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rABSTRACT
The dual purpose of the study was to estabiish a method of
three-aimehsidhal.cinematographicél angular determination
and to use the method to investigate selected mechanics of.
'the arabian dive roll. ‘The experimenﬁal set up'included two
16mm. high speed cameras positioned so that their optical ax-
es were perpendicular. A structure, representiﬁg a étandard
orthogoﬁal coordinate $ystem, was filmed to provide a refefence
coofdinate system. Seven subjects performed two arabian aive
rolls and the best performance for each subject was selected for
indepth analysis. The lécation of the body's center of gravity :
was determined from three dimenéional.spatial coordinates taken
from film in conjunction with Dempster's (1955) and Clauser et”
.al. (1969) segmental parametér data. VerEIbél force was deter-
nined by multiplying the subject's mass by the vertical accelera-
tion of the‘subjeét's center of gravity. Segmental'angular dis—
placements were found using vector dot product identities; Ang-
ular displacements of the body around the principal axes of ro-
tation were found using spherical polar coordinates along with

coordinate transformations. The method's accura to measure

nd ab

spatial location, lens origin distance angles re-

vealed measurement errors of 1.15cm., 4.3° respec-
tive;y. Horizontal motion of the center of gr vityﬁdéﬁo,strated
a constant Qisplacement pattern throughout the aiJ/iaﬁ:diﬁF
roll, Horizontal velocity decreased n off and increased -
during the start of, the roll phase. Vertical displacement of .

the center of gravity followed a parabolic path during the

iv
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airborne phase of the arabian dive roll. Verticai ﬁélocity
was maximal just prio; to take off, éero at Eﬁe peak of the
airborne'phase and minimal at the start of the roll phase;

' 'Little lateral deviation of the body's centér of gravity Waé
observed during the,execution.of_the'arabian dive roll. .Maxii
mum éertical force occured at the start of tﬁe‘gaké off phase’
and remained constant thfough out the airborne phase. Vé?ti—
cal force sho;éd*a ﬁarked increase at the start of the roll
phase and then leveled off during the completion of the skill.
The subjects rotated a mean of 2.433 radians and ,293 radians
around the transversé and sagittal axes during'the airbérne |
_phase respectively. Each subject exhibited rotations of less
than 3.14 radians (180°) around the longitudinal axis. Seg-
mental movements of the upper extremities did not reveal any
apparent associations with relative angular velocities of the
body around the principal axes of rotation in the airborne
phase. Within the limitations of this study it can be con-
cluded that the method used is a viable technigque for the
study of mﬁlti—axial rotational movements. Also, variations
in segmental angular displacemenfs do not-totally explain t?e
variance associated with relative angular veloéities around .

the principal axes of rotation in the air borne phase of the

arabian dive roll.
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CHAPTER I

Tt

INTRODUCTION

Clnematographlc analysis has been the most commonly used

technique to quantlfy human movement in blomechanlcal research.

- Traditionally this form of performance analysis has been done

with a single camera set perpendicular ‘to. the plane of motion.

Data is then collected from film uSLng instruments that pro—

-~

vide a two dlmen51onal coordlnate representatlon ‘of the fllm

1mage p01nqé' This information is Gsed iLn conjunctlon w1th
body segment parameter data to study klnematlc and klnetlc
features of human movement. | }
The traditional filﬁing £echnique can provide two dim-
ensional data of linear displacemenﬁ of the body as a whole.
Absolute angular displacement of body.aegments, has been-
obtained from £ilm or indirectly by mathematical calculations

using ccoordinate data taken from film. Generally,dtwo dim-

ensional cinematography has dealt with guantification of gen-

‘eral motion that occurs in a single plane. The axis of rota-

tion, around whith this motion occurs, is perpendicular to
the film plane of the camera. Therefore, acquisition of rela-

tive angular displacement is obtained in the same fashion as

“absolute angular dlsplacement Even though two dimensional

c1nematography does provide a means of obtaining three forms
of dlsplacement data, it is restricted to the guantification

of general motion that has rotational motion w1th1n one plane. -



Man's linear displacement through space is accompanied

by rotational motion that occurs in more than one plane, a-

round more’'than one principal éxes of rotaﬁion at a time. v
This fact has lead investigators (Bergeman 1974; Duguet et

al. 1973; Miller and Petak 1973; Shapiro 1978; Dainis 1978;

* Van Gheluwe 1974) to develop three-dimensional filming tech-

nigques to more fully describe human movement. These investi-
gators ﬁavé‘e#tehded the concepts of two dimensional spagial
loéaﬁion of poiﬂts to spggial location in a three dimensional
coordinate system. This has provided a method of acquiring
linear displacement-time data three dimensionally.

Most résearchers of thrée dimensional analysis tech-
nigues have dealt exclusively with,threé dimensional spatial
location determination and have only_hypothesi?ed'that this
would provide adequate information.needed for angular determi-
nation. Since the principallaxes of rotation are through the
bddy's center of gravity, perpenéicular to one another, a
body rotation.arouﬁd one or more of the axes will also mean
a concurrent rotation of the principal axes in relatidnsh%p

to the rotation of the body. Therefore, the concept of rota-

"tion around an axis perpendicular to the film plane will not

describe relative angular displacement for a multi-axial
rotational movement.

The main objective of this present study was the

- expansion of some of the existing methods of three dimen-

‘sional cinematography to include éCquisition of comparable

displacement data as can be found with the traditional two

dimensivnal filming technique. Specifically, this research
oy

Lo
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dealt with the devekgg}ent of methods to oﬁtgin absolute and
rélativé angular di5placement.'

| As a conseguence of the llmltatlons assoclated w1th
.9k15tlng c1nematograph1cal ana1y31s technlques many move-
ment patterns have not been adequately ;nvestlgated. For
example, the rotational compiexity of many gfﬁﬁastic-skills
has been a hinﬁrance to quantitative biomechanical research
in the sport oflartistic gymnastics; o~ .

The arabian dive foll‘iS'a skill in which rotatién a:
~round both the longitudinal and_t;ansferse axes occur
simultaneously. This skill has been used as the preliminary
-skill in the learningféequence'for'many twisting backward
soﬁersaults. At pfesent; this skill has not been inéesti—
gated quantitﬁtively. The second'objective.df this study

" was the investigation of the mechanical factors associated

with the technical execution of the arabian dive roll.

Statement of the Problem

The purpose of this study‘was to esﬁablish a method of
three-dimensional angular determination of both absolute
angular displacement and'angular displacement, relative to
the three prlnC1pal axes of rotation of the human body.
Secondly, it was the intent of the research to employ this
method to investigateﬂiiigcted mechanical components of the
arabjan dive roll. Spécifically the study dealt wigh
quantification of the following.mechanical aspects:

1) Time of execution of each of the three phases of the

arabian dive roll.
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2) The path of the bédy's‘center of gravity in three dimen-
sions, |
3] Sggmental rotational displacements. ' g

4) Angular displacement of the body around the principal

axes of rotation.

)
e

51 Vertiéal force-time histpries during- the exécuﬁion of the
arabian dive roll,

6) Thelrélationships between segmental di5placéments and
angulax velocities of the body aréuhd the principal axes of

rotation.

Limitations

Cinematographical analysis, whether two dimensional'
or three dimensional,.hgs'somé inherent errors associated
with dat; collection. Errors due to the‘physical charact-
eristics of film, lens optics, and the mechaﬁical precision
of cameras and analyzers can not be é&oided completély. These
errors along with the human factor in film data reduction
_were controiled as much as possible through periodic reli-
ability checks. Preliminary tests were conducted to deter-
mine the speéific mean error associated with data collection
on the analysis system at the University of Windsor. This
error estiméte was used to weight the resulting data for
film analysis.

The arabian dive roll can be considered an advanced tum-

bling skill. This fact precluded the use of a large sample

size. A sample of seven gymnasts were-used for this study.



Another unavoidable limitation within this study involved
_the use of body segment parameter data. Dempster (1955)
gqh?ucted his original study on thiiteen male cadavers., The
data on segmental ceﬁter of mass published by Clauser et al.’
ClSéSL was based largely on Dempster's data.. The cadavers

used in these studies dé not totally resemble thé_living cﬁaraé—
teristics and anthropometric qualities of the athletes used in
this study. However, the data developed by Clauser et al. and

Dempster have been the most commonly used and are the most

appropriate that are available.

Definition of Temms

The major terms used in this study were defined as follows:

Absolute Angle is the angle formed by two non-colinear

vectors representing articulating body segments.

Relative Angle is the angle formed between a vector and

an axis defined in space.

Longitudinal Axis is the rotation axis extending from

the head to the feet passing through the body's center off
gravity.

Transverse Axis is the rotation axis extending from

right to left through the body's center of gravity at right
angles to the other two axes.

Sagittal Axis is the rotation axis passing from front to

rear through the body's center of gravity at right angles to

the other two axes.

