing procedure, it waseaskied that upper-class athletes were
more consistent with their take off being on or, aultereas the underclassmen were
consistently under. Of the seven subjects used,tam participated in the sport for fewer
than five years. Vaulters in this study rangedemspnal best heights from 3.8 meters to

5.11 meters, compared to Barlow (1973), 3.9 m 50 H.

The difference in skill level may have attributedsome of the kinematic and
kinetic difference. Ideally, the three jumping gosuwould be tested within individual
subjects. Unbalanced data and lack of subjects itéglenpractical. Future research may
include testing kinematic and kinetic ground foreactions of jumps that are on, under,

and out within subjects.
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As of now, this study was the first of its kindtest the differences between jumps
that are out, on, and under. Due to the lack afaesh on the topic, it was difficult to
determine what is significant in time and forcevietn the take off types. According to
Plessa et al. (2010), the differences betweenyzlé and long jump take offs .008 in
Tcontact and .1 in AnteriorFy is significant, whishwhy these parameters were utilized
for the study. A mixed modal statistical analyseswsed to provide more accurate

statistical analysis of the unbalanced data.

The limited significance between the jumping types surprising due to the
popularity of the Russian style of vaulting and sliecess the model has achieved.
Although the study did not produce significant esut does not mean that it does not
matter where the vaulter takes off. The continuthain theory states that each phase of
the pole vault builds upon the previous phase.fdie vault is about building up energy
and transfer of that energy. This study found thking off on or out results in longer
propulsive force, which put more energy into thaiohA proper take off places the vaulter

in a better position to attain the next progressibthe vault (Launder & Gormley, 2008).

Future research may include testing kinematic aneltic ground force reactions of
jumps that are on, under and out within subjecte €buld also argue against the
generalization of older, more skilled vaulters. Htheless, the findings were consistent
with Barlow (1973) who used amateur and elite males Plessa et al. (2010) who

observed females who competed at a national level.
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CHAPTER 5. SUMMARY

Conclusion

The findings are important because there is littleo research on pole vault
ground force reactions and take off location. Althl statistically significant differences
were not found in this study, Anterior Fy, Tbreakiand Tpropulsive, are found to be
close to significant. Correlations between Verti€a) Posterior Fy, Anterior Fy, Tcontact,
and Tbreaking, and the take-off location may bdulse determining which vaulting
technique is used by a coach and/or athleteiip®rtant to remember that force and time
at the take off are only a part of pole vault ch&wen though no significance was found,
one or more variables tested may be important dntammfluence future phases of the
pole vault. The study provides scientific infornoatiof time and forces at different take off

locations instead of theory or speculation.

Limitations of the study include the unbalancedadatd lack of “out” data. Ideally,
the three jumping groups would be tested withinvitldial subjects. Six of the seven
participants were male, which makes the studyailiffito generalize to females. Lastly,

higher-skilled athletes may produce different resul

Recommendations

Future research may include testing kinematic aneltic ground force reactions of
jumps that are on, under, and out within subjédRésearch on how the different take-offs
affect the energy transfer into the pole wouldHartimprove our knowledge between the
take-off and pole relationship. One could also arggainst the generalization of older,
more skilled vaulters. None the less, the findiwgse consistent with Barlow (1973) who
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used amateur and elite males and Plessa et aD)(@®b observed females who competed

at a national level. A sample of elite pole vaudteray yield different findings.
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APPENDIX A. SUBJECT DATA COLLECTION

Date:

Subject No. : Nabaesi(,First)

Test Day#:

School/ Address:

Phone #:( )

ANTHROPOMETRIC DATA

Age: Weight:

LBS KG

Birth Date: Height:

POLE SPECIFICATIONS

Manufacturer:

BEST COMPETITIVE VAULT

Feet:

LENGTH OF 12 STEP APPROACH RUN

Sex:

Inches:

Feet: Inches:

MISCELLANEOUS COMMENTS
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APPENDIX B. CINIMATIC AND PERFORMANCE CHARACTERISTICSOF SUBJECTS

Subject No.

