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: - mesTRACT . .

‘ "Aﬁ simple analytical model was created in order to‘deL;neate the -

«
. ~

klnematlc objectlves of dhrt throws to targets locaxed at various
helghtf from the floor The objectlve _was. defined as the spec}ficatiom
of a-constant wrist velocity .at release, wg}le performing corresponding
adjustments in the‘dart's release heigHt and trajectory with varyiod

target heights. The purpose of the study was to investigate the

VA

kinematic Variables\reflectiﬁg the 'strategies of Subjects of two ability
- . - ' ' e - P
levels performing. a«<dart throwing task. A secondary = concern was to

[

delimit the parameters.differentiating ability level. .Two pairs of two

‘'male right handed subjects’ were classified as novice and expegt dart

¢

players. A series of eight ‘throws at’ each of three target locations

f
-~

(doublk téehty, bullseye’ and double three) . were- recorded
c1nematoqraph1caﬂly The subjects’ strategies, T orx self-imposed
- \\ . . . '

.constraints upon the musculoskeletalv and neuromuscular degrees of

' freedom were interpreted and discussed with respect to the movement

obj?ftiveu Analysis of tHe segment orientations at movement inifiation
and ‘release revealedgthat subjects of both ability levels constrained
their musculoskeletal degrees of freedom in a bid to incredse the trial

- 1 - C
to trial consistency of segmental orientation, thereby reducing error at

:

tﬁe -target. Results; also indicated the ability of the subjects ko
simultaneously control the velocity and path of the distal segments

comprising the hand and dart. Subject o¢of ' both wability 1levels

demonstrateé~nc>SLgnlficant differences in wrist resultant velocity at
\

release across levels of target with concurrent alterations in release
A} ‘ \
’ *
height, Jart resultant vetécity and dart angle of path\at release
-~
5
ii
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- RESUME
Une modéle analytique a . 8té crée pour delinéer les ,objectifs
cinétique des lancées de darts aux cibles localisés a divers coordonées

verticales. La~%§Pécif}cation d’une velocité& constante du poignet au
point du reldche avec des Uajustements correspondant en hauteur de
reldche et trajectofre a été defini comme l'objectif.d; movement. La
présente &tude visait dans , un preﬁier tempg a étuéier le:“ variables
cinétiqués qui reflétent les s;rqtégies des sujets de deui niveaux,

37

d'habilité en executant une tache de lancer des darts. Le deuxieme but

)

de 1'étude était de délimiter les param&tres qui distinguaient entre les

niveaux d’'habilité.* Deux 'paires de deux sujets é¥oitiers masculdins

N t H

étaient classifi&s comme joueurs novices ou experts. Un series de huit

lancés a chaqune de trois cibles (double vingt, centre et double.;réis)
4 . . -
a &té enregistré et analysée ciné&matographiquement. Tes stratégies ou

les coltraintes voluntaires des sujets sur les degrés de liberté

neuromusculaire et musculosquelettique ont &té& interpreté et.discuté en

?
considegant 1’objectif du movement. Une analyse des orientations

¢
segmeﬁfaire au commencement du movement et au point de reldche a revelé

que les sujets des deux niveaux d’'habilité ont diminués leurs ‘degrés de

t

libertd musculoskeletale en assayent de regulariser leurs orientation’s

segmentaire et de reduire 1’'erreur aux cibles. Les résultats ont

¢

indiqué la capacité des sujets de controller simultanément la yelocité

; .
- \\.ifﬂ" 4

et trajectoire -des segments comprennent la main et dart. 7'Suj3ts des
deux niveauX d'habilit& ont demonstrés des altérations significantes en
hauteur de reldche, velocité résultant et trajectoire du dart, mais

aucune différence en velocité résultant de poignet entre les trois

. iv
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- CHAPTER 1

INTRODUCTION \

The upright -stance& and accompanying bipedal éait adopted by the early
homfnids has ‘proven to’ be’ an *un—paralleléd evolutioné}y advance,,
Besides‘freeingﬂthe foredlimbs from the task of quggruped‘locqmotionk_the
erect bipedal stature permitted the lsimultaneous development-‘and
coordination of a complex visuo-motor syétem.u The hand,” comprised of
four flexible digits and an opposable thumb,_provided early humans‘with
the capacity for prehension and thé basis for various..fine manipulatory n
skills such as tool making. It is reasoned that the advent %f hunting
game by thfowing rocks éontributed; in part, to the early (four to five
mil}ion years ago) evolutionasy success of the -genus Homo by yielding
larger and more variable quantities of food (Calvin, 1983). The ability
to throw a rock at a moving targe£ requires the parallel céﬁpu@gtion of
the trajectories of both the étoné' and prey, which implies augighly
organized bfgin and percebtual—motor abiiity (Calvin, 1983). Masterf of

such a task demands movément planning with respect to the constraints

' of: 1) the geoazkry of the external woild and 2) real-time (Hollerbach,

1985). Although the motor skill of throwing 1is no 1longer of wvital
importance to ‘survival, the utilization of +this particular highly
. o , v, .

skilled motor task still persists in many modern, athletic endeavours.

1.1 Nature and Scope of the Study

One particular motor +task requiring highly'skilled throwing abflity\

is compepitive dart playing. The rules of the game stipulate that

&
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players must stand at -a throwing line situated 2.37 meters from the

“circular board 'centered on a wall 1.73 meters from the surface’ of the

floor. The nature of the éamearequires'tﬁe capacity to throw ‘a daft
(three throws are pe;mitted per throwing seriesf such that 4t flies to
and sticks in the board. Both expert and'novice level dart players have
performed the throwing,-motion thousands of times and it is an easily
repeatable skill. o <

Although. contqgtlng any of the numbered Q(from one to twenty) t?rgeﬁs
on the board earns the player a certaln amount of points, the smaller
double and .triple bands earn the player twice and thrice the number of
points, respectively. To compligate matters further, the numbered
targets are situated at various heights and are randomly spread around
the board in pie-chart fashion. In addition, a player must successfully
strike the dd‘ble of half £he total of his/her remaining points in order
to win the game. Expert players regularly hit -the small, wire-encircled
double and treble zones, which vary from three eo four square
centimeters in surface area, and rarely require more than three darts to

’
o pe

"double out”. i

One of the requifeﬁehts when learning to pley the game of darts is an
intuitive‘ inowledge o% the kinematics of projectile flight. The
trajectory and horizonﬁél range of the center of gravity of a dart are
governed~ by the fesultant velocity at reiease, height of release,
horizontal distance from the release p01nt to the board and the target
height. Therefore, the prediction and control of the precise vertical
and horizontal range are critical factors in ,determining consistency and

success.
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_ The problems of prediction and control , are; compounded by the

~ . \
necessity of producing. accurate throws to the different targets situated

at various vertical coordjfnates on the - bodrd. THere exists an infinite
combination of 5esul£ant release velocity, height' of release and
‘horizontal distance to the board which combine to produce a given

vertical height at the board. The range of these variables is
A

- «

constrained by the height of the ceiling and by the anatomies and
* ( -

strategies of the players. In order to be cansistent,,df player must

narrow the composite of the variaﬁies'in such a _fashion that only a

small and easily effected alteration produces a successful flight

3

" trajectory to the desired target. Any 'dart player who can -repeatedly

produce accurate throws to the various targets previously mentioned must

. ( e considered a highly skilled thrdwer/ The sﬁccess rates of elite

¢

level dart players must be attributed to some othér parameter than that

of "luck’, as conéiuded by Anderson and Pitcairn (1986).