A
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‘Take off Phase is that portlon of the arablan dive

zoll from the time the center of grayity of the body starts
movrhg in an,upward direction to- -the instant the feet  leave T

the ground. 7
Take off is that instant the feet leave the ground,

Airborne Phase is that portion of the_arabién,dive roll

from the point of take off until the hands make contact with-
the mat.

Roll Phase is that portion of the arabian dive £o11

'from the instant the hands made contact with the mat to the

instant the feet make contact with the mat.

Reference Coordinate System is the orthogonal reference

frame coordinate axes.

fi



CHAPTER TI
 REVIEW OF LITERATURE

The agaﬁian dive roll is a fundamental tumbling ékiil in
gymnastics whiéh includes rotation around both_the longitudinal
and transverse axis. In order to attempt a guantitative analysis
of such a skill, a three dimensional cinematographical methoa

was uéed. |
A review of the literature pertaining té this study waé

conducted in three distinct areas: cinematography, angular

determination, and sports skill analysis.

~,

L }\ : .
Researchers;(Bergeman 1974; Duguet &t al. 1973; Dainis
~

Cinematography ;- ™~

1978; Miller and Pefak.l973; Shapiro 1978;\Va5 Gheluwe 19?4),

in the field of three dimensional spatial deté}m%nation have

concluded that more than one camera is necesséry\}q\order to

retrieve three dimensional épatial coordinate data f}gm £ilm.

The chargcteristic similarities and differences in th;\§$~

- searchers' methods stem from: camera positioné, determiﬂhtion

of camera positions (either through external measurement or !

from film measurements), and the method of combining two or

more two dimensional views into three dimension;;_dafa. \
Bergemén (1974) deve10pqg a method for thfee dimensional |

coordinate detefmination using two still cameras, pdéitioned

sd that a common point of origin was visible in the field of

view of both cameras. Measurements of actual camera parameters

were taken with a transit Prior to filming. Bergeman filmed a
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point of known spatial'location,_theh using trigonometry hé est-
ablished a series of.lfheér equations for each camera. Combin-

- ing these equations and setﬁiné the partial derivatives equallto_
zero, he éstéblished a éet.of.equations-to determine the X,Y,3Z,

4 : i X
coordinates for any point in the field of view of the two ‘cameras.

t

Bergeman réported.a mean absolute error of;.25 inches in locating
‘& point's three dimensional spatial location.

Dainis.(l978f proposed a mefhod for spatial coordinate. det-
ermination from object field data. 1In order to calculate camera-
object distances Dainis used three planar points and one non-
coplanar poiﬁt in’ the object field to make further calcﬁlations.
Using the éamera—object distance as a normal vector and using a
léast squares'fit,.he found the vector's length by using the im-
‘age distances‘of six sides of the tetrahedron formed by the “four

points. The determination of a point's spatial orientation was

achieved in a similar manner using vector identities., Dainis

placed his main emphasis on the versatility of the method
with respect to camera placements. He reported results EB;
spatial determination in reference to different camera place-
ments. Dainis' technique appears to be theoretically sound,

;et he failed to report the actual reliability of the method in
locating.the_true threé dimensional spatial coordinates of a point.
In 1973, Miller and Petak proposed‘a tridimensiona; film-
ing method using three cameras. The high speed camera posi-
tions were flexible excepf that all cameras were on the same

: )

horizontal plane. As in Bergeman's method, a transit was used

to determine camera positions. The intersection of the optical

¢l
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axis of each camera at a single point was gge& as the origin
of the rectangular system,

Miller and Petak used the following relationship to
establish a seriés of £wo equations foi each camera:

image size - Z object size
lens-film plane distance lens-object distance

e

Substituting trigonometric'transformations derived from the
angular position of the camera's optical axes into thg'pre—
_vious set of equafions, thgy foundlit poséible to determine
the spatial coordinates of any point.

Duquet et al. (1973) positioned the .optical axes of
their cameras perpéndicular to one another, with one camera
‘at the side and the other overhead. Reference points were
synchronized from the two filmed views and a distance con-
version factor was found. If a point was visible in both
views it wag manipulated graphically by a seriés of rota-
tions,’to a common plane. Since the rotations were of the
complete film plane, angles and lines retained their orien-
tation to one énother. This graphic manipulation to a common
planeenabled Duguet to subsequently determine a point's
spatial location tridimensiénélly.

Shapiro's method (1978), differed most frong the previous
ones described in that knowledge of the cémefa parameters or
experimental set up prior to filming was not needed. Shapirg's
method required that the céﬁeras wére set on the same horiz;nm
tal plane and that their position remain fixed. The procedure

also required that the experimental field be covered by an
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overlap of the two camera angies.- A'stfuctu:e, having the
shape of a pyramid, of known size and dimension, represénting
the X,Y,Z cootrdinates was_ filmed prior to the e#perimehtal
filming. Standard film analysié was performed to find the
- X and ¥ coordinates from each film for each‘control point
position on the structure, Shapiro estqbiished a series of
twelve equations for each view derived from the.céordinates
of at least six noh—cqplanar control points. Thése equations
were solved to find the direct lineaf.transformation.{DLT)
paraﬁgters for each.camera. These DLT parameters provided
implicit_inforﬁation relating camera orientatioﬂ ahd lens and
film distortion. These equations wifh the DLT parameterslen-
abled Shapiro to input the X,Y f£film coordinates for an unknown
point to determine its tridimens;onal location. Shapiro's
validation of the method revealed that the DLT method provided
eresults which were as good for spatial locé£ion of points as
copventiohal two dimensional cinematography. |
Van Gheluwe (1974) proposed a method of three dimen-

sional analysis based on the principle of orthogonal coor-
dinate transformations. Two cameraé were set so that their
optical aﬁes would intersect and all other camera-parameters
were calculated mathematically from image coordinates of
points of known spatial location. Van Gheluwe assigned an
orthogonal reference frame to each camera. Using the relation-

'ship between image size and object size described in Miller's
method, Van Gheluwe applied the laws of orthogonal coordinate
transformation to establish a set of equations for each camera.

Using the image coordinates of known points, from each camera,
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the transformation functions wereAsolfed. Subsequent-tﬁree
dimensienal'lodatﬁon of an arbitrary point could be determined
by inputting its X,Y film Céordinates into these equations.
Van Gheluwe reported £hat épatial locatioﬁ'of a point was accurate

"to 1 cm. using fhis method.

angqular Determination

As has beén previously méntioned the majority of ciﬂe-
matographic research using three dimensional techniques has
dealt with spatial location determination. None of the€pre—
viously mentiocned authors dealt with angular determination in
three dimensions.

Noss (1967) was the ﬁirst to attempt a description of
angular determination in a multi-camera filming technique.
His method called "Tri-axial Analysis" had a camera confi-
guration subh that three cameras were'set'up perpendicular
to the X,Y,2 coordinate axes of a standard right handed co-
ordinate system. The optical axis of each camera intersected
at the origin of the coordinate system. Noss theorized that
the measurement of a static angle would equal the mean of the
iﬁage‘angles'measured from the film views of each camera.

In an evaluation of Noss' technigque, Putman (1979)
demonstrated mathematically that the angle formed by the
intersection of tﬁo lines is not equal té the average of
thé angle formed by their projected images. Putman disproved
Noss's method by citing one example where it fails., He rep-
resented the intersecting lines forming the angle as vectors.
The angle formed was found usiﬁg the dot‘product equation for

two vectors:



12

5= |E[" [B|cos o
o =cos.’l P:X3:%
EYIEY

where K and B are the vectors
+ and [E| ; | are scalars .
representing their magnitudes..

Putman compared the ayerage of the projected angles to
that of the true angle as found by the dot product equation.
There was no equality between theé two solutions. 'His con-
clusion of Noss' method for measuring angles in three dim-
ensions was that,

the logical alternatiye method is to first
obtain accurate three-dimensional coordina

of the end points of each line segment, ang i
then to derive the magnitude of the angle
between them-by takind either the dot or the
cross product of the vectors representing each
segment. '

} YVan Gheluwe and Duguet (1977) did a study of two tWist—.h
ing methods in the backwards somersault. Their filming method
was based on the one proposed by Van Gheluwe in 1974. The
angle of the hip bend was an important element in their in-

" vestigation. Using the coordinates of the midpoint between
the shoulders, hip and knees, they calculated the absolute
angle of the hipbend using the dot product equation. Including
the error associated with location of a point's coordinates
and camérahgbeed synchronization, they estimated an error of
6 degrees when calculating the hip -angle.

In a preliminary investigation of angular determination,

Gervais and Marino (1979) calculated the angular displacement

of a vector from two coordinate axes of a X,Y,2 standard
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coordinate system. A filming technique similay to that of
' Van Gheluwe (1974) was used. End point data was found for

two vectors and their angle-relative to the X and Z axes

~——

was calculated using the end pdint data and spherical co-
ordinate transformations. The'mean deviation of the cal-

culated measures from the true angles was found to be 4.86%.

'Skill Analysis !