SESSION 1

Dartfish#
Dartfish#
Dartfish#
Dartfish#
Dartfish#
Dartfish#
Dartfish#
Dartfish#

© © N oo g M w N PF

Dartfish#
10. Dartfish#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Name

Pole Vault Data

On-step  Pole:Length
On-step  Pole:Length
On-step _ Pole:Length
On-step  Pole:Length
On-step  Pole:Length
On-step  Pole:Length
On-step  Pole:Length
On-step  Pole:Length
On-step  Pole:Length
On-step  Pole:Length

Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#

Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
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SESSION 2

11. Dartfish#
12. Dartfish#
13. Dartfish#
14. Dartfish#
15. Dartfish#
16. Dartfish#
17. Dartfish#
18. Dartfish#
19. Dartfish#
20. Dartfish#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length

Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#

Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
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SESSION 3

21. Dartfish#
22.Dartfish#
23. Dartfish#
24, Dartfish#
25. Dartfish#
26. Dartfish#
27.Dartfish#
28. Dartfish#
29. Dartfish#
30. Dartfish#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length

Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#

Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
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SESSION 4

31. Dartfish#
32. Dartfish#
33. Dartfish#
34. Dartfish#
35. Dartfish#
36. Dartfish#
37.Dartfish#
38. Dartfish#
39. Dartfish#
40. Dartfish#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

Accupower#

On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length
On-step Pole:Length

On-step Pole:Length

Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#
Flex#

Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:
Take-off:

Take-off:



APPENDIX C. RAW FORCE DATA

Table C1. Force Data for "Out" Pole Vaults

€s

Group Name BW (N) Onstep Takeoff  Difference Forcett Verticalfz  AnteriorfyP  PosteriorfyB  MedialfxL  Lateralfxr
1.000 JM-29-30 734.250 3.760 3.840 0.080 D4JM5 (8.65 0.161 -0.782 0.000 0.202
1.000 JM-52-53 734.250 3.630 3.810 0.180 D4JM8 83.84 0.123 -0.722 -0.012 0.158
1.000 JM-62-63 734.250 3.680 3.760 0.080 D3JM3 3.63 0.121 -0.812 0.000 0.221
1.000 NB-69-70 756.500 3.660 3.710 0.050 D3NB6 @.18 0.147 -1.207 0.000 0.456
1.000 NB-9-10 756.500 3.680 3.760 0.080 D4NB1 4.218 0.161 -1.169 0.000 0.545
1.000 NB-74-75 756.500 3.680 3.730 0.050 D1NB9 .13 0.120 -1.293 0.000 0.493
1.000 KF-71-72 658.600 3.630 3.710 0.080 D4KF5 3.36 0.162 -0.800 0.000 0.457
1.000 KF-157-1 658.600 3.250 3.380 0.130 D2KF11 13.4 0.200 -0.802 0.000 0.310
1.000 KF-212-2 658.600 3.230 3.280 0.050 D2KF15 18.3 0.200 -0.689 -0.005 0.275
1.000 JB-43-44 765.400 3.810 3.910 0.100 D2JB15 263.6 0.180 -0.885 0.000 0.280
1.000 AM-3-4 556.250 3.120 3.250 0.130 D2AM12 3.004 0.090 -0.992 -0.020 0.246
1.000 JM-52-53 734.250 3.630 3.840 0.210 D3JIM2 8B.56 0.125 -0.917 0.000 0.182
1.000 JM-3-4 734.250 3.660 3.840 0.180 D1JM2 3.713 0.166 -0.819 -0.004 0.328
1.000 JIM-78-79 734.250 3.730 3.810 0.080 D2JM12 33.7 0.108 -1.050 0.000 0.225
1.000 JM-84-85 734.250 3.660 3.710 0.050 D3JM5 3.96 0.120 -0.847 0.000 0.624
1.000 AM-5 556.250 3.120 3.250 0.130 D2AM13 4.275 150 -0.949 -0.022 0.200
1.000 AM-8-9 556.250 3.120 3.180 0.060 D2AM14 4.020 0.106 -0.980 -0.011 0.307
1.000 WL-185-1 867.750 3.610 3.810 0.200 D2WL3 2.78 0.194 -0.799 -0.021 0.092
1.000 WL-203-2 867.750 3.610 3.680 0.070 D2WL5 2.90 0.198 -0.678 -0.045 0.129
1.000 WL-228-2 867.750 3.580 3.780 0.200 D2WL8 a.39 0.187 -0.686 -0.003 0.221
1.000 WL-11-12 867.75 3.53 3.71 0.18 D3WL6 2.97 90.1 -0.80 -0.02 0.22
1.000 WL-216-217 867.75 3.56 3.78 0.23 D2WL6 2.92 .200 -0.73 -0.01 0.20