. 1.2 Statement of the Problem’

Anaiysis of skilled motor performance' involves the integration of the
fields of biomechanics and motor control. The 'objecgives' of a
particuigr physical movement are constrained by the neuromuscular inp;z:j
and the limitations of the muscdloskeletal system and must bé identified
prior to the posing of a research question (Nelson, 1983). Tﬁe task of
thrqwing a dart to various targets on a board can be defined as a
disgrete'motpg skill with targeting constraints. According to the motor
task.taxonomy of Gentile, Higgins, Miller and Rosen #1975), this skill

has been classified as one involving a stationary naturé\ygf

( environmental control with the presence of intertrial variability.

1
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The goal or objective of dart tﬁfowing is the targeting requirement,
yet this objective 1is insufficient in itself for the design of  a”
reéqarch question. The strategies or patterns of muscular activation
i

selected by the players to achieve the objedtive must a%pd be examined.
4 £

With the constraints mentioned by Holl rbaéh‘(1§85) in miﬂa, the goal of
any dixt throw to a target was defké:d as follows: To accelerate and
~”‘release~the dart at a consistent velocity ~Land angle of -path, from a
consistent ;hgigh£ from the floor such thagf the dart flies to and
contacts thé};bo&#ﬁ at the specifiéﬁ taréet. Trajectory--(or ‘angle 6f |

o

path) has been aefinea by Morasso and Mussa ivaldi (1982) as ... One

~

. ‘of the basic functions of the neuromotor controller, gsuch as the

. compensation of 1®ads, the pursuit of moving taTfgets, the appropriate

control of impaqgf (e.g. hitting), and the qeneration of-cqntact forces

0

(e.g. pushing).” The goal of dart throwing as defined above implies the
simultaneoﬁs control of two parameters: 1) hand/dart veloéity and path

o (trajectory) and 2) segment orientation. )
The geometric const{ainFs (Hollerbach, 1985) are related to the
s distance from the tﬁrowing line to‘tﬁé board (fixed), the Earget heights
- (fixed), and the height of felease and horizontal distance of releqée
from the"target (&afiable, depending on segment lengths and degree of
bédy lean). The real-time constraints are the resultant velocity of the
dart at release (variagle, depending on the vertical apd horizontal
Veiocity—time profiles of the hand/dart complex) _?nd the actions

occuring at release. The stfategies selected by the players (as

evidenced by the movement kinematics) may reflect an attempt by the

nervous system to simﬁlify the generation of movement patterns in order

s
? o,

S
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to optimize one -of Nelson'g (1983) costs of movement (Hasan, Enoka and

<
L
1

Stuart, 1985). 8

The rationale’ for the selection of the objective of dart throwing, as

to‘s\ - JR—.
well as the hypotheses of . this study, was performed in the followin

&)

@ manner. A simple BASIC program was written "in an aﬁﬂémpt to model

throws to targets at three different vertical coordinates. The mode;'s

£

main shortcoming was related to the assumption that the dart was shot

P

from a gun, therefore only hand velocity, release height and trajectory

were modelled ahd releagé@distance fr?m the board was considered as a
¢ 2 .

cpnstant. The model permitted the manipulation of one of the following

riables while holding the other two constant: release height; velocity

o

at release and angle} of projection. Values of 1.75 meters (release

‘[:> | height for a l&d/écm individual), 5 meters/second (which mimicks the
approiimate 0.5 second flight time) and five degrees (Agderson and
Pitcairn, 1986) were chosen for release height, wvelocity and angle
respectively. The horizontal distance from the board at release was
ignored and held g¢gonstant at 2.90 meters.

Anal&sis ;f the output data from a purely mathematical point of view
dempnstrated that two of the strategies we?e possible, while the third
stré%egy (holdiﬁg release angle and height constant) seemed +to be
unlikely. Manipulation of release éngle necessitated release anglgs of
+8.0, +6.5 and +2.1 degrees to hit targets at the top, center and bottom
of the board. Manipulation of release height (at'constant angle and

“"(yelocity) required release heightgvof 186, 1.78 and 1.55 metérs to hit
the same Earg:bh. Alteriﬁ% rele%se velocity required velocity values of

‘Ej 15, 9.5 and 8.1 meters/second to hit the specified targets.

-
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‘ Although such hradicpl alterations 1in release velocity are not
+  impossible, it is highly unlikely’that-the controller (at any‘level)
could specify ' the _ necessary changes in release velocity in the
qsnsistent fashion demonstrated by elife dart players; Although these
paraﬁeters could covary, a combination of manipulating release angle and
r;lease.height while maintaining a constant release velgcity seems to be
a reasonable model of contfol. ‘This model'necegsitates a‘cdnstantAwrist
\ {glease velocity, with subtle changes performed’at the hand sufficient-
to alter the dart release resultantt velocity. Success in thg task
requifes a cénéistént trajec£ory (path and\\velocity) of +the hand at '’
release while manipulating release height ﬁand angle of projection.
) Thus, the following research questign:has been i@entified: What are the
o & kinematic strategies - of the dart playeg and how are these Eérategief
° modi%ied When‘the target height is altered?

In order to create hypotheses_concerniné the contrg? mode uti%}zed in
éuch a task, certain assumptions must be made a priori ;due to the lack
of specifié research'daﬁa. Firstly, a unimodal velocity profile of thé
elbow and wrist must be assumed (Schmidt, Zelaznik, hawkins, Frank and
Quinn, 1979). éecondly, phe time from ~ initiation of movement until the
inflection point of . thHe veIécity érofile musg be assumed to be
representative of the antagonist burst minug_motor time (Wallace, 1981).
This;ggsumption seems to be viable since viscous forces could hardly‘
overcome the inertia of the limb combined with the vertical component of
gravitational force (after an absolute angle of 90 "degrees). In light

®

of the objectiwes and aésumptions stated above the research hypotheses

\

which follow were generated. . '

D &
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1.4 Hypotheses'

>

1.3 Purpose of the Study
The purpose of tﬁis stugg was "to investigate the kinematiﬁmvariables
reflecting the variant and invariant aspects of the strategies of

subjects of two ability levels performing a dart throwing task. The

second concern of)this study was to examine the kinematic varlables

¢‘ﬁhich differentiated the level of skill- of the subjects participating in

the experiment. &

. 1) There will be no significant differences in the resultant velocity of

the st&loid process of the wrist at releqse (WRV)Aacross levels of the

independant variable. . .

2) There will be significant aifferences in the resultant velocity of
the dart-at release (DRf} across levels of the independant vatiaﬁle.

3) There will be significant differences in the angle of projection of
the dart at reléase (bPATH) across le;eis of the independant variable.
4) There will be significant differences in the vertical gcoordirate of

the dart at release (RH) across levels of the independant variable.