The majority of the literature pertaining to tumbling
was found to be of a descriptive nature. Through photo-
graphic sequences, coaches have descdNbed the performan

of tumbling skills as performed by the

r_elite gymnasts.

Some’ of the techniques impdrtant to the performance
of tﬁe arabian dive roll were described by Criley (1970).
He stated that the contact angle aqd'body position follow-
ing‘the‘round off were important fédtorS'related to take

- off. He felt that the position of the heéd and arms con-
tributed significantly ﬁo the initiation of the twist. He
also reported that a fully éxtended body must be maintained
throughout the airborne phase and upon contact with the mat
before the roll commences. .

Kaneko (1977), using a similar seqguential ﬁhoto des-
cription, stated that upon fake off a gymnast completes the
first quarter. twist-due to rotation in his upper body. Dur-

\ing the second quarterrtwiét a gymnast arches his body to
aid in the dive rotation.

George (1980), gave a non-quantitative mechanical

account of the arabian dive roll. He related the description

A
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‘to desirable mechgnical chracteristics within each phase of

~ the movement.

The initiation of maximum yertical 1ift,
appropriate backwards rotation, and twist
initiation with a fully extended body shape
are desirable characteristics of the take
off (George, 1980, p. 109}.

Since the arabian dive roll requireé.only 180° of -
ﬁwist around the ioﬁgitudinal axis, George stated that
sprea@ingithe arms laterally{prior to the peak of the air-
borne trajectory would check longitudinal rotation dﬁring
the descent phase. The desirabl? characteristics of the
roll phase were described as body control and dissipation
of the downward momentum of the body. He stated that these
objectives were‘eﬁhgnced by a fully extended body with arms
stretched, reaching for the mat, prior to cﬁntact with the
mat. .

Quantitétive studies of projectile type tumbling
SkiliE have substantiated many of the pérformancé criteria
important to the arabian dive roll, Fdr example, Payne and
Barkef (1975) studied the take off forces in a flic flac
and back somersault. They concluded fhat the moment of force
at take off and the angle of take off are the main contribu-
ting factors in the pérformance of these airborne skills;

~According to the analeogue to Newton's first law off‘\*
motion, once a gymnast is in theeair his angular momentum
is constant. Since angular momentum is cémposed of moments

-~ of inertia and angular velocity, a gymnast can manipulate

the moments of inertia thus directly influencing angular

1
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veloéity. Borms et al. (1973) and Van Gheluwe -et al,
(1977), in their investigations of- a full twisting back-
wards somersault, evaluated the trunk, ﬁip, leg angle.

Since rotation around the longitudinal axis is common to -

both the arabian dive roll and the full twisting back somer- B

. sault, the .size of the hip angle is an important mechanical
~consideration of both skills.. These investigators found
that the gréatef the hip angle,,the.greater the athleté's
moment of inertia thus reduciné.his angular velocity and the
degree of success in performing t%g ;kill.

| The performance of the arabian dive roll, which is a
projectile activiﬁy, is influenced by a gymnast's take off
angle anaifhe.vertical fprbe ét take off. Quantificaﬁion of
technicdl factors and the path of the center of gravity,

can provide information on a gymnast's ability to meet the
technique requirements of the skill as described by Kaheko
(1977), Criley (1970), and George (1980). Other factors
which have an influence on execution of the arabian dive
‘roll are segmental angles and their displacements over time.
The arabian dive roll has bsen described as 5'180 degree
twist around the longitudinal axis as well as rotation a-
round the transverse axis. Since the skill has rotation
around more than one axié at a timé, it would appear that

in order to study the rotational chracteristics of the
arabian dive foll more precisely, a three dimensional

analysis technique must be employed.
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Summary of the Literatu;e

A review of the research pertalnlng to c1nematography
has revealed that the use of a multl—camera technique is
essential - for the acquisition of three dlmen51onal data,
The majority of the technlques reported in the literature
have dealt prlmarlly with three dimensional spatial coordi-
nate determination. It abpears that few attempts have been
made to extend three dimensional analysis- to rotatlonal
mechanics. However, the literature related to theories of
ahgular determination has demonstrated that through the use
of vector dot product and spherlcal polar coordlqates ab-
solute and relat1Ve angular dlsplacement can be found.

The literature on the arabian dive roll_revea}ed some
of the ereeution parameters of importance to a successful
-performance. The execution parameters included vertical
lift, proﬁer body extension and form. Related to thesge
parameters are the mechanical componente of vertical velocity,

. segmental displacement and body rotation.

4



CHAPTER IIT
METHODS

The dual purpose of this study was the establishment of
a cinematographical technique designed to acquire thtee
’ ' -

dimensional spatial and angular data and the employment of
this technique to investigate selected mechanical components

. of the arabian dive roll.

Subjects

Seven male gymnasts between the-ages of 17 and 22 wefe
used for this study.' They-ranged.in gymnastic expertise
from excellent club gymnasts to ohe who is a national team
member. The ‘physical chractgristics of the subjects are

described in Appendix A.

" Preliminary Measures

Prior to the actual experimental filming, anthropo-
metric measurements were taken' for each subject. Steps
were undertaken to familiarize the subjects with the filming
procedure and to‘aid film data reduction.

Each subject wore a swim suit during the filming of
each trial. Several body landmarks were identified'and
marked by white tape patches with a hlack cross hatch 6ver

the landmark's center. Landmarks identified and marked

]

included: lateral and medial malleoli of both ankles; lat®
eral and medial condyles of each knee; right and left
greater trochanters; suprasternal notch and its positional

equivalent on the back; the acromioclavicular jeints of each

17
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shoulder; and the medial ané lateral epicondyles'of the R
elbows. Also, a strip was placed around the carpals, touch-
iﬁg the styloid prscesses of each wrist. ' | |
Using a body'céliper the éegmental lengths of the upper'
arm, lower arm, upbef leg, %ﬁd lower lgg for the right‘side
of the body were measured on éégﬁ subject. Each éubject's

body'weight was also determined.

Each subject was. asked to. perform an.arabian“dive roll
frdm a rouné—off. Each subject Qas allowed as many warm—ué
trials as he felt were necessary in grder to establish a
take off position which would ai;ow the skill to be performed
in the approximate center of the filming area. The task was
repeated“uptil tﬁe subject pﬁgfgrmed two satisfactory arabian

dive rolls.

Filming Area =

The experimental filming was conducted within a gymnasium,
The subjects performed the arabian dive roll on & Speith
Anderson Floor Exercise mat of approximately é inches in thick-
ness. The mat was lé meters long and 2 meters wide. The
skill was performed within the half of the mat closest to the
front cameré.

Five phofographic lights were f)laced around the filming
area to provide sufficient illumination for the filming.
The gymnasium'sphysical make upéprovided for numerous ref-
erence marks which were used to ensure proper film carriage

during the film analysis procedure.
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Cinematography

A 16 mm. Locam camera with a 10mm. lens and a 16mm.
Hycam camera with a 25mm. léns were used in this.study.r
The Locam was placed ét the side of the fiiming area and the
“ Hycam was positioned at the front of the filming-area.'Fig—._
ure 1 provides a schematic representation of the camera set
up.

The cameras were set to operate at 100 frames per
second., True film speed was determined later from timing
marks on the films,. Theig.timing-marks were produced from
the-light.emitting diodes within each camera, which opérated
at 100 impulses per second.

The first step in the caﬁera placehent procedure con-
.sisted of marking a centef for the filming area on the mat.
From this point, using elementary geométry, ﬁﬁo surveying
chains were used to measure the camera distances fromrthe
film area center. The front view camera was positioned at
15.24 meters from the center and the side view camera was
positioned at 9.15 méters from the center., 'Final leveling
and positioning of the cameras was doﬁe with carpenter
levels and plumb bobs.

A general reference frame was placed at the center
of the filming area such thét its X coordinate axis was
parallel to the film plane of the front view camera. The

structure's Y coordinate axis was parallel to the film plane

of the side view camera (figure 2)}. This structure was
£filmed using both cameras, prior to the filming of the subjects’

performances. The reference frame defined the reference
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coordinate system which was used in all subsequent data

Y

analysis, - Positioned, at various places around the structure,

was a set of twelve points of known spatial location. These

fweive points were used as spatial point references,

During the filming of each trial,'£he caméras were
turned oﬂ as the performer's front foot touched down in¥the
hurdle step prior to the round-off. An incandescent light
was placed within the film view of each camera. This light
was turned on shéftly after the cameras were startéd. The
purpose of this procedure wag to provide a EOmmon time ref-

erence for subsequent synchronization of the frame rates of

the two cameras.

Film Analysis

Film analysis was conducted on the film analysis system
at the Univefsity of Windsor. A Numonics Digitizer was used
to obtain coordinate data of film image points. The horiéontal
coordinates for the front view film image corresponded to the
X coordinate axis of the reference coordinate system. The
horizontal and vertical coardinatés for the side view film
image corresponded to the Y and Z coordinate axes of the
reference coordinate system. All cartesian coordinates found
this way were translated by the structure's origin image
éoordinates. This procedure, accomplished through a computer
program, ensured that the positions of all points were
defined relative to the reference coordinate system's origin.