1.000 WL-38-39 867.75 3.58 3.68 0.10 D3WL6 2.97 90.1 -0.80 -0.02 0.22



12°]

Table C2. Force Data for "On" Pole Vaults

Group Name BW (N) Onstep T akeoff Difference For ceft Vertzicalf AnteriorfyP  PosteriorfyB  MedialfxL  Lateralfxr Tcontact
2.000 JIM-13-14 734.250 3.810 3.810 0.000 D1IM5 B.76 0.147 -0.927 0.000 0.208 0.190
2.000 JM-42-43 734.250 3.730 3.760 0.030 D3JM1 .69 0.108 -0.910 0.000 0.403 0.186
2.000 JM-88-89 734.250 3.810 3.780 -0.030 D2JM14 768. 0.131 -0.753 0.000 0.456 0.193
2.000 NB-33-34 756.500 3.630 3.610 -0.020 D1NB4 384 0.087 -1.470 0.000 0.582 0.214
2.000 NB-91-92 756.500 3.630 3.610 -0.020 D2NB12 234. 0.107 -1.293 0.000 0.601 0.210
2.000 NB-82-83 756.500 3.630 3.610 -0.020 D3NB7 64.1 0.110 -1.268 0.000 0.486 0.213
2.000 KF-66-68 658.600 3.380 3.350 -0.030 D4KF2 334 0.197 -0.750 0.000 0.325 0.190
2.000 KF-37-38 658.600 3.280 3.300 0.020 D1KF2 3.27 0.109 -0.923 0.000 0.328 0.197
2.000 KF-59-60 658.600 3.280 3.300 0.020 D1KF4 3.24 0.182 -0.750 0.000 0.275 0.191
2.000 JB-68-69 765.400 3.780 3.760 -0.020 D2JB19 96%B. 0.154 -1.040 0.000 0.466 0.197
2.000 AM-50-51 556.250 3.070 3.050 -0.020 D2AM19 433. 0.056 -0.692 -0.104 0.002 0.175
2.000 JM-82-83 734.250 3.810 3.840 0.030 D2JM13 53.7 0.121 -1.095 0.000 0.101 0.183
2.000 NB-35-36 756.500 3.680 3.660 -0.020 D4ANB4 78.3 0.112 -1.305 0.000 0.638 0.208
2.000 NB-94-95 756.500 3.680 3.660 -0.020 D3NB9 94.3 0.089 -1.406 0.000 0.665 0.210
2.000 NB-43-44 756.500 3.660 3.630 -0.030 D1NB5 5@.2 0.067 -1.285 0.000 0.534 0.214
2.000 KF-66-70 658.600 3.380 3.380 0.000 D4KF4 B.63 0.188 -0.894 0.000 0.501 0.191
2.000 AM-25-26 556.250 3.120 3.100 -0.020 D1AM3 86.0 0.068 -1.053 -0.025 0.237 0.180
2.000 AM-37-38 556.250 3.120 3.120 0.000 D2AM17 74.1 0.047 -1.104 -0.050 0.205 0.184
2.000 JB-52-53 765.400 3.810 3.780 -0.030 D2JB16 0504. 0.135 -1.065 0.000 0.551 0.021
2.000 BL-87-88 823.250 3.730 3.760 0.030 D4BL2 8.90 0.188 -1.048 0.000 0.343 0.212
2.000 KF-187-188 658.60 3.28 3.28 0.00 D2KF13 3.69 0.14 -0.82 0.00 0.44 0.188
2.000 JB-56-57 765.40 3.76 3.76 0.00 D4JB9 4.08 60.1 -1.03 0.00 0.64 0.201
2.000 jm-55-56 734.25 3.84 3.86 0.02 D1JM10 3.46 150. -0.68 0.00 0.25 0.191
2.000 jm-19-20 734.25 3.63 3.61 -0.02 D1JM5 3.76 150. -0.93 0.00 0.21 0.190
2.000 jm-47-48 734.25 3.68 3.66 -0.02 D1IM9 3.89 130. -0.84 0.00 0.37 0.190
2.000 NB-84-85 756.50 3.66 3.63 -0.03 D2NB11 4.43 .090 -1.36 0.00 0.63 0.203
2.000 KF-226-227 658.60 3.33 3.33 0.00 D2KF17 3.49 0.20 -0.78 0.00 0.38 0.188