N\
1.5 Iimitations and Delimitations . - S

The limitations of €his study are: &

1) All data was collected from Ithe sagittal Qlane, therefore three

dimensioconal analysis is precluded.

2) The analysis of the throwing action embraces thé time span from

k<

movement initiation to release only.
d?d‘Only two subjects of each ability level, performing eigZ} trials each

of three experimental conditions, participated in the study, thus

generalization to larger populations ?; cautioned.
J
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. 4) Each Eriéi was assumed to be the subject’'s best effort. -

.- ]
9 ’ N -
The following delimitations apply to this study:

1) Only male expert and novice level dart players between the ages of 20

“

and 40 weré employed as subjects,

¥ o : :
‘t\ /-'
1.6 “Definitions and Abbreviations

i

The followihg definitions apply to this study:
_Angle of projection: The angle (in degrees) from the horizontdl of the
' path'of the dart measured -from the first frame folloding release,
) Expert dart player: A player who (in 1:986) competeq in &he "A" division
%i? “© in the Monéreal Dart League. ’ S ,QD )
Horizontal reiease distapce: The dist;Lce (in meters) %rom the™ tip of

the dart at release to the surface of the dartboard. L

4 Inflection point:‘The\ time point correspon?ing to the film frame where
the velocity profile changes -sign. ’
Movement initiation: The time point (zero). corresponding to the film
frame where the dart begins moving toward -the Edardi
Novice dart player: A player who © (in 1986) had not competed;in any
leaéue and who posses’sed less than one year eof.hon—cgmpetitive playing
L

experience.

\ﬁelease: The time point corresponding to the film frame where contact

hl

between the fingers and dart is broken.

&

' "Release height: The distance (in centimeters) from the dart to the floor

g . at release.

oy
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Strategy: The self-imposed constraints in movement kinematics utilized

-

by a subjeét performing goal—directed arm movemﬁnts. .

Trajectory: The path taken by the hahd as it moves to a new position and

the speed of the hand as it 'moves along the path (Abend, Bizzi and-

Morasso, 1982). ’ ,
. N~ : -
The following abbreviations apply to this study: ’

WRV - Wrist resultant velocity at release \ N \ ' .

WVH - Wrist horizontal velocity at release )

"WVV - Wrist vertical velocity at release

WPRO - Wrist angle of path at release

FRV - Finger resultant velocity at release .

FVH - Finger horizontal velocity at release ) .
FVV - Finger vertical velocity at release *
FPRO — Finger angle of path at releasé .
DRV - Dart resultant velocity at release L . ,

DVH - Dart horizontal velocity at release .

DYV - Dart vertical velocity at release
DPRO — Dart anpgle of path at release
RH' - Release: height of the dart .

i
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CHAPTER II '
@

REVIEW OF LITERATURE

I °©
“\
.

Although ‘dart playing has been investigated by many sport
’ $

.ps¥chologists studying the effects of  mental-_practice upon _skill

acquisition, biomechanical analyses of . dart throwing have been

overlooked in the literature. In ~this chapter, cohputer generated dart

-

throwing strategies will be described and “discussed within a review of

the literature of goal—-directed arm movements from the field. of motor

«

control.

a

2.1 Dart Throwing . - »

o

Anderson and Pitcairn (1986) explored the underlying mechanism

controlling the dart throw. A single subject, with no “previous
b

competitive experiepce, was selected as the subject for the -study. THe

subject was instructed to throw darts at a dartboard from two distance
A .

.

cgnditioﬁs: 1) 8.5 and 2) 7.5 feet. The eiperimenters used a Selspot.

apparatus to measure the subject’s kinematic pattern during 10 bullseye
throws, 10 low misses (darts contacting “the board below the bullseye)
and 10 high misses (contacting above the bullseye). The subject

required 114 throws to hit the bull ten times in the %irst condition
Y T .
(8.8% success rate) and 122 throws {8.2% success rate) in Bhe second

+

condition. 4

@ o

Anderson and Pitcairn (1986) attempted to discover the parameters of

a throw which would predict success by comparing the kinematics of the .

[
'

A
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hits and misses. They also examined how these parameters were adjusted .

o

by the subject when throwing at a hew target created by changing the
distance from the'target. The vertical.and horizontal coordinates of
the hand gosition at’ the §tért of the thtow and at release, thé
coordinates of the elbow at release, the wrist angle at the start of the
throw and release, the vertical and horizontal hand velocity at release

and the duration of the throw were selected as the dependant wvariables

for statistical anqﬁysis. Anderson 'and Pitcairn (1986) analyzed the

' data utiliz{ng four statistical techniques: 1) analyses of variance of

the positional data, 2) discfiminant analyses diff rentiatingybetween

igh misses, hits and low misses, 3) correlational analyses for purposes
of discovering the prediction -arameters and 4) analyses of the hand
trajectory. ) .

@

Anderson and Pitcairn (1986) foqu’no significant differences among

v

the variance of the positional variables between the two conditions.
The sole :exception was aﬂfignificant difference in the variance of the

€

vertical coordinate of‘ the shoulder at release in the 7.5 feet
+
¢
condition. The authors calculaéed the standard deviation (noise) of the
x and y_coordinates"of the hand over time and illustrated a tendency for

the variance to rise from movement initiatich to release and the noise

was greater for misses than hits. Anderson and Pitcairn reported the

( mean throw duration to be 0.126 second, a time shorter than the 0.135

seconds' necessary for advantageous visuo-motor feedback (Carlton, 1981).

It is "alsp interesting to note that:their subject released the dart

L4

while th hand moved along a , fairby consistent trajectory.

Extrapolation ' of the x and y hand velocity at release yielded hand

- ‘ o
v

‘ . C
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Yelqg}ty values between 26.3 and 30.4 Selspot’ units/second in condition
1 and 27.7 to 28.1 Selspot units/second in condition. 2, and angle of

path values between 7.9 gﬁd-ll.ﬁ degrees in condition 1 and 2.9 to 4.9

»
L4

Eegrees for condition 2.
The discriminate analysis for the 8.5 feet condition identified the
angle of wrist at release to discriminate low misses agd.?its as well as
c}ow missgs and high misses. Theﬂénalysis‘ élso demonstﬁ%ted " that the
vertical velocity of the hand at release discriminated low miéses and
shits, hits and high misses, but not low misses and ‘high misses. fhe
vertical ngocity wag greatest for high misses and ieast for h%t;.3 The
disériminate analysis for the 7.5 feet condition identified’thgh%ertical
and horizontal position of the shoulder at release. The'authprs stated
that since .the discriminate analysis identifjied separate controlyagle
parameters..as predictors Qf‘sﬁccess in the two conditions, they could
not identify a controlled variable predicting sgcéess ip the two
conditions, as depicted by Ehe different styles.(kinematic pgttefns)
characteristic of the two conditions., «
Andérson and Pitcairn (1986) found strond correlations - (p<.01)

»

between the sﬁarting and release (x-x and y-y) positions of the hip,
i

shoulder, elbow, wristaand hand, while weak correlations existed between
theax and yvétarting and release (x-y) positions. It was concluded‘that
these c¢oordinates are "locked” and covary with changes 1in spatial
location. Hand trajectory (vertical anq horizontal éosition throughout
the throw) was plotted for hits in both conditions.