All mathematical computations were completed by a fortran
computer program on the computer system at the University‘of

Windsor,
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Figure 2,

22

REFERENCE COORDINATE SYSTEM STRUCTURE
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Time Parameters  . | .

- Film speed was determined for each trial for both film

views. The film speed was calculated by using the timing
~marks placed on éhe £ilm at a rate of 100 per second by the
© internal liéht emittingﬁdiodes. For each frial the.number

of frames and timing marks were counted. Thé'frame rate
was then found using the following calculation:A

~

qnumber of frames
number of timing marks X .01 sec.

Frame Rate =

Film data was taken from every fourth frame of film.
The time interval between frames was calculated by the

following:

4

Time Between Frames =
. frame rate

The time interyal for each phase of the arabian dive
roll was found by counting the number of frames for the
phase and dividing that number by the film rate for that

trial.

Time Synchronization

The two cameras used in this study were set to operate
” . ’ .
at 190 frames per second. Since running speeds were dependent
on mechanical efficiency, the camera rates were not identical.

In order to facilitate the synchronization of rate and time,

a common timg@reference was provided by an incandescent light.
iy .
S
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The X image coordinates taken from the front“view were .
synchfonized to the time base of the Y and Z.poordinateé
taken from the side view for each trial. Using the pre-
vioﬁsly calculated film rates for each view of a trial,

the time interval from the light's iiiuminatioﬁ to an entity
common to both views was calculated. " The distinguishable
movement entity, which was common to both views and which had
a common time interval from the time reference, was selécted
as the £ime‘§ynphronizing frame. Spline inierpdlgtion,
{McLaughlin et al. 1977), was used to estimate the X co-
ordinates taken ffom the front view at an equivalent time
between frames found on the side view film. FPigure 3 pro-
vides a schematiclrépresentation of the fime synchronization
procedure used.l These Synchronizéd‘coordinates we#e used in

conjunction with the Y and 2 image coordinates in subseguent

analysis.

Tridimensional Spatial Location

A point's three dimensional location was defi%ed rela-
tive to the reference coordinate‘system.- The image co-
ordinates (x,y,z) taken from the films were.translated in
terms of the origin's image coordinates. These new coordi-
nates, were used as input into the following eguations for

the direct calculation of a point's spatial coordinates:

£1D,xy T Di¥iX%
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g

Y =
£1
. o
ai ¥ .
£y
: ' . : @
where £, and £, are the focal lengths for
each camera and Dp and D, are the lens cen-
‘ter to origin distances for each camera .
respectively. (subscript 1l refers to the
side caméra, subscript 2 refers to the front
camera) , )
S, |
¢ Preliminary Analysis

. Preliminary analysis using the twelve reference points
around the structure was conducted. The image (x,y,z) and

the real coordinates (X,Y,Z) of one of the twelve points . q
|

were used to calculate the distance from the structure -~

origin to each lens center with the following algorithms:

le
Dl = ——- + X {side camera distance)
P yl . .
(21}
f2X '
D2 = + ¥ (front camera distance)
X
2

Utilizing these distances and equations (1), the spatial

location of the remaining eleven points were foupd. The

3

<6
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mean value of the deviation between the calculated coordi-
nates and the measured coordinates of those-eleven pointé
.was determined. This procedure was repeaéed using'each

" point as the reference, calculating the coordinates for

the remaining‘eleven points and finding the mean‘deviation
The reference po;nt that produced the least mean deVLatlon
was selected as the reference pOlnt for the remalnlng com-
putations for this study. The origin to lens distances
found using this point were the parameters used for eqﬁa—
tions (l1). The mean deviation between calculated and mea-
sured location was uégd as the error estimate in the cubic

spline interpolation function.

Segmental End Point Coordinates

The fourteen segment model of the body, proposed by
Clauser et al. (1969), was used for this sﬁudy. Three dim-
ensional spatial locations of twenty one segmental end points
were determined in order to provide data required for sub-
sequent analysis. The locations of the segmental end points
were found for every frame of film analyzed. Spatial loca-

0
tion Qas determined from the (x,y,z) image coordinates for

each point using equations (1). The segmental end points

are listed in Table 1.

Center . aof Gravity

Following time synchronization of the X coordinates
and the spatial location of the twenty one segmental end

points, the position of the body's center of gravity was
{
determined for each frame analyzed.
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TABLE

AB
SEGMENTAL END POINTS US ;>TO CALCULATE CENTER OF GRAVITY

SEGMENT PQINT* END POINT
1. Right foot (1) Tip of longest toe
: ' ' (2) Heel e
2. Right calf (3) Ankle axis
' (4) Knee" axis
3. Right thigh (5) Right greater trochanter
4, Trunk (6) Suprasternal notch
5. Head (7) Chin neck intersection
(8) Head vertex
6. Right upper arm (9) Right shoulder axis
' (10) Right elbow -axis
7. Right lower arm (11) Right wrist axis
8. Right hand § {12) Right knuckle III
9. Left foot (13) Tip of longest toe
~ (14) Heel
10. Left calf (15) Ankle axis
{16} Knee axis
1:1. Left thigh (17) Left greater trochanter
f
12. Left upper arm (18) Left shoulder axis
" {19) Left elbow axis
13, Left lower arm (20} Left wrist™axis )
'14. Left hand (21) Left knuckle III

The point numbers refer to the, segmental end point input
- order for the computer program to calculate the three
dimensional location of .the body's center of gravity

using the segmental me

d.
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The segmental method was used to determine;thé three
dimensional location of the béay15 center of gravity.
Dempsterfs (1955) segmental weights and the center of seg-
mental mass percentages found by Clauser et al. (1969) were
used ﬁo calculate the moments about” the X,Y,Z coordinate
axes. The spatial coordinates for fhe segmental end points
bf thé segmental model were used in the fortran program to
'compute the center of gravity. |

In an attempt to Qain greater ipsight into -the mech-

anicds of the arabian dive roll, the first and second time

derivatives were calcu ed fbr center of gravity displace-
ment. The center 6f grav@ty disPlacement—éime data was |
smoothed using the cubic s‘iine smoothing technique des-
cribed by McLaughlin et al. (1977) . Tﬁe Finite -Differences
method, described by Miller and Nelson (1973), was used to

calculate instantaneous velocity and acceleration for the

center of gravity. .

Vertical Force

The vertical force-time curve for each subject was
calculated by multiplying the gymnast's mass times the
instantaneous accelerations of his body's center of gravity
in the vertical direction during the execution of the ara-

bian.dive roll.

Absolute Angular Determination
Absolute angular determination was achieved through
vector iddﬁkities. Segments were described in terms ‘of

vectors in three dimensional space. The angle formed by
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two segments was found by applying the dot pfoduct between
the segments' vector representat;ons. The angle was.found

by the following algérithmé:

Il

Absolute Angle = ¢

Y ‘ ' —
IA I = xi + yi + z?- R - /
(31 e
' _ 2 0.2 2
1Bl =N x, ¥ ¥y o+ oz
. B . )
- A'B = X" X, ot Y'Y, * zy" 24

where A,B are the distal end points of the -
segments having been translated so that the

joint center has the value (0,0,0); and x,y,

z are the coordinates for the segmental end
points after translation.

A list of the segmental angles calculated is found in Table

2. } . .

During the preliminary analysis of this study, the dot
product was used toﬁcalculate the angles formed by the ref-
érence frame strucfufe's axes. The average deviation of
these angles from 90 degrges was used as the error estimate
~ parameter in the cubic spline subroutine. This was used to
smooth éngular displacement data. Following smoothingbof

data, finite differences was used to calculate instantaneous

velocity for segmental rotation.
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Relative Angular Displacement

The center of mass for the upper énd lowex body Qas used -
to describe rotation around .the transverse and sagittal'axeé
of the body. The right greater-trochanter was used to calcu-
late body displacemeht around its longitﬁdinal axis during
the execution of the arabian dive roll. Rotation around the
transverse and sagittal axes was foﬁnd for the airborne phase
only. This was done because only during the airborne phasé
does rotation around these axes occur relative to the body's
center of gravity.

Rotation of ﬁhe body is also accompanied by a concurrent.
reorientation of its rotational axes relative to the body's
position. In order to calculate the body's angular displace-
ment around the principal axés, a ﬁeasure of the body's dis-
placement from the reference coordinate system had tbrbe found.
These values were subsequently used as input into identities
for conformal coordinate transformation. This provided the
proper orientation of the reference coordinate system to that
of the body's rotational axes for thé determination of‘rela—
tive angular displacement.