GS

Table C2. Force Data for "On" Pole Vaultécontinued)

Group Name BW (N) Onstep T akeoff Difference For ceft Vertzicalf AnteriorfyP  PosteriorfyB  MedialfxL  Lateralfxr Tcontact
2.000 AM-31-32 556.25 3.18 3.20 0.02 D1AM4 4.16 00.1 -0.98 -0.04 0.19 0.186
2.000 AM-60-61 556.25 3.15 3.15 0.00 D2AM20 412 100. -1.02 -0.02 0.22 0.180
2.000 JB-33-34 765.40 3.78 3.73 -0.05 D1JB4 3.96 180. -0.93 0.00 0.56 0.192
2.000 JB-2-3 765.40 3.81 3.81 0.00 D3JB1 3.75 0.14 -1.09 0.00 0.40 0.202
2.000 JB-70-71 765.40 3.91 3.63 -0.28 D2JB20 3.68 210 -0.91 0.00 0.40 0.187
2.000 BL-23-24 823.25 3.63 3.63 0.00 D4BL15 4.16 150. -1.14 -0.05 0.23 0.205
2.000 BL-31-32 823.25 3.66 3.66 0.00 D4BL6 3.89 60.1 -1.04 0.00 0.24 0.207
2.000 BL-38-39 823.25 3.66 3.66 0.00 D4BL7 4.07 50.1 -1.21 -0.05 0.20 0.210
2.000 WL-77-78 867.75 3.63 3.61 -0.02 D3WL10 3.28 190 -0.79 -0.01 0.25 0.200
2.000 JM-9-10 734.25 3.71 3.71 0.00 D1IM4 4.08 0.07 -1.04 0.00 0.40 0.193
2.000 WL-73-74 867.75 3.63 3.66 0.03 D3WL9 3.01 90.1 -0.73 0.00 0.18 0.197
2.000 JB-75-76 765.40 3.78 3.78 0.00 D3JB10 3.86 18 0. -0.97 0.00 0.57 0.200
2.000 JB-35-36 765.40 3.78 3.78 0.00 D3JB6 3.96 60.1 -0.97 0.00 0.58 0.192
2.000 JB-66-67 765.40 3.78 3.78 0.00 D2JB18 4.00 17 0. -1.08 0.00 0.52 0.197
2.000 JM-120-121 734.25 3.78 3.78 0.00 D2JM19 4.08 0.11 -1.01 -0.02 0.19 0.195
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Table C3. Force Data for "Under" Pole Vaults

Group Name BW (N) Onstep Takeoff Difference Forcett Verticalfz AnteriorfyP PosteriorfyB ~ MedialfxL  Lateralfxr
3.000 JM-44-45 734.250 3.810 3.400 -0.410 D4JIM7 43.9 0.086 -0.861 -0.003 0.313
3.000 JM-5-6 734.250 3.810 3.660 -0.150 D1JM3 3.936 0.102 -0.847 0.000 0.384
3.000 JM-112-1 734.250 3.780 3.730 -0.050 D2JM17 828. 0.083 -0.733 0.000 0.252
3.000 KF-66-69 658.600 3.350 3.230 -0.120 D4KF3 73.6 0.138 -0.867 0.000 0.510
3.000 KF-197-1 658.600 3.280 3.180 -0.100 D2KF14 338. 0.161 -0.750 0.000 0.311
3.000 KF-220-2 658.600 3.300 3.070 -0.230 D2KF16 478. 0.120 -0.796 -0.011 0.296
3.000 NB-108-1 756.500 3.680 3.450 -0.230 D2NB14 113. 0.044 -1.247 0.000 0.488
3.000 NB-114-1 756.500 3.680 3.450 -0.230 D2NB15 328. 0.030 -1.413 0.000 0.578
3.000 NB-140-1 756.500 3.680 3.510 -0.170 D2NB20 152. 0.112 -1.174 0.000 0.605
3.000 JB-64-65 765.400 3.810 3.580 -0.230 D3JB9 08.5 0.179 -0.896 -0.031 0.204
3.000 AM-51-52 556.250 3.280 3.150 -0.130 D4AM25 927. 0.115 -1.010 -0.076 0.173
3.000 NB-50-51 658.600 3.710 3.630 -0.080 D4NB6 35.1 0.091 -1.488 0.000 0.787
3.000 KF-51-52 658.340 3.380 3.120 -0.260 D1KF3 43.3 0.111 -0.861 0.000 0.457
3.000 JB-74-75 765.400 3.810 3.710 -0.100 D1JB10 0914. 0.161 -1.092 0.000 0.517
3.000 JB-26-27 765.400 3.810 3.630 -0.180 D3JB5 743.9 0.184 -0.950 0.000 0.555
3.000 JB-54-55 765.400 3.810 3.660 -0.150 D3JB8 481.0 0.152 -1.041 0.000 0.572
3.000 BL-7-8 823.250 3.710 3.660 -0.050 D4BL3 4.057 0.121 -1.167 0.000 0.349
3.000 BL-54-55 823.250 3.780 3.630 -0.150 D4BL9 54.0 0.146 -1.103 -0.021 0.202
3.000 BL-25-26 823.250 3.760 3.560 -0.200 D1BL2 69.7 0.142 -1.115 -0.087 0.169
3.000 BL-57-58 823.250 3.780 3.450 -0.330 D1BL5 29.7 0.100 -1.195 -0.136 0.124
3.000 JB-70-71 765.40 3.81 3.68 -0.13 D1JB9 4.28 16 0. -1.12 0.00 0.59