Analysis of the and,trajectories for hits revealed a relatively

small variance yet it was observed that large vertical and horizontal

-
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shifts existed from throy to ﬁhrow. Second order pqunomial equations
wvere generated and the iﬁgépendant constants were corr;latéd. Anderson
and Pitcairn (éescribed a strong relationship between the igitiai
positio# and trajecéory slope regardless ;f throwing éondition. The
authors concluded that athough throwing aptitude involves skill, the

success of any particular throw by an individual of any skill level may

’

_be a matter of luck. Skill acquisition involves the reduction of noise

(standérd @eviatidﬁQ and more skilled players have a higher signal to
noise ratio (Anderson and Pitcairn, 1986). Skill may th®refore be
acquired through efficient motor commands or é}adual elimination of

noise from the s&stem.

2.2 Analytical Model of Dart Throwiwq -

Although Anderson and Pitcairn (1986) stressed the necessity of a
precise biomechanical model of the Ehrof their afalysis /completely

ignored the kinematics of the throw, especially the release variableg

e

which govern the vertical and horizontal range of the projectile.;"in

the present study, a simple analyticai model was created in order to
0

determine the dependant variables and test the hypotheses of gPe study.

/
Thg model does not include the effecgs of 1lift and drag forces upon the

flight of the projectile. =

The vertical distance (or ~board height, BH, as defined by the
analytical model) travelléd bY a projectile is governed by the

horizontal distance to',the target (RD) and height of release (RH), the

-vertical (va and horizontal (VH) release velocity and the angle of

release (PRO). Given the latter variaﬁles, the flight time (FT), time

. [}

-
°

3
v
// - p - 4

t3
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to peak vertical height (TUP) and peak vertical height (SUP) are

calculated by the folloﬁing equations:

FT = RD/VH ' _ (1)
TUP = VV/g (2)
SUP = (g * (TUP) squared)/2) (3) , -

whefe g = acceleration due to gravity (9.81 m/s/s)

The hei;ht (vertical peak) of the dart with respect to ground level
(PHT) is calculated by adding tpe peak verticala‘heiéht (SUP) to the
vertical height of release (RH). The time spent in desceAL (TD) before
contacting the target and the distance descended (SDOWN) are calculated -

by equations 5 and 6:

PHT = RH + SUP - (4)

TD = FT - TUP (%)

SDQWN = (ga* (TD) squared)/2 (6)
v .

The vertical height at contact with 'the target (BH) is calculated by *

-
t

subtracting the distance gescended from the peak height, as calculated
by equation 7: i ( ' ‘
BE = PHT - SDOWN © AT
It is obvious that theré'exists an infinite combinaéion of velbcity,

release height and distance which will produce the saTe height of
contact on the board. The rang% of the geometric variables is narrowed
or constrained by the thrower’s stance and segment lengths (affecting'RH
and RD), and the ceiling height (affecting VV). The strategy of é}

particular thrower of any skill level must reflect an attempt to

constrain their movement kinematics to produce a consistent release

A
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velocity 4nd height. ' ,

As previously described in the introductory chapter, the model, was®

[

' utilized to generate feasible y%hrowing strategies as well as the
¢ .

statistical. hypotheses of the preseht investigation. A  practical
. ‘o

strategyy for throwing darts to targets situated at various vertical-
" board cbor?iﬁates was demonstrated by the model. This strategy invSlved
thé manipulation of release height'and‘ angle while m taining a
cénstantArelease velocity. Release height is diregtly related to the

spatial orientation of the body segments at release while release angle

(path) is related to the trajectories of the distal segments at release.

\

« From the initiation of the throwing hovement until rélease, the dart

and hand comprise a single segment due to the grib on the dart by the

‘ ? fingei‘s._° The trajectory of the hand/dart throughout the throw
.o i'encompasses the vertical and horizontal Ve}ocity and the angle of path.

o L The.timing of release is vitally important since the heidht of contact

A

at the board is solely dependant upon the dart’s velocity, angle of path
-
and vertical and horizontal release heights. The goal of the throw

- therefore require$§ the propulsion of .the dart to a point in space where

the trajectory produces a successful vertical coordinate at contact with

7

. the board. The question.of hdw the nervous system may specify the
: iy
variables necessary to accomplish this strategy involves a discussion of
‘command hierarchy and goal-directed arm movements. P .

o

2.3 Theories of Movement Planning

-The production of movement is integral to the survival of all higher
] / *
life forms. From birth, humans develop the ability to coordinate a

L v
*’I’ neuromuscular system which enables the production of skilled movement.

h (-4

~
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Movement is accomplished via a complicated controllé; (central ne;;ous
system) and effector (muéculoskeletal) mechanism.+ The hierarchy of

command postulated by Bernstein (1967) 1s organized such that the

ﬁcontfoller (highest center) specifies the bare outline of the movement,

while the. spinal cord {(lowest center) .furnishes the muscles with the

movement particulars: Greene (1982) asserted that the spinal cord "
contains mechaﬁisms for: 1) the; selection of the involved musculature
and 2) the commands to transmit to.the selected muscles. Centrally
initiated commands cause contractions in muscles or groups of muscles,
which in turn create torques on the joints where they insert thereby
éreating movement of the limb at the particular joint. The degrees of
freedom %&oblem proposed by Bérnstein (1967) states the potential

limitations of the brain as the sole controller of coordinated, multiple

joint movement.
The musculoskeletal degrees of freedom are equal to the number of

coordinates required to designate the configuration of the articulating

segments (Hasan, Enpka "and Stuart, 1985). 1In other words, the degrees

of freedom can be defined as the number . of axes about which a joint can

B q . ° .
revolve. - For example, the human arm possesses seven mechanical degrees

2

of freedom: three at the shoulder joint, one at = the elbow joint and -

2

three at the wiist. However, all three-dimensional hand orientations

=4
L4

are made theoretically possible through six degrees of freedom.’
Hollerbach (1985) pointed out the kinematic redundancy of the desigh of
the, arm, stating that such redundancies are " ... useful for obstacle:

avoidance, - for elimination of\tntenpal singularities, and for joint

limit avoidance.” The redundancy of the arm is - also disadvantéYeous,

% N M . (
4
-
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: ) since it makes an inverse kinematics hsolution (the ‘tran;formation of
segment positions and spatial opiehtatibns into a time sequence of Jjoint -
coordinates) a very cpmplq&,calculation indeed (Hollerbaéh, 1985). \

Given these seven degrees. of freedom there is<%i\ infinite number of

paths a segment, or group of segments, may follow in order to accomplish

“a task (Hasan, Enoka ‘and Studtrt, 1985). A favoured path may suggest a

‘ relationship between - the angles of the various joints involved in the
producection of the given movement. Due to such a préference féy may be
said' that the nervous system has reduced the degrees of freedpm (Hasan,
Enoka| and Stuart, .1985). The concept of coordination mai be more

precisely defined when related to this reductiﬁh of the degrees of

freedom egffcted by the central nervous system (Bernstein, 1967).