Angular position relative to the axes of the reference

system was found using spherical polar coordinates as follows:

a) Position around Z axis, v,

i
. _ -1
1 = CO0S zJ:
r
V. = cos % X.
i i

H
.0
4
o
=
i
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. -9
b) Position around Y axis,'xi

= 1
02 = cos Y_l
xr
li = cos™1 4 -
r sin g, )
R~
(4]
c) Position around X axis, Bs
-1
Q. = .
Oy = cosTh Xy
r
Bi‘= cos_hl ' gi
r S&n @3

position of upper body center

where i=1,2,3 1
' ' of mass

2 = position of lower body center
of mass

3 = position of right greater
trechanter

r is the radius between the body's center of
gravity and the coordinates for the i vector
end points.
X,y,z are the translated spatial coordinates of
the i vector end points when the center of A
gravity has been translated to (0,0,0) *
(figure 4 provides a graphical representation of
these angles)
Three dimensional conformal coordinate transformations
have been well documented in the area of photogrammetry,
{(Wolf, 1974; and Hallert 196Q). These coordinate transforma-

tions rotate the desired center of mass and segmental end

point to their position relative to the principle axes.

=,
[

"\T
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Figure 4. Angles Relative To The Axes
Following is a description of the coordinate transformations

—_

used:

a) For ¢ rotation (rotation around the Z axis)
X = x cos¥, toy sinlpi
i .
y's -x 51nwi + vy cosdi
z'= z
{5}
b) For B rotation (rotﬁtion around the X axis)
x“: x
ll= . + ' g
v Y cosBl Z sin %

z'"=-y sinf. + z cOsjg,
- Y i Bl

B
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@ . .
® ¢) For x rotation (rotation around the Y axis)
X" = x cosA;, = z sin},
. i i
& Y"‘ = Y

2% s X sini. + 2z cosi
i i

where xj, yJ,zj are coecrdinates,

-

To_describe the rptation of the "center of mass of the
upper and lower body'around'the%;ransverse axis tﬁe follow-
'iné procédure waé utilized. The x',j',z' tranﬁfofmed values
‘were fo?nd using eguation (5)a. and ‘%. Secondly, these
transfofmed values were used in équations {4)c.

Rotation around the sagittal axis for the upper‘body
center of ﬁass was calculated in three stages. First, the
ﬁpper body center of mass coordinates were transformed using
equations (5)c. and Al' Secondly, these transformed co-
‘ordinates were used in equation (5)a. with w3. Finally, the
relatiﬁe angular position of the upper body's center of )
mass around the sagittal axis was found using x',y'z' from
(5Ya. in eqguations (4)b. A similar method was used for the
lower body around the sagittal axis using Rz in the first
stage of the procedure;

Rotation of the body around the longitudinal axis was
represented by the relative displacement of the right tro-

chanter around that axis. Equation {(5)b. with 8. trans-

1
formed the right trochanter's coordinates. x",y",z" were
substifuted in eguation (4)a. to calculate longitudinal

displacement.
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| This cqmputatidnal proceduﬁe was repéated within the
computer prOgraﬁ for each frame of fiim analyzed. Final
analysis of relative angular displacement consisted of
smoothing the data with the cubic spline and calculating‘

velocity using finite differences.

~ Accuracy and Consistency of Measurement

Measurement consisténcy and accuracy were desired through-~
out this stud};' During actual film analysis periodic checks
were made to ensure proper analysis procedﬁres~were being
followed. Periodic verification of the film transport mech-
anism on the projector was made By verifying the coordinates
of reference marks in the image. All data collection from
the film was completed by the author. Periodically, a framé's
analysis was repeated as a means of té%ting the consistency
of the point's positional selection. Identification and veri-
fication of the data deck was performed before the final com-
puter analysis was completed.

To check the accuracy of spatial location determination,
the mean deviation between measured and computed coordinates
for the reference structure points was determined. Using
the pythagorean theorem the segmental lengths for the right
upper arm, right forearm, right thigh, and right calf were
found for each frame analyzed. A dependent samples t test
was carried out to see if there was a significant difference

between the measured and computed segmental lengths.

»
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' Data Analysis

Once airborne the total angular momentum the gymnast

possesses remains constant, Angular momentum is composed

of angular velocity and moments of inertia. Moment of iner-

tia is proportional to the mass distribution around the axis

of rotation. This relationship between mass distribution

and angular velocity was investigated. Since rotational

velocity is affected by several factors, the common variance

between segmental rotational positions and relative angular

velocities was found. The following steps were used to find

common variance between an absolute angular position and.a

relative angular velocity:

1.

3.

A correlation coefficient was found between
the two parameters for the best performance
of the arabian dive roll for each subject.

The seven correlation coefficients were
converted to z scores using the following
formula:

+ r
- r
A weighted average of these 2z scores was taken

z = _
av (N, 7)
where N, = the number of data points per subject
for the airborne phase.

This 2y as converted back to a correlation co-

efficient and squared to provide a measure of
common variance,

o= e2 zav -1
e av + 1 i

. 2
common varliance = T
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‘Common variance was found'betweenlfelative angular
velocities oflthe‘upéer.and lower body aréund-the ;rénsverse -,
and sagittal axes; and absolute angular displacement'of.the
segmental angles. COTFOH vafiance was also calculated between
relative angular veloéities of the body aroﬁnd the longitu- -
dinal axis, and absolute angular displacement of the segmental
angles. Absolute angular displacements correlated were
ff;gz\and left arm flexion, right and left arm across angles,

right and left arm side angles, trunk thigh angle, head trunk

angle, and the straddle leg angle.



CHAPTER IV

RESULTS AND DISCUSSION

e

The purpose of this study was ﬁo develop,and implement
'a three dimepsional cinematographical technique to investigate
selected mechanics of the arabian dive roll. From film analysis,
l;néar and angular displacement-time data for the arabian dive‘
roll were acquired. Angular displécement consisted of qpso-l
lute and relative displacement time data.

Figure 5 shows séquences gf alsubject performing. the
arabian dive roll. These sequences were taken from the

-
"side view film.

Wwithin the contents of this chapter, due to the large
quantity of data found in this study, the majority of kine-
matic and kinetic time histories will be reported for one
-subject only. The data presented on this subject will be
discussed in view, of its characterization of the trends found

:

for all subjects. Data for the other subjects are presented

in Appendices C,D, and E.

Error Assessment

The method employed in this study was designed to
retrieve three dimensional spatial data. This consisted of
detérmining spatial location of points, lens origin distances,
and angular determination (both absolute and relative).

The first test consisted of using each structure point
as the reference point and dete;mining the three dimensional

spatial locations of the remaining eleven points. The

39
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g

Figure Sa. Side view of a subject during an actual
performance of the arabian dive roll. |



Figure 5b. Side view of a subject during the actual
performance of the‘arabian dive roll.

i
\
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APy

nature of the equations'was such thét a reference point -
" containing a 2Zero cogfdinate did not produce meaningful

results..‘This.test'was also perﬁormed usihg the‘meésured
lens-center to origin distances for each camera. Table 3
lists the mean difference found between Measured and com-

puted spatial location for the structure points,

P S TABLE 3

SPATIAL LOCATION DETERMINATION

_Parameter X Y / ~'n
Dy,D, 041 - - 013 018 12
points !
2 .009 . .015 .013 - 11
3 .021 .06 . .013 11
4 . .013 .036 .058 11
5 .009 017 .023 11
6 .007 .022 .033 11
8 .020 .034 .063 11
9 .007 .014 .014 11
10 .016 .014 016 11
11 008" .027 .032 11
12 ' -.007 .023 ..032 11
X . .014 .021 ‘Ofo
s .010 .008  .018

(measurements reported in meters)
B ,L *

Point number nine produced the smallest mean deviation
(X = 1,15cm., s = 0.01) in calculating the spatial location
of the remaining eleven points. 'The measured and computed
coordinates of the eleven points using point nine as the

reference are listed in Appendix B.

#®
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5

among the objectives of this filming technique were

versatility in terms of camera ‘set up, and minimization of
required measurements durlng set wp. A meaeure which maf
d not be ea51ly acqulred durlng the fllmlng of a competltlve

- -
' event is lens center_to otlgln_dlstance. The percent error
-betweeﬁ calculated end heasured distances for this parameter
Jwas 5. 2%
: Use of the dot product to calculate the angles’ formed

by the structure's axes produced a mean deviation from the

measured values o6f 4.3 degrees. Thé results for.spatial
location,-lens origin distances and absolute angie deter-
minatiot are consistentlwith those reported by Gervais and
Marino (19 79) . . '

‘ From traced draw;ngs taken from fllm of various per-
formances of_the arabian dive roll a subjective evaluation
was made of relagiwve angular positional'data. Although this
A

was of a subjectiyve nature it was evident that the computed
measurements of re tive angular positions were compatible
with the event oeeuring in the performance. .