3.000 BL-17-18 823.25 3.71 3.45 -0.25 D1BL1 3.77 120. -1.23 -0.10 0.12

3.000 IM-71-72 734.25 3.58 3.51 -0.07 D3JM4 4.02 090. -0.85 0.00 0.41

3.000 NB-62-63 756.50 3.73 3.61 -0.12 D1INB7 4.27 120. -1.43 0.00 0.55

3.000 NB-7-8 756.50 3.61 3.53 -0.08 DiINB1 4.16 0.09 -1.31 0.00 0.56

3.000 NB-23-24 756.50 3.73 3.53 -0.20 D1NB5 4.26 070. -1.28 0.00 0.53

3.000 NB-53-54 756.50 3.71 3.63 -0.08 D1NB6 4.22 080. -1.39 0.00 0.53



Table C3. Force Data for "Under" Pole Vaultécontinued)

LS

Group Name BW (N) Onstep Takeoff Difference Forcett Verticalfz AnteriorfyP PosteriorfyB ~ MedialfxL  Lateralfxr
3.000 NB-62-63-2 756.50 3.68 3.58 -0.10 D4NB8 4.43 0.10 -1.37 0.00 0.62
3.000 NB-89-90 756.50 3.63 3.45 -0.18 D3NB8 4.59 070. -1.46 0.00 0.47
3.000 NB-40-41 756.50 3.63 3.51 -0.12 D3NB3 4.25 120. -1.28 0.00 0.52
3.000 KF-23-24 979.00 3.61 3.53 -0.08 D1KF1 2.46 070. -0.69 0.00 0.27
3.000 JB-65-66 765.40 3.84 3.73 -0.11 D4JB10 4.03 140 -0.92 0.00 0.48
3.000 JB-66-67 765.40 3.78 3.71 -0.07 D2JB18 4.00 170 -1.08 0.00 0.52
3.000 JB-7-8 765.40 3.81 3.71 -0.10 D1JB1 4.13 0.14 -1.13 0.00 0.68
3.000 JM-41-42 734.25 3.81 3.71 -0.10 D1JM8 4.01 090. -0.92 0.00 0.23
3.000 JB-48-49 765.40 3.81 3.61 -0.20 D4JB8 411 10 0. -1.26 0.00 0.51
3.000 JB-15-16 765.40 3.78 3.66 -0.12 D1JB2 3.97 16 0. -0.98 0.00 0.50
3.000 BL-79-80 823.25 3.76 3.53 -0.23 D3BL8 3.81 120. -1.12 -0.05 0.18
3.000 BL-14-15 823.25 3.76 3.40 -0.36 D3BL1 3.82 170. -0.99 0.00 0.26
3.000 BL-148-149 823.25 3.78 3.51 -0.27 D2BL11 3.65 0.16 -0.99 0.00 0.29
3.000 BL-181-182 823.25 3.78 3.38 -0.40 D2BL17 4.14 0.10 -1.19 0.00 0.28