( L ‘Although 'Bernstein’s theory (1967) of command hierarchy is considered

.

plausible, it cannot satisfy‘questiqns concerning: 1) the mechaﬁism
whereby the position of the target object is specified (terminal valués
of\joint angles versus a global coordiﬁate sfétem), 2) the level wheré
ythe identity and timing of f;é involved musculature is selected and 3)
how the  adjustment of muscle activity is undertaken when movement is
ﬁerformedoagainst a resistance (Hasan, Enoka and Stuart, 1985).

In order to produce a skilled movement of the hand - to a target,
lpomputations must be performed concerning how to move the arm and hand
while maintaining the center of gravity over +the base of support
(kiﬁton, 1984). For a _moveméht to be 6bmputationally simple, the
smallest number of degrees of freedom muét be chosen ipch_ that the arm

and hand can assume all possible three dimensional orientations (Greene,

)
‘:h‘ 1982). The initial position of the ' segments must determine the pattern

L]

t ) )
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of cowmands from the nervous system .to lhe musgpiature (Hasan, Enoka and

. Stuart,:1985). Robotics research has also provided valuéble insight
into the'broblems encountered by the central nervous systemﬁ;rior to and
‘dgring the control of skilled movement (van Dijk, 1978; Sakitt, 1980;
Benati, Gaglio, Mo;asso, Tagliasco and Zaccaria, 1980). . -
A basic’element of the organization of movement is known as the
muscle synergy; a :prograﬁmed__combinatiog of agénist and antagonist
muscles which cooperate during the production .0of v luntary. movement'
(Greene, 1982). Lee (1984) stated that: synergiesacan bs defined in the
sense of goal-direction (the.;ﬁteraction' of components - to obtain an
output gﬁal) or morphology“(taking~into account the neural constraints

imposed upon movement production). In studies of ggal~directed arm

pointing movements, ~ Soechting and Lacquaniti (1981), Lacquaniti,

' Soechting wand Terzuolo (1982) and Soechting (1984) have described
coupling (synergy) of the‘shoulder and elbow joints, while thé latter
study deﬂ@nstrated the independant control of the wrist. Suih results
suggest that individual?joints can be split from the general synergy via
an inhibitory process, 5erﬁitting‘sepafate movement control (GRaene,
\l982).~ Indeed, Anderson and Pitcairn identifieé the wrist qngle at‘
release to discriminate between low miéses and hits )well as low and

, C
high misses in condition 1. fhis result may sudgest the presence of

-synergistic control of‘”the individual segments comprising the arm ln a
dart throwing task. , ) 9
Hollerbach {(1985) stliﬂga one possible level of movement.planning go
’ be trajectory planning. Trajgﬁﬂbry (or -enépoint).planning involves the
Q specification of the position and orientation of the hand a;xd _the

. e,
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LI

%%ransformation (via inverse kinematics)‘into a time sequence of joint |

angles. Models' utilizing the’endpoint approach yield both straight—1line
and curved -hand paths (Abend, Bizzi and Morasso, 1982). ’Evidence of
hand trajecéo;y planning (Moiégso, 1981; Abend, Bizzi and Morasso, 1982;
.Lacquanitij Soechting and.Terzuolo, 1982) has described the possibility
for ‘the reguctibn’ in the degrees of freedom in the control of arm
mdvem;ﬂts. }t " has also been demonstrated that movement trajectory is
independaht of Velocity and,\load (Abé;d, Bizzi and Morasso, 1982;
Lacquaniti, Soech?ing'and Terzuolo, 1982). Thus; the path followed by
any pa;ticular segment or group of segments may be specified regardless
of movement velocity:  This model of control is exemplified in varioué
tasks and supports thé viability of the strategies hypothesizeé in the
present study. )Trajectory planning is one of the goals of the dart

LN

tﬁrgw and requires .further elaboration.

A

Lacquaniti, Soechting and Terzuolo (1982) stated that "... .one can

expect to find concrete expressions of "the- rules governing the

. organization of the movement in the invariant characteristics of the

movement’'s parameters ...". The existence of variant and invariant

”'chafacteristics in discrete gf;.nfd‘cyclic motor tasks . Has beewg?dentified

in human locomotion (Winter, 1983), posture (Nashner, 197 and arm

trajectory (Abend, Bizzi and Morasso, 1982; Lacquaniti, Soechting and
Terzuolo, 1982; Soechting and Lacquaniti, 1981). ‘ Soechting and
Lacquaniti (1981) attemptedl to identify the invariant aspects of a
gimple pointing movement through examination of joint angles and hand
trajectory. Subjects were asked to execute pointin; movements in the

sagittal plane towards a target on a television screen and were-given no

4
%
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further instructions - regarding accuracy.” The following criterion
starting position was selected: upp;r arm -in a ver£ical position,
forearm in a ho;izoﬂfal position andvindex finger extended.

The nature of the experimental setup permitted two degrees of
freedom, shoulder: flexion and elbow extension, and did not require a
specific hand orientation at tafget contact. Soechting and Lacquaniti
(1981) found that the spaﬁ{gl trajectory was independant of the movement
velocity and was invariant from trial to trial, which suggests that the
planned vafiable was the trajeétory and not the ‘torqués selected to

LA -~
trajectory. The authors asserted that movement velocity

produce ‘the
changes .do not simply- reflect scalings 1in the torques acting at the
shoulder and elbow” since the net torques are a combination of inertial:

torques, Coriolis forces and grévitational torques. Soechting and

lLacquaniti (1981) also found that the ratio of the maximal velocity at

the elbow;and af the shoulder was equal to the ratio of angular
displacemeﬁt at the same two joints, +the two angular velocities reach
their maxima at tﬁe same time and the slope of the angular velocities
was independent of target locatioé. Soechting and Lacdquaniti (1981)
postulated that the movement 1is organized and”'planned in terms of
intrinsic\coorainates (shoulder and elbow‘angle)‘rathef)than.in terms of
extrinsic coordinates (target position), which requires the existenée of

a transformation mechanism between the two sets of coordinates.