The last evaluation for accuracy.qf measurement con-
sisted of a c0mparlson between the computed segmental lengths
for each trial and those measured on the sub]ects A paired
t tést was performed to determine if there was a statistically

2.

at the p< .01 level of slgnlflcance. None of the differences

significant dl erence between computed and measured distances

*

per trial were found to be eignificant_(mable_4).
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The results 1ndlcated that there was some error associa~
ted with the method but that lt is within the limits reported
in the literature on biomechanical research techniques. In
an effort to minimize some of these errors, the errors asso-
ciated with spatial location and absolute angular determlna—
tlon were used as error estlmates in the data smoothlng method
employed. . The cubic spline employed these estimates to weigh

the data prior to smoothing. - . b

Temporéi"ﬁata-

For the purpose of analysis the arabian dive roll was
partitioned into three phases, take off, airborne and roll.
Table 5 lists the execution times for each subject. ihe
average time taken to complete the skill was 1.21 sec. The
take off, airborne, and roll phases comprised, on the average,
6.9%, 57.5%, and 35.6% of the total performance time.

The vertical dispiacement of the center of gravity in
the airborne phase is proportional to vertical velocity at
take off. From the Impulse-Momentum Relationship it is
known that vertical velocity at take off is related to the
vertical impulse generated during the take off phase. Ver-

tical impulse, by definition, depends on the magnitude of the

force and the time of its application. The time, that the

force was applied by the gymnasts,'during the take off phase,

was relatively short (range from 06 to .1l sec). It would

appear that the impulsiveness of the vertlcal force was

Sufficient to produce the needed change in momentum to

project the gymnast into the airborne phase. An average
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take off time of .07 seconds was associated with a mean take

off vé}oqity of 3.159 meters per second,

Centexr of Gravity, Displacement and Velocity

All results and discussion, for the remainder of this
chapter, will:refer tq the-bést performénce of the task for
each subject. A qualitative'éssesémeﬁt, using the standard
execution deductions as described iﬁ the FIG (1975) Code of
Points, was performed for each trial. On this basis, one
trial for each subject was selectedAfor subsequent indepth
analysis. ‘ |

The threé dimensional lqcation of the gymnast's center
of gravity was deterﬁingg for each frame of film analyzed.
This was found to provide insight into the kinematic pat-
terns associated with the di5plécement and velocity of the
body's center of gravity during the execution of the arabilan
dive roll. . |

The segmental method was used to calculate the position
of the center of gravity relative to the reference coordinate
system., This data was smoothed using the cubic spline,.
Instantaneous velocities were then computed using finite
differences, ‘

Figures 6, 7, and B show the displacement and velocity
‘curves for the center of gravity for subject five. The
horizontal displacement curve (¥ direction), which is
similar to that of all subjects; shows a linear trend with
a fairly constant slope. The horizontal velocity decreased

during the round off and take off phase., During this time
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interval®the gymnast was redirecting his horizéntal move-
ment to a vertical direction\in preparation for take off.
Since the only fbfce‘acting on the body duriﬁg the airbdr e
phase to impede horizontal velocity is air resistance, veél
ocity showed little deviation. At the start of tﬁelroll
phase.the gymnést beéan to assume a éuck posiﬁion;thus reduc-
ing his moments of inertia, and increaéing his velocitj.

Once fhe Eymnast began to extend from the tucked position,

his velocity underwent a downward trend towards a horizontal

&

velocity of zero.

‘The displacement curve in the vertical direction (Z
direction, figure 7) provides a repregentation of the
parabolic flight path cémmonly éssociated wiéh'projectiles.
The center of gravity was travelling in a negative direction
until the commencement of the take off phgse. From this
point to the peak of the airborne phase the vertical dis-
placement followed a smooth curved path. The body's centexr
of grav1ty descended from this height to its lowest p01nt in
the roll phase. This point coincided with the tucked posi-
tion when the gymnast's back was in contact with the mat.

The subject then began to extend from the tﬁck and startegd

to stand up at the éompletion of the roll phase. The verti-
cal velocity-time curve shows that the gymnast was constantly
speeding up in the positive direction during the start of the
arabian dive roll. Maximum vertical velocity was reached
just prior to take off. From that instant until maximum

vertical diéplacement was reached, the body was slowing
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0y

down in‘tne‘positive direction. Velocity wae zero as the
gymnast reached the peak of his flight path and then velo-
city started to lncrease ln the downward direction. The
body slowed in the downward direction durlng the start of
the roll phase until the gymnast assumed a full tucked posi-
‘tion (ie. minimum vertical position). From thlS p051t10n
the subject speeded up in the upward direction then velocity
decreased during the completion of the skill.

Preliminary analysie of lateral displacement and vel-
' ocity curves did not reveal any apparent trends. No quanti—
tatlve evaluation was performed in an attempt to arrive at
a p0551ble'cause for this lack of 'similarity. A pOSSlble
avenue of inquiry.for this lack of similarity_could be in
the take off position of the body relative to the horizon%él
direction of movement. -Also, the resultant direction of
the eccentric forces at take off may be an influential_factor;

.Except for subject two, and subject four, all other sub-
jects did demonstrate similar displacement patterns during\
the last half of the arabian dive roll. There was little or
no lateral deviation apparent during the descent portion of
the airborne phase. Upon contact with the hands and con-
tinuing throughout the roll phase there was an increase in
lateral displacément. A slope of near zero during the
descent was consistent with the objective of checklng dls—
placement around éhe longitudinal axis by creating a larger
moment of inertia. Since the body still possessed a certain

amount of angular momentum at hand contact, there was the
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potential forllateral displéceﬁent‘duriﬁg the roll phase,

The velocity'curve for theVX direction showedtno'trénd except
for an increase'in'velocity during ﬁhe latter part of the

roil phase, The late¥al deviations deScribed, however, were
not of a greafér magnitude. This is consistent with the
technique requirement of the arabian dive roll. The magni- 0

tudes for lateral displacement are listed in Table 6.

TABLE 6
LATERAL DISPLACEMENT OF THE BODY'S CENTER OF GRAVITY

LY

TAKE OFF " AIRBORNE [ ROLL

SUBJECT = TOTAL_ PHASE PHASE PHASE
1. .107 .012 .081 .014
2. . .152 014 .096 .042
3. J123 .011 .085 .027
4, .437 . .069 2342 ° .026
5. .200 . .019 \ 127 .054
6. .178 .019 .082 .006
7. .058 .003 .002 .053
X .179 . .021 116 .032
s 123 .022 .106 .019
(o d

X .152 .014 .085 027
(Measurements reported in meters) '

-Various kinematic values for vertical displacement for
each subject ére listed in Table 7. One of the performance
criteria for the arabian dive roll is vertical amplitude
during the airborne phase. The average verticél displace-

ment of the center of gravity from take off to the peak of the
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-vertical displacement,in the airborne phase resulted in a co-

55
—~

airborne phase was 61.1 cm. The“héigh£ attaihed by each '
gymnasF was Qirectly proportional’ to vertical Qelqsity at
take off.. The mean vertical velocity at'take~off was found -
to bé‘3.159 meters éer'secona. Subjectlfive had the largest
take off velceity and had the greatest vertical displacement
of his cénterﬁof gravity dufing the airborne phase.‘.Producél
moment correlation between vertical velogity‘at'take off and
4
efficient of r = .96 ﬁhiqh is significant at p<3.01rlevel.
Although a direct relationship betweén vertical Qeloc;ty and
height is expected in projectile mechgnics,:this result does

lend credance to the accuracy of the cinematographical tech-

L

nique’used in this study.

The gymnast should attemﬁt-to make contact with the mat,
after the airbqrne phase, in a fuliy exténded body position.
The average vertical distance from hand contact to the lowest
point in the roll phase was found to be 77.6 cm. This dis-
tance allows for the dissipation of the downward force in
order to prevent injqﬁ; and in order to maintain body con-
trol through the roll phase. .

Body céntrql is gnother evalua£ion criteria of the
arabian dive roll. The magnitude of the lateral deviation
from the intended line of movement can have a significant
bearing on how a performance is judged. It was found that
the average deviatibn in the X direction was 17.9 cm., with
é medlan value‘of_15.2 cm, Subject four was the only gymnast
that moved laterally more than 20 cm. Aithough no guanti-

tative evaluation was performed to assess. this relationship,
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.3 would appear that subject four alone would have been
penalized for this perfofmance aspect.

In-summary,‘the%body's center of gravity followed a “
J f

pafabclic path during the airborne phase. The height attalned
by each gymnast was proportlonal to the vertlcal veloc1ty at

'-take off. . Finally, most of the gymnasts demonstrated.little

lateral deviation in performing the. arabian dive roll.