3.000 BL-191-192 823.25 3.78 3.51 -0.27 D2BL18 3.66 0.13 -1.07 -0.06 0.14



APPENDIX D. RAW TIME DATA

TableD1. Time Data for "Out" Pole Vaults

8S

Group Name BW (N) Onstep T akeoff Difference Forcett Tcontact Thbreaking Tpropulsive
1.000 JM-29-30 734.250 3.760 3.840 0.080 D4JM5 0.18 0.119 0.065
1.000 JM-52-53 734.250 3.630 3.810 0.180 D4JM8 .18 0.123 0.063
1.000 JM-62-63 734.250 3.680 3.760 0.080 D3JM3 .18 0.120 0.058
1.000 NB-69-70 756.500 3.660 3.710 0.050 D3NB6 ©.21 0.145 0.062
1.000 NB-9-10 756.500 3.680 3.760 0.080 D4NB1 0.208 0.142 0.063
1.000 NB-74-75 756.500 3.680 3.730 0.050 D1NB9 820 0.151 0.050
1.000 KF-71-72 658.600 3.630 3.710 0.080 D4KF5 D.18 0.125 0.060
1.000 KF-157-1 658.600 3.250 3.380 0.130 D2KF11  8D.1 0.122 0.062
1.000 KF-212-2 658.600 3.230 3.280 0.050 D2KF15 9D.1 0.121 0.055
1.000 JB-43-44 765.400 3.810 3.910 0.100 D2JB15 8M™.1 0.122 0.062
1.000 AM-3-4 556.250 3.120 3.250 0.130 D2AM12 0.110 0.093 0.015
1.000 JM-52-53 734.250 3.630 3.840 0.210 D3JIM2 019 0.125 0.057
1.000 JM-3-4 734.250 3.660 3.840 0.180 D1JM2 0.180 0.115 0.060
1.000 JM-78-79 734.250 3.730 3.810 0.080 D2JM12 9D.1 0.128 0.050
1.000 JM-84-85 734.250 3.660 3.710 0.050 D3JM5 D.19 0.128 0.059
1.000 AM-5 556.250 3.120 3.250 0.130 D2AM13 0.180 120 0.058
1.000 AM-8-9 556.250 3.120 3.180 0.060 D2AM14 0.188 0.131 0.045
1.000 WL-185-1 867.750 3.610 3.810 0.200 D2WL3 8.19 0.123 0.065
1.000 WL-203-2 867.750 3.610 3.680 0.070 D2WL5 0.20 0.125 0.070
1.000 WL-228-2 867.750 3.580 3.780 0.200 D2WL8 0.19 0.122 0.060
1.000 WL-11-12 867.75 3.53 3.71 0.18 D3WL6 0.205 136. 0.068
1.000 WL-216-217 867.75 3.56 3.78 0.23 D2WL6 0.198 0.125 0.06

1.000 WL-38-39 867.75 3.58 3.68 0.10 D3WL6 0.205 136. 0.068
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Table D2. Time Data for "On" Pole Vaults