3 ¢

3

. Y :
Soechting (1984) studied the effect of placing an accuracy
constraints on finger pointing movemeﬁts. Subjects were instructed to
point to and touch targets with diameters of 2.2, 3.5- and 5.0

centimeters. Two target locations were utilized, with one target
\ .
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sltuated 25 ?entimeters above the other. Movement speed was vafied from
trial +to trial while the éiérting position was maintained constan{;%;
. Soechting found a tight coupling existed between s?oulaer flex;on an
'elbow extension while the wrist . moved indépen@antly. The author stated
that shoulder and elbow Ycoypling is virtually a prerqguisité due to the
inertial coupling of the two jointé and that their motion is
cé;régulated.' Although motion at thetwrist can be coordinated with the
ﬁprd&imal 'joints, forearm pronation and éupination is not inertially
* coupled to motion at the shoulder and elbow and can logicallygfbe
regulated independantly. \Soechting (1984) stated that two variable; may
designate * the térget: its spatial %Pcation and arientation. ﬁand
location is primarily determined by excursioﬁ at the shéyider and elbow,
( while hand orientation is determined by wrist; rotation. This'finding
does not imply tﬂat Qrﬁst motion cannot be coordinated with motion at
more proximal joiﬁts when it is the goal of the movement, due to
biomechanical constraints (Soechting, 1984). ‘
Lacquaniti, Soechting and Terzuolo (1982) studied subjects pepforming
" pointing movements to targets while holding a 2.5 kilogram weight in
their hands. The experimenters ofice again found that the trajectory was
iandependant of the presence of the 1load a;1d movement speed. A second
experiment was performed with a rod strapped to— the suﬁjéct's forearm, .
effeétively doubling its length. :Upon examination of the resq&?s, ﬁ%e
authors argued that movement control and organization must occur at two
discrete hierarchical levels. A lower level compensates for parameters

such as load, while a higher level plans the movement trajectory. The

c results led Lacquaniti, Soechting and Terzuolo (1982) to postulate that
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the extrinsic target “coordinates were in fact 3apped to intrinsic

coordlnates of joint angles and segment lengths -

Morasso. (1981) invebtigated the spatial  control of the arm
trajqctories of humans performing a targeting task. The subject’'s arms

were strapped ‘to a manipulandum and were constrained "to perform

a
*y

movements comprised of two degrees of freedom in the horizontal plane.
Although shpulder and elbow angular velocity curves exhibited single aﬂd

double peak profiles, the tangential: hand velocity curve was single

peaked. Morasso (1981) hypotheéized that the central command/s

qcontrolling the movements specified a spatial control of the hand. Such

a mode of coﬂtrol requires the existence of a.higher order .mechanism
which pefformé the transformation of spetial coordinates and commands «:
into joint motion.‘ 7
Previous researc£~has focused on the underlyfng meehanism controlling
the dart throw and ignored the movement kinematics controlling the
success‘of the throw. The theoryl of trajectory plann}ng encompasses
both goals of the preéent investigation: the planning of movement
trajectory and segment orientation. Trajectory planning of a movement
may Ee organized either in'terms of joint angular coordinates (Soechting
and Lacquaniti, 1981) or the +transformation of extrinsic spatial

coordinates into a sequence of joint angles. (Lacquaniti, Soechting and

Terzuolo, 1982, Morasso, 1981). Segment orientation 1is a result of the

" coordinated reduction of the degrees of freedom of the moving joints

which produces the favoured trajectory' (Hasan, Enoka and Stuart, 1685).
Regardless of the nature of the planned péiameters, research has

indicated that 'hand location and orientation may be controlled
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separatel? (Soéchting, 1984)'and that movement cqntrol”ané organization
occurs at two distinct hierarchical levels (Lacquaniti, Soechting and
Terzuolo, 1982). Research has therefore demonstrated thé possible means
”}bhereby the goals of a successful dart throw, namély the control of hand

trajectory and seg@ent. orientation, could be accomplished. A study of

~
the kinematic strategies: utilized- by dart throwers was therefore

4

warranted and undertaken.
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CHAPTER III ’

METHODOLOGY

/

® .
selection: and preparation, cinematographical procedures, data

The following\ section contains a complete account of subject

’

measurement and analysis, research design and statistical methods. The

purpose of this (study was to investigate the kinematic_ variables

reflecting the Ygriant gnd invariant aspects - of the strategies of
subjects of twd ability levels performing a 'dart'throwing task. The
. second concern of this study was to examine the kinematic variables
iwhicﬁ.differentiateé the lgvel of skiil 5f the subjects participating in

o«
. the experiment. - B Y e

3.1 Subject Selection
, ¢ . ot

Four male right~handed volunteers "were enlisted through personal

communication as subjects for ¢ the present study. Two expert subjects

. were recruited from the "A” division of the Montreal Dart League and the

femaiﬁiné two subjects were recruited on campus and classified as novice
players. The expert subje;ts‘ had recently coméeted in the Quepec
provincial dart championships and had préviously pla&ed matches again%t
various world class dart piayers.

3.2 Subject Preparation .

1y

The subjects reported to the Arthur Currie Gymnasium prior to the

v A

cinematography session, whereupon their body mass, height and the

L

" lengths of the body segments were recorded. The subject’s darts were

weighed on a Mettler calibrated scale accurate to 0.1 grams. The dart

C < ~
U~
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lengths and the location of the center of gravity (as measuféd by a
balancing technique) were also recorded. The stbjects then changed into

athletic shorts and an assistant placed indelible black dots over the .

following anthropometric landmarks:

.

1 - the base of the fifth metatarsal: FINGER MARKER
2 — the ulnar styloid process at the right wrist: WRIST MARKER,
3 - the lateral epicondyle of the right elbow: ELBOW MARKER
4 — 2.5 cm below the acromion process of the
right shoulder: SHOULDER MARKER

5 - the third cervical vertebra: C3 MARKER .
6 — the yight iliac crest: ILIAC MARKER )
~* . ) v )
. s The experlmenter verbally explalned the test protocol to the subjegts

°

and any questlons were answered without explalnlng the prec1se nature of
n .
the study. Advised consent forms were completed by each individual.

( The subjects were permitted to warm up in a draftless conference room
which had been previoﬁsly set up. There was a one half hour period

during which the subjects were encouraged to warm up.as they would prior

» e

to a match or competition. - .

- ]

3.3 Cinematographical Procedures

s

¢

R ) s 3
‘The fi;miqg session took place in a draftless conference room located
. in the Arthur Currie Gymnasium. A WINMAU dart board was secured to the

wall such that the bullseye was 173 centimeters from thé surface of the
. b , !
floor. The double twenty and double three were located 17 cm above and

below the bullseyé, respectively[/’&The inside of the bullseye was
~composed of a radius of 1.6 cm (area = 8.04 squ;j; cmi, ﬁhile the
doubles were 0.8 cm by 5 cm (4 square cm) as meashred from the inside
wires. ' A section of white masking tape marked the throwing 1line, set

o

c 237 centimeters from and parallel to the wall. The subjects were

N

N
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qumitted to place positional markers on the floor to facilitate

g consistent foot placement. These markers were subsequehtly utilized in

?

the filming of a two dimensional matrix ‘prior to the actual data

3
°

P

collection.