Vertical Force
e LT

Calculation of vertical force was achieved in two steps.
-9

Uéing fiﬁﬁte diffe;ences-tﬁe vertical acceleration of the
body's center of gfavit& was determined. Newton's second.lm#
of motion, force equals mass times abgeleration,.was used to
calculate force in thé verﬁic;l direction. The vertical ‘
force calculated in this manner is representative of th;
~vertical componeﬁt of the ground reaggfon force. Figure 9
shows the vertical force time curve foE subject five. The
maximum gfound reaction force occured at the commencement

of the take off phase at which time the gymnast began to,ex-b
tend ﬁaximally. During the airborne phase the weight of the
gymnast is the influential force. 1In the airborne phase the
vertical force had a negative value and was'cénstant. At
hand contact, vertical force showed a steady increase through
té the point where tﬁe gymnast's center of gravity was lowest
in the tucked position. Vertical force continued to decrease
from this boint on as vertical acceleration approached zero
in the completion of'thé skill, FEPm tﬁis force time curve

two events are apparent. First, 7ﬁe gymnast applied a vertical

'\L—*"
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force during_the_take off phase to aid himrih acquiring lift
for the'airborne phase, ‘Secondly, durlng the roil phase the
gymnast used the forces produced by the muscles in his upper
.extremltlee to reduce the vertical force to the equivalent

body weight.

_Angular Kidematics_

Angulaf*disélacement—time data included both absolute
and relatlve angular displacement, ' The mechanics of tw1st1ng
are complex and dependent on many factors. Prior to the
airborne phase the gymnast must acquire certain kinematic
and kinetic quantities that will'deterﬁine much of his suc-
eese In performing the technical_requirements of the skill,

He must preoduce sufficient vertical velocity to'get the needed
height and.time to complete the requlred rotations aroﬁnd the
longitudinal and transverse axes. Since tEe gymnast, once
airborne, cannot creaﬁe additional angularmomentum, he must
gehefa?e a sufficient amount prior to take off.

The gymnast's body position relative eo'the axis oﬁ
rotation, through his feet, and the forces he is applying
will determine his resultant moment of force at take off. :
Although this resultant moment of force was not quantified
in this study, some insighﬁ into the longitudinal component
can be arrived at from observing the body's relative position
at take off. The positions are listed:gg Table 8 and relative
angular displacements for the longitud;nal axis are 1isted

in Table 9. Product moment correlation between relative

position at take off and the longitudinal displacement in
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»

‘the airborne Ph®e yas found to be significant (r = .99, p {.01).

From these results it can be concluded that there({is a direct
relationship between the eccentric forces produced at take

off, due to the relative position of the body, and the total
displacement of the body around the longitudinai axis during

the airborne phase.

- TABLE 8
RELATIVE ANGULAR POSITIONS

AROUND THE LONGITUDINAL AXIS -

{
N
7 .
Foot Contact Take Hand
Subject After Round off Off Contact
4
Theoretical —_— :
"Ideal 3.142 ° 3.142 "0
1, 2.398 - 1.736 .475
2" 2.889 , 2.374 513
3. 2.934 | 2,200 .508
‘4, 1.838 _ .696 .805
5, 2.933 2.124 .501
6. 2.808 1.424 .327
7. 2.686 : 2,410 . .444
X 2.641 1.852 .510

S 0.401 0.621 .145
(Values in radians) :

Table 10 lists the displacements around the tr;ﬂsverse
and sagittal axes, A mean displacement around the transverse
axis of 2.433 radians in the airborne phase is consistent
with the technique range of the arabian dive roll. An

evaluétion criterion of the arabian dive roll is that there
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ehould be little sagittal displacement. A mean displacement .
from;taﬁe off to landing of .293‘tadians complies with this
eriterion. Identical‘values for both the upper and 1ower
body for these dlSplacements is in agreement with the def1n1~
tan of rotational motion.

The data presented in Table 10, specifically rotation a-
round -the Eagittal axis, provide numerical evidence to sup-
port various observatioﬂs reported in the literature on twist-
"ing. Gluck (1979} and George (1980) stated that when.a twist
is initieted from the floor there isea tendency for the body
to assume a side arched position rether than a straight line
body shape. This was foend to have occured in all the subjects.
From_Table.Q it ean be seen that all gymnasts initiated the
twist while in contact with the mat. Both Gluck and Geotge,
elso reported that when there is a concurrent rotation around '
the transverse and iongitudinal axes the straight iine bddy
‘shape tends to somersault slightly off of "top dead center".
Specifically, rotation around the transverse axis does not
occur through a plane of motion directly perpendicular to the
ground.  The tendency to rotate off center was evident from
the data presented on the lateral path of the center of
gravity in Table 6 and Figure 8. Related to these'findings
are the maximum deviatione found areund the sagittal axis.

An average maximum deviation of 1.440 radians, demonstrates
that there was a fairly substantial amount of rotation around
the sagittal axis possibly due to simultaneous rotation around
the transverse and longitudinal axes.

,,



 _ | ’ 83

An executlon requlrement of the arabian dlve roll is a
180 degree twist around the longltudlnal axis, ‘A judge can
not view precisely where this may be initiated but is con-
cerned that the majoriﬁy_of the twist is completéd during the
airborne phase prior to hand‘%ontéct. ‘The round off shoulﬁ
position the gymnast so that his feet ahd hips are perpendi-
cular to'thelhofizontal.line of motion. From the;time the
feet make contact with the mats after the round off until
his hands touqh‘at the sfa;t of the roll phase, a 180 degree
rotation aroﬁnd the'longitudinal axis should have occured.
Theoretically if this requirement is met the gymnast will
have. a greater potential to receive comé;ete mark; for tech-
nical execution. From fhe ébsition of the rigﬁt hip at foot
contact upon completion of the.réund off (Table 8) iﬁgcan be
seen that no gymnast was'ideally posiﬁibned prior to the com-
mencement of the skill. Each gymnast rotated in the round
off to position ﬂimself so that he would not need a 180 de-
gree twist. Subject four, the least skilled gymnast, posi-
tioned himself so that he ngeded to rotate only.lOSo‘(l.838
radians), to meet the 180° requirement. Excluding subject
four the remaining gymnasts positioned themselves at a mean
of 2.775 radians (s = .207) upon completion of the round off.
Therefore, on the average they required an additional 159°
of rotation. In terms of total rotation performed from the
round off to ‘hand contact each gymnast showed various per-

centages of twist in the various time intervals reported in

_Table 9. During the take off phase subject four demonstrated

the greatest percentage of twist completed in this phase even
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though ‘it was not the‘greatest.actual angular displécement.
'Subjegt'four had little rotation during the éirborﬁe phase
while the& o eré performedhbetween 44%.and é?% of tﬁeir twists
du;ing this phase. -Due to the positions ih.which the gymnasts
placed themsel&es upon comp;etion of the rouﬁd off,'not_one
actuallf rotated through 18_0o around the 1ongitudinal axis;r
Borms et al. (1973) and Van Ghéluwe et al. (1977) in their
investigations of a full twisting éCRWards somergault found
similar results. Thegéreported thgé\their subjects rotated
less than the required 3é00.

In summaiy, it was fouﬁd that the amount of twist per;
.formedfduring the arabian dive ibll was influenced by the
relati;e position resulting.from the round off. All twists
were initiated to some degree while in contact with the
ground and all subjects twisted less than 180° in the arabian
dive roll itself,

Segmental angular displacements and velocities during
the take off phase aid in the projection of the éymnast into
the.air. In order to arrive at the most advantageous posi-
tion for take off, the body segments should be near full
extension and continuing to extend at a constant positive
‘'velocity. In Table 11 the absolute angles for various seg-
ments at take off are listed. The trunk-thigh angle had a
mean value of 2.849 radians which indicates gobd body exten-

sion at take off, In Figures 10 and 11 it can be seen that,
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the gymnast's trunk-thigh and righf and left arm aCroés
‘-angles1 continued to extend pass take off. This oécurrence
was observed in all subjects. Thé right and left arm across
angular velocities were still increasing in the positive
directioﬁ during take off. This was not tﬁe éase for the
trunk-thigh angle. A possible explanation fér this obser-
vation may lie Qith the results obtained for .vertical velo-
city‘gf the center.of gravity at take off, It was seen that
the m;ximum vertical velocity of the body's center of gravity
occurred prior'to take off. In the airborne phase the gymnasts
had aﬁgula: displacementé éf;2.435, .293, and 1.3?3 radians
arouna the transverse, sagittal and lpngitﬁainal'axes resp-
gctively.  The gymnast, once in the air, can not change the
rotational qualéty his body ﬁosseSSes, yet he can effectively

. r v
manipulate his rotational velocities  around the principal )

-

axes. The gymnast can accdmplish this by segmental movement
which hAS the effect of changiﬁg the moments of inertia a-
round the principal axes of fotat}on. These segmental move-
ments must comply wiﬁh the general lines of the body ﬂ order
for the movement to be aesthetic in(n re From Pigures 10
and 11 it can be seen that the body did not unduly bend at

the waist and that the legs remained close together thréughout
the airborne phase. It was observed in all subjects that the
hgad trunk angle deviated only during the time there was a

‘ ~large amount of rotation around the longitudinal axis., An

%he arm across angle provides a measure of horizontal -
flexion between the arm and the trunk, T origin is
the shoulder axis_with the elbow axis and \opppsite side
hip axis as end points. '
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example of . this can be seen for: subject five in Flgure 12.