Group Name BW (N) Onstep Takeoff Difference Forcett Tcontact Thbreaking Tpropulsive
2.000 JM-13-14 734.250 3.810 3.810 0.000 D1JM5 ®.19 0.125 0.062
2.000 IM-42-43 734.250 3.730 3.760 0.030 D3JM1 .18 0.128 0.055
2.000 JM-88-89 734.250 3.810 3.780 -0.030 D2JM14 193. 0.125 0.066
2.000 NB-33-34 756.500 3.630 3.610 -0.020 D1NB4 19.2 0.157 0.054
2.000 NB-91-92 756.500 3.630 3.610 -0.020 D2NB12 210. 0.149 0.058
2.000 NB-82-83 756.500 3.630 3.610 -0.020 D3NB7 18.2 0.150 0.061
2.000 KF-66-68 658.600 3.380 3.350 -0.030 D4KF2 90.1 0.123 0.065
2.000 KF-37-38 658.600 3.280 3.300 0.020 D1KF2 D.19 0.135 0.060
2.000 KF-59-60 658.600 3.280 3.300 0.020 D1KF4 D.19 0.123 0.066
2.000 JB-68-69 765.400 3.780 3.760 -0.020 D2JB19 197. 0.132 0.060
2.000 AM-50-51 556.250 3.070 3.050 -0.020 D2AM19 176. 0.120 0.053
2.000 JM-82-83 734.250 3.810 3.840 0.030 D2JM13 83.1 0.125 0.056
2.000 NB-35-36 756.500 3.680 3.660 -0.020 D4NB4 08.2 0.148 0.057
2.000 NB-94-95 756.500 3.680 3.660 -0.020 D3NB9 10.2 0.147 0.060
2.000 NB-43-44 756.500 3.660 3.630 -0.030 D1INB5 19.2 0.152 0.057
2.000 KF-66-70 658.600 3.380 3.380 0.000 D4KF4 D.19 0.125 0.060
2.000 AM-25-26 556.250 3.120 3.100 -0.020 D1AM3 80.1 0.130 0.047
2.000 AM-37-38 556.250 3.120 3.120 0.000 D2AM17 8a.1 0.132 0.027
2.000 JB-52-53 765.400 3.810 3.780 -0.030 D2JB16 0210. 0.136 0.063
2.000 BL-87-88 823.250 3.730 3.760 0.030 D4BL2 P.21 0.140 0.070
2.000 KF-187-188 658.60 3.28 3.28 0.00 D2KF13 0.188 0.125 0.052
2.000 JB-56-57 765.40 3.76 3.76 0.00 D4JB9 0.201 133. 0.066
2.000 jm-55-56 734.25 3.84 3.86 0.02 D1JM10 0.191 12D 0.063
2.000 jm-19-20 734.25 3.63 3.61 -0.02 D1JM5 0.190 129 0.062
2.000 jm-47-48 734.25 3.68 3.66 -0.02 D1JM9 0.190 129 0.062
2.000 NB-84-85 756.50 3.66 3.63 -0.03 D2NB11 0.203 0.151 0.035
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Table D2. Time Data for "On" Pole Vaul{sontinued)

Group Name BW (N)  Onstep Takeoff Difference Forcett Tcontact Thbreaking Tpropulsive
2.000 KF-226-227 658.60 3.33 3.33 0.00 D2KF17 0.188 0.123 0.058
2.000 AM-31-32 556.25 3.18 3.20 0.02 D1AM4 0.186 128. 0.042
2.000 AM-60-61 556.25 3.15 3.15 0.00 D2AM20 0.180 126 0.053
2.000 JB-33-34 765.40 3.78 3.73 -0.05 D1JB4 0.192 129 0.063
2.000 JB-2-3 765.40 3.81 3.81 0.00 D3JB1 0.202 0.13 0.063
2.000 JB-70-71 765.40 3.91 3.63 -0.28 D2JB20 0.187 0.120 0.065
2.000 BL-23-24 823.25 3.63 3.63 0.00 D4BL15 0.205 .140 0.060
2.000 BL-31-32 823.25 3.66 3.66 0.00 D4BL6 0.207 130. 0.065
2.000 BL-38-39 823.25 3.66 3.66 0.00 D4BL7 0.210 148. 0.063
2.000 WL-77-78 867.75 3.63 3.61 -0.02 D3WL10 0.200 0.130 0.067
2.000 JM-9-10 734.25 3.71 3.71 0.00 D1JM4 0.193 30.1 0.045
2.000 WL-73-74 867.75 3.63 3.66 0.03 D3WL9 0.197 12@. 0.067
2.000 JB-75-76 765.40 3.78 3.78 0.00 D3JB10 0.200 1320 0.066
2.000 JB-35-36 765.40 3.78 3.78 0.00 D3JB6 0.192 1270. 0.063
2.000 JB-66-67 765.40 3.78 3.78 0.00 D2JB18 0.197 130 0.065
2.000 JM-120-121 734.25 3.78 3.78 0.00 D2JM19 0.195 0.130 0.062
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Table D3. Time Data for “Under" Pole Vaults