A high speed Redlake Locam camera (Model 51-003), outfitted with a
, wfae angle léps, w?s set up '2.81 meters perpendicular to the throwing
'ﬁlane of action, in order to fil@ éhew sagittal plane. The Locam was
loaded with Kodak 4—# reversal /colour film (type 7250) and was set to
film-at 150 frames per second, necessitating an exposure time,éf 1/675
and an F-stop of 2.6. A bank of three 1000 watt lights illuminated the
planeﬁgfmbagiionu A timing light generator was céhnected to the Locam
and was set‘éo flash lOO‘ti;es per second. The flashes appeared as ;ed
O ¢ dots on the side of the proucessed film and were used to compute the film
.speed during each individual trial. A two dimensional matrix (1.00 m by °
0.40 m) was placed level to thé toe marker of each subject and filmed.
The subjects’ trials were ideﬁtified by two numbered markers (target and
trial) %hich were placed in the ‘lower right corner of  the plane of
action. The exposed film was\deéelobed by Mount Royal Film in Montreal,
Qﬁebec. . " ‘ I '

3.4 Data Measurement and Analysis -

.. i
The subjects performed eight t%ials at each of the three

pseudo-randomized levels of the target bonditiop:

!
\ f L
1 - Double Twenty (top) ~ D1 (190 cm above floor) / S
2 - Bullséye (center) ~ D2 (173 cm above floor). I

3 - Double Three (bottom) - D3 (156 cm above floor) b

0‘ The selection of the target location about the vertical [line
ﬂ * —~ ! ~3
<

.
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‘bisecting the dart board through the bullseye' was performed in an

“attempt to restrict the movement to the sagittal plane. The order of

-

‘trials at the targets wae gene;hted by a BASIC program and the subjects

were informed of the target location prj:orL to each series of throws.

\ >
After assuming their throwing posture, the subjects threw three darts at’

the target, while only the third throw was recorded cinematographically.
. o .

The expert subjects chose to throw only the third dart at the tapget
after having tﬁroyn the first two darts to the left or’ riéht lateral
side of the target, in order to reduce the chance of a déflectlcn |

The camera was?®™ started during the end of the almlng action and was
stopped after the dart contacted the board. Aﬁter ch throw, an
assistant recorded jkhe horizontal distance between the /Jinside (center
side) of the tip of the dart and the inside of he closest wire of the
target for the:pufpoée of predicting the -contact point .on the board.
The angle of the ,dart from the horizontal was also measured to the
nearest degree using a protractor. Trials °'where the de;t contacted‘tpe
wire~of the target and fell to the floor were considered successful and
were not repeated, | Any trlal was repeated when the‘ subject or the
efperimenter felt ' that the dovement was hot representative of tﬁe
participant’'s ability level.  After each subject completed the . eight
trials id each of three target condltlons, the next subject . warmed up
until he felt ready for the filming to commence. 4 \

o

3.5 _Data Analysis}

One trial each of Subject 2 (at D3) and Subject 3 (at D1) were

: 3
impossible to analyze due to an internal problem with the Locam. The

remaining trials (n=94) at each of the three target cond;tione were
. ‘ 7 .



()

) (\ g
28
selected for an;lysii. Prior to digitizing, the film was inspected and
the initiation of the throwing movement was marked as the time point
corresponding to the film frame where the dart-hand began moving toward
the board. The release was marked as the time point corresponding to-
the film frame where contact between the fingers an dart was broken.
The proceésea film w;s projected By a LW pin—registerea stop—action
projector onto a éumm;graphics digitiz{ng *board. A Watfiv -digitizing
program (D.E) program facilitated the digitizing process by prompting -
the user with +the frame number gnd name of each body marker. The D.B
proéram prohgbitted the loss of any digitized data and insured the
correctﬂ order of digitization throughout. The,—horizontal (x) and
vertiéal (y) coordinates aof the body 1landmarks, tip and flight of the
dart and reference points were registered using a handheld ‘- cursor and
stored as a file by the digitizipg brogram on the McGill MUSIC-A system.
"A Watfiv (DATAPROG) program adjusted the vertical ané horizontal
coordinates of the origin +to a common reference point 1in order to
compensate for any movement of the p}ojector or film frame during
advéncing the film. Subsequently, the digitized éoordinates of all
trials during which éhe Locam was operat}ng above or below the criterion
150 frames per second film speed were further ad?usted by a cubic spline
Watfiv program (SPLINE). The raw x,y coordinates were smoothed by a
low—pass recursive digital filter (Wood, 1983).
The selection of the cutoff frequencies was performed by running a
trial of each subject through the entirg gamut of Kinematic and

modelling programs at increments of 0.5 Hz. "The following cutoff

frequencies were selected for the toe line marker (4.0), the tip of the

P

\,
N
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dart (6.0), the flight of the dart (6.0), the base of the fifth
metatarsal (6.0), the ulnar styléid process at the right > wrist (6.0),
mthe lateral epicondyle of the right .elbow (6.0), 2.5 cm below the
acromion process of the right shoulder. (6.0), %the third cervical
verteb;a (5.0), the right iliac)cresﬁ (5.0). The first and séEond order
deriﬁatives of displacement.of the _ﬁark;rs and joints as . well as
absolute and relative joint: angles &ere- ¢alculated by the McGill
University Biomechanics laboratory Kinematis prodrams.“—&he oﬁtput of
each run of  the Kinematic program was stored as a MUSIC file from the
operating system—end a hard eopy;was alsQ,ebtained. .

The stored output files were transferred from the MUSIC system By the

2

PCWS software packag% to the 10 mB fiéed disk of a Sperry micrqcomputer
via a Signalman modem. Two programs (written in Microsoft BA:}C) were
utilized to: 1) input the data output by the Kinematic program and 2)
write the dependant variables to sequential files for ‘'statistical and
graphical analysis. The first program computed the vertical and
horizontal coordinates of the dart tip at reiease, the velocity and

»
angle of path of the dart during each frame analyzed and created a file

containing the computed‘data. )
The purpose of the second program -was to verify the frame containin§
the dart release and the selection of the'smoothing cutoff frequencies.
,The program input the smoothed i and y data for a particular £ria1 andz?
calculated the vertical coordinate of contact with the wall or board for .
each analyzed film frame. This program enabled the predlctlon of the

horizontal contact coordinate of Qhe dart at the' board had the dart been

released during any frame prior .to the actual release frame.
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3.6 Statistical Methods

Subjects were divided into two leveis ©of ability (expert and novice)
and were distinguished by their prese level‘ of play. Due to the
nature of the design of the study, do sﬁétist;cal comparisoﬁ% we;;
performed between dbilify level although differences were ~discusseé.
The independant variable chosen for the presentlétudy was targat height
and was comprised of three levels: +top (Dl), center (D2) and bottom
(D3). The dependant variables were the vertical coordinate of release,
the% angle of progectlon of the dart, the resultant velocity of the
styloid 'process of the wrist at release and the resultant velocity of
+£he dart at release. ° )

The Statistical Package for the Social Sciences (SPSSX) package _was
selected to conduct all statistical analyses. Descriptive égatistics of
all measured variables were cbtained via th CONDESCRIPTIVE procedure.
Four parametric oneway analyses of variance (ONEWAY) were conducted to
detegt statistically significant differences (alpha = 0.01) among the

three levels of the independant variable for research hypotheses one

-through four. The absence of one trial for subjects two and three

b

necessitated OPTION 10 (utilizing the harmonic mean) in statistical
analyses. A non-parametric correlational procedure (NONPAR CORRY was
used to obtain t%e Spéarman Rank correlation between release frame and
the frame containing the inflection point of the forearm angular
velocity profile. A parametric analysis (PEARSON CORR) was applied in
order to obtain correlations between the shoulder, elbow and wrist
absolute angles across levels of target height. Student Newman—-Keuls -

s >
post hoc comparisons (RANGES subcommand) were performed zf the

f | \
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probability of the,F

ratio was less than 0.01.