The only other dlstlngulshable pattern observed in the sub-

‘ject was the arm ‘;ﬁ_cross -angular displaceme'n'ts. In both the

rlght and left across angles there was a, parabollc type path

displayed., An 1ncreese was Seen when the arms spfead lat-

“

erally around the peak of the airborne phase. .2 subjective

evaluation of the results obtained for the seven gymnasts for

absolute segmental angular displacements during .the airborne

' phase indicated that segmental movement patterns are subject -

specific. Thie would indicate:that no one general pattern
describes segmental movement in the arabian diveltoll.

The final analysie was based on the relationship between
segmental movements and relative angular velocities. As has
been previously stated this relationshipfis derived from

Newton's Law of Conservation of Angular Momentum and the

definition of angular momentum. The common variance between

“absolute angular displacements and relative angular velocities

were found. Listed in Table 12 are the values for the
relationships that were evaluated.

It was found that 30.5 percent of the variance in

‘relative anguiar velocity of the upper and lower body around *

- -' v - b 3 .0 . - L
the sagittal axis is in common with variance in the right

arm across angle. Theoretically a reduction in the moments
of inertia around the longitudinal axis will produce a con-
current increase in angular velocity. Percents of 25.1,
38.7, and 30.7 for variance in angular velocity of the

booy around the longitudinal akis can be linked to variations
in 'segmental displacements in the left arm-side, right arm

flexion and straddle leg angles respectively.
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Since more than ohe_segmeﬁt mévas dﬁring the coufse
of the airborne phase, relative angular velocities cannot'bg
predicted totaily'from one variable .alone. However, the
varianée in‘relativé angulér-velocity around.the transverse
axis can be explaingd by fhe variance in the angular dis-
placement of the:straddle leg angle, Common variaﬁces Qf 
18.1 énd'3§.6 percents for the upper and lower body respec-
tively were found between these variables: Common variance
of 35.3% was found between relative velocity gf the lower
body around the transverse axis and absolute angular displace-
ment in the right arm flexién angle,

Wheﬁ an obﬁect is in free flight and a part of ﬁhe body
ekperiences.a-reduction in angular momentum another part of
the body must experiénce an increase in aﬁgular momentum,

The concept of t?ansfer of mdmeﬁtum can be usea to explain
various results obtained for the relationships listed in
Table 12. The correlations between relative angular velocity.
for the lower body around the.transverse axis and the seg-
mental angular displapements of the left arm across angle

and the right aﬁd left arm;side angles represented 32,7,1~
38.9, and 51.7 percent associations respectively. It was
algé'found that 27.5 and 20.2 percent of the variance for

£he upper body's:rotétional velocities around the transverse
axis ére assoeiated with the variance in the'absolute angular
displacements for the left arm sidé angle and left arm across

angle respectively.
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The above results do not lmply any causal relationships
but do p01nt to the fact ‘that the varlance in relative angular
velocities is assoc1ated with changes which occur in other !

variables investigated,



CHAPTER V
- : SUMMARY AND CONCLUSIONS

The investigation of existing thrée dimensional‘ciﬂe%Z—
..tographical technigues has revealed that no previous research
:in the field of biomechanics has provided a suitable means to
investigate relative angular kinematics. Through use of math-
ematiéal theory on three dimensional euclidean geometry,'thé
main ﬁurpose of.thiS'research was to develop é method'to assess
angular kinematics -for three dimensional movement analysis.
More specifically, a techniqué was developed to measure angular
kinematic properties relative to the principal axes of rota-
tion. Secondly.it was the intent of the research to employ
this method to invesfigate various biomechanical features of
éhe arabian dive roll.

Seven subjects were used'in this study. Each subject
performed two arabian dive rolls. Filming was accomplished
through‘£he use of two hlgh speed lémm. cameras set perpen-
dicular to one another. Prior to the actual filming, body
segment parameters were taken for each subject and a general
orthogonal reference frame was filmed by both cameras.

Film rates for each camera were synchronized using a éom—
_mon time reference and a cubic spline interpolation procedure,
.Twenty one éeghental end boints were located from film and
used to calculate displacement and instantaneous velocities
for the center of gravity. Vertical force was determined for
each subject during the execution of the task. Absclute -

angular determination consisted of computing various segmental

~_ 74
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displacements, Relative angular diSplacement—time'data fori.
the body around the three priﬁcipal axes was found for the

airborne phase of the arabian dive roll,

Preliminary analysis of the method's accurecy to meaéu%e_
- . ' ‘ > : l
spatial location, lens origin distance and abeolute angles

revealed measurement errors of 1.15 cm, 5.2%,'and 4.3 deg#ees

respectively. The method's atcuracy of measuring data taken
4 j , ]
' Lo : i

~ from the body moving in-space revealed no statistically signi-

‘ficant difference between measured and computed segmental'data.

The kinematic patterns assoc1ated with the dlsplacement

and lnstantaneous velocmty of the body s center. of gravity were.

' /
lnvestlgated . The horlzontal dlsplacement curve demonstrated

a constant dlsplacement pattern throughout the execution of the

l

Sklll ' The VelOClty curves showed a negative trend near take
off and an increase in the positive direction during the start
of the'roll:phase. No‘distinctive pattern was observed for
the‘leteral path of the center of graﬁ;ty. However each
gymnast did demonstrate some_lateraf deviation. The vertical
displacement of-the center of g;avity followed a parabolic
path during the airborne phase. A significant correlation was'
- found between the vertical velocity at take off and the subse-
gquent vertical displacement of the center of gravity in the
airborne phase. Vertical velocity was near maximum at take
off, zero at the peak of the airborne phase and had its
.minimum value at the completion of the.airborne phase.

The vertical force time curve displayed a similar pat-
tern for all seven subjects. Vertical force was maximal a#

the start of the take off phase. It was demonstrated that
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. © gravity is the -only external“fo:ce'affectiﬁg the body due—
-ing the airborne phase._ Vertical force exhibited'a.substeQ—
tial increase from hand coﬁtact to near the end of the roll
phase when.acceleration began to decrease. |

In general it was found that all gymnasts rotated through
sufficient amounts around -the transverse ax1s but exhibited
1ess than 180 degrees around the longltudlnal axis. Rotation
around the sagittal axis showed a parabolic pattern with a -
mean dlsplaceTent of .293 radians during the airborne phase

Absolute angular dlsplacements demonsytrated that the
gymnasts, w1th the possible exception of s Ject_four,_com—
Plied with the aesthetic nature of the arabian dive roll.
Segmental movements of the upper extremifies did no? reveal
any apparene patterns associated with the relative retational
features of the arabian dive roll. Common variance between
absolute angular diséiecements and.relatiVe angular velocities
did not yield high percentage associations. - |

Future modifications to the methods used in ﬁhis study,
could be in the area of data smoothing. Possibly an alter-
native or.more substantial smoothing technigue could be found
to aid in reducing the error assocliated with film data feduc-
tion. Additions to the data analysis techniques, within the
computer program, could be facilitated in order to provide
more kinetic data. This could provide a means to more fully
investigate the causal factors in the arabian dive roll. An
investigation of kinetic factors such as moments of force
at take off and angular momentum during'the airborne bﬁase

would ?rovide further insight into the mechanical features of

the arabian dive roll.
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Based on the results obtained in this stﬁdy, within the
limitations of this research, the fbllowing conclusions are
warranted. | | | |

1. The_metﬁ;d emplbyed in this stud& aoes provide a
valid and accurate technique which‘can béf;sed in the determi-
nation of movément features in three dimensions, in the
context of biomechanical research.

2, The method used in this study does provide a means
of investigation for multi-axial rotational movements, Ehrough
nt of absolute and relative angular kinematic vafiables.

Vertical velocity at take off is significantly re-

to vertical displacement in the airborne phase of the
an dive roll.
4, The amount of angular dispiacement around the longi-
tudinal axis, in the airborne phase, is propqrtional to the
finishing position of the round off in the arabian dive roll.
5. Twist initiation occurs while in contact with the
ground during the execution of the arabian dive roll.
6 . Variations in Segmental.angular displacements do not
totally explain the variance associated with relative angular
velocities around the principle axeés of rotation in the air-

borne phase of the arabian dive roll.

N
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PHYSICAL CHARACTERISTICS
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APPENDIX B

- MEASURED AND COMPUTED SPATIAL COORDINATES
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APPENDIX C

CENTER OF GRAVITY CURVES
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APPENDIX E

SEGMENTAL ANGLES



- In the graphs on-segmental_angdiar displacementé{'r

111

 ABBREVIATIONS

the angles are.abbreviaté& as follows:

HIP
HEAD-

RAS

LAS |

LAF

LAX

STR

Trunk Thigh Angle

‘Head. Trunk- Angle

Right Arm Side Angle

_Left Arm Side Angle

Right Arm Flexion Angle

- Left Aim Flexion Angle

. Right Arm Across Angle

Left Arm Across Angle

Straddle Leg Angle

i
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