Group Name BW (N) Onstep Takeoff Difference Forcett Tcontact Threaking  Tpropulsive
3.000 JM-44-45 734.250 3.810 3.400 -0.410 D4JM7 89.1 0.128 0.045
3.000 JM-5-6 734.250 3.810 3.660 -0.150 D1JM3 0.192 0.126 0.060
3.000 JM-112-1 734.250 3.780 3.730 -0.050 D2JM17 18%. 0.125 0.058
3.000 KF-66-69 658.600 3.350 3.230 -0.120 D4KF3 8.1 0.128 0.050
3.000 KF-197-1 658.600 3.280 3.180 -0.100 D2KF14 189. 0.122 0.055
3.000 KF-220-2 658.600 3.300 3.070 -0.230 D2KF16 186. 0.125 0.043
3.000 NB-108-1 756.500 3.680 3.450 -0.230 D2NB14 20D. 0.152 0.024
3.000 NB-114-1 756.500 3.680 3.450 -0.230 D2NB15 210. 0.158 0.025
3.000 NB-140-1 756.500 3.680 3.510 -0.170 D2NB20 200. 0.142 0.055
3.000 JB-64-65 765.400 3.810 3.580 -0.230 D3JB9 0.2 0.130 0.068
3.000 AM-51-52 556.250 3.280 3.150 -0.130 D4AM25 11G. 0.091 0.020
3.000 NB-50-51 658.600 3.710 3.630 -0.080 D4NB6 0B.2 0.148 0.040
3.000 KF-51-52 658.340 3.380 3.120 -0.260 D1KF3 96.1 0.132 0.057
3.000 JB-74-75 765.400 3.810 3.710 -0.100 D1JB10 190. 0.127 0.055
3.000 JB-26-27 765.400 3.810 3.630 -0.180 D3JB5 94.1 0.130 0.062
3.000 JB-54-55 765.400 3.810 3.660 -0.150 D3JB8 98.1 0.133 0.053
3.000 BL-7-8 823.250 3.710 3.660 -0.050 D4BL3 0.205 0.144 0.050
3.000 BL-54-55 823.250 3.780 3.630 -0.150 D4BL9 00.2 0.139 0.065
3.000 BL-25-26 823.250 3.760 3.560 -0.200 DiBL2 00.2 0.145 0.060
3.000 BL-57-58 823.250 3.780 3.450 -0.330 D1BL5 10.2 0.145 0.062
3.000 JB-70-71 765.40 3.81 3.68 -0.13 D1JB9 0.194 13D 0.06
3.000 BL-17-18 823.25 3.71 3.45 -0.25 D1BL1 0.21 15G. 0.054
3.000 IM-71-72 734.25 3.58 3.51 -0.07 D3JM4 0.189 130 0.057
3.000 NB-62-63 756.50 3.73 3.61 -0.12 DINB7 0.210 150 0.054
3.000 NB-7-8 756.50 3.61 3.53 -0.08 DINB1 0.210 58.1 0.050
3.000 NB-23-24 756.50 3.73 3.53 -0.20 D1INB5 0.214 150 0.057



Table D3. Time Data for "Under" Pole Vaultgcontinued)
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Group Name BW (N) Onstep Takeoff Difference Forcett Tcontact Tbreaking  Tpropulsive
3.000 NB-53-54 756.50 3.71 3.63 -0.08 D1NB6 0.213 158 0.056
3.000 NB-62-63-2 756.50 3.68 3.58 -0.10 D4ANB8 0.215 0.154 0.053
3.000 NB-89-90 756.50 3.63 3.45 -0.18 D3NB8 0.208 158 0.050
3.000 NB-40-41 756.50 3.63 3.51 -0.12 D3NB3 0.205 1490 0.055
3.000 KF-23-24 979.00 3.61 3.53 -0.08 D1KF1 0.198 .138 0.048
3.000 JB-65-66 765.40 3.84 3.73 -0.11 D4JB10 0.193 0.127 0.052
3.000 JB-66-67 765.40 3.78 3.71 -0.07 D2JB18 0.197 0.130 0.065
3.000 JB-7-8 765.40 3.81 3.71 -0.10 D1JB1 0.198 39.1 0.053
3.000 IM-41-42 734.25 3.81 3.71 -0.10 D1JM8 0.190 128 0.058
3.000 JB-48-49 765.40 3.81 3.61 -0.20 D4JB8 0.198 139 0.057
3.000 JB-15-16 765.40 3.78 3.66 -0.12 D1JB2 0.195 128 0.057
3.000 BL-79-80 823.25 3.76 3.53 -0.23 D3BL8 0.203 .148 0.045
3.000 BL-14-15 823.25 3.76 3.40 -0.36 D3BL1 0.210 .140 0.064
3.000 BL-148-149 823.25 3.78 3.51 -0.27 D2BL11 0.21 0.142 0.065
3.000 BL-181-182 823.25 3.78 3.38 -0.40 D2BL17 0.20 0.145 0.052

3.000 BL-191-192 823.25 3.78 3.51 -0.27 D2BL18 0.21 0.145 0.062