Ve
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/ CHAPTER IV - l

RESULTS

A4

The purpose of this study was to investigate the kinemefie variables

reflecting the variant-and invariant aspects of the strategies gf .

fsubjects of two ability 1levels performing a dart throwing task. The

-~

second concern of this study was to examifhe the kinematic variables

which differentiated the level of skill of the subjects participating in

the experiment. Results are ersented in the following sections:
subject description, comparison of kinematic strategies ,and additional
\ i )

observations.
L]

4.1 Subject Description

L 4
A total of four subjects, two of each ability leveli. volunteered to

participate in the ’‘study. The categorization of ébilitX lewvel was

lof competitive dart playing

performed solely' upon their present level.
experience. Based on this criterion, two pairs of shbjects were
cla551f1ed as expert and novice players respectlvely ‘

The subjects’ elght series of throws at each of the three levels of

target height were recorded 01nematographically. All trials of the film

- were visually inspected and the frames containing the initiation and

release of the throw were marked in order to facilitate digitizingﬂ
Movement initiation was defined as the time point (zero) corresponding
to the film' frame where Ehe\dart began moving toward the board while the

release was defined as the' frame where contact between the fingers and

dart was broken. The developed film was subsequently projected onto a

(9
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digitizing board -and all landmarks apbeariﬁg in each film frame were
digitized. The digitizing procedure commenced eight frames priiifgz the

movement initiation and terminated eight frames K following release -to

allow for warmup and warmdown of the smoothing operation. The digitized

coordinates were stored on-line by the D.E. program intqQ separate MUSIC

files and were later submitted to the Biomecpanics Laboratory Kinematics

programs for analysis. Eight trials at each target’ were submigyed for
. 3.

analysis, with tﬁ@ exception of subject two (Double three, n=7) and
®» ‘ .
subject thr&e (Double twenty, n=7). -
4.1.1 Biometric Data of the Subjects :

N

A descript%oh of the anthropometric data, including the darts used,

pertaining to each subject appears in Table 1. The éﬁbjects differed in
height (171.7 cm to 188.0 cm) and possessed similar segment lengths.
Subjects 3 and 4 (no%%ce players) used the same darts during the filming

session.

~

‘ " )
Table 1 Anthropometric Data by Subject

Level Subject Height Trunk Shoulder Upper -.Lower Hand Dart Mass

arm rm
E 1f 175.3 42.0 22,5 29.0 23.0 9.5 14.1 22.8
Vo2 188.0 38.0 - 22.5 32.0 28.5 (9.0 14.7 23.5
N 3 171.7 43.0 25.0° 30.0 26.0 9.0 15.2 22.0
4 183.0 39.5 24.0 30.0 26.0 ‘11.0  15.2 22.0

UNITS: segment lengths (centimeters)
dart mass (grams)
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4.2 Comparison of Kinematic Strategies

Table 2 presents statisticé'describing the results of all trials of

Yeach subject. Mean error was calculated by dividing the sum of the

absolute values of the distance from the' target (mm) 5} the number of
trials. The expert players each hit £he target in 50.0% oflall filmed
trials while the novicevplayers each hit the target in only 20.8% of the
trialg. A ompariéon of the total number of hits and the mean error and
standard déviation clearly establishes-the differences in ski%l level
between the expert and novice players. I /

The success®'rate at the bullseye (D2)‘ was 75% and 25% for tﬁe expert
and novice level players respgctively. This peréentage was much éreater
than that reported by Anderson and Pitcairn’s (1986) study where the
success 'rate was 8.8% (10 hits in 114 trials) amd 8.2% (10 hits in 122
trials) for the two distance conditions, The success rate of the four
subjécts in the present study is indicative, of a higher 1level of skill
£han that of the novice subject who participatedhin the Aﬁdersoq and
Pitcairn study.

A comparison of the mean errors and standard dewiations of the two
ability levelslreflected a greater variation in error made by the novice
players. The anglg of tpe dart at contact with the board tended towards
20 q§érees for the expert players and 0 degre%s for the novice players.
It is possible that the angle of the dart at contact is indicative of
the finger positién in relation touthe center of mass of the dart at

release or the actions performed by the fingers while releasing the

dart.
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Table 23‘§Descr1ptive~Stqtistics of Trials across Levels of Target

Level‘Subject /Target Hits Mean S.D. Min Max Mean S.D.

Error Angle
L] , .
E - 1 D1 _3/8 9.8 11.0 =26 10. 19.0 2.4
D2 6/8 1.6 3.9 - 2 11 16.5 4.6
) D3 3/8 2.8. 3.4 -25 5 26.7 5.6
E 2 p1 - 2/8 8.0 6.3 -16 16 20.0 1.3
D2 6/8 2.1 5.3 ~-15 . 2 21.4 5.3
D3 4/8 6.8 11.6— -—-34 4 25.1 8.6
N 3. D1 /8 ° 11.9 12.8 -40 g 1.2 5.8
D2 2/8 7.4 .7 —24 1r +90.0 , 1.9
D3 2/8 -+ 9.3 .0 =20 22 .2.3 6.9 ,
. LN . L /’
N 4 Dl 2/8 24.1 25.0 -62 50 -1.3 ‘44.7 )
. D2 2/8 10.3 13.5 -40 - 0 -3.5 4.0 .
D3 1/8 11.9 10.4 -30 10 3.5 6.4///‘
Units: D1 Double twenty \ s
. D2 Double bull //
D3 Double three // )
Error (millimeters) ° // A

Angle (degrees from horizontal)
Min (largest error below the target in mllllmeters)
Max (largest error above the target in millimeters)

4.2.1 Comparison of Absolute Segment Orientations

Tables 3 and 4 ;ilustrate tha initial and rxrelease segment absolute
spatial orientations over the three levels of target for all subjects~
respectively. The three levels of target were: D1 - Double twenty, D2 -
Double bull and D3 - Double three. | Angles are measured from the
horizontal (0 dégrees) and increase in a counter-clockWwise fashion.

Dart players commonly assume one of many possible stances beginning
) with the placement of the foot at the throﬁing line. Subjects one and
three placed their right toe on ‘and perpendlcular to the throw1ng 11ne,

while subjects two and four placed their entlre rlght foot on and
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- paralifl to the line. With respect to the initial segment origﬁtations,

Tablle 3 demonstrates the existence of \teqdencies'for all §ubjecté
regardlegs of skill level. Y

A trend existed whererall subjects leaned (TS) further, depressed thé
shoulder cémplex (SS) and lowered the ﬁpper arm (US) with decreases in
target height., A trend also existed where all subjects begah the
propulsive movement with less flexion of the forearm segmeht (FS) and
more flexion of the hand segment (HS) corresponding with decreases
target height. all subjgcté tended to reduce the absolute angle of tlhe
dart (DS) with decreases in target heigh£, with the exception of subjegt

one.
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Table 3 Segment Absolute Spatial Orientations across Levels

of ?7Tget at Movement Initiation - .
TARGET '
SRttt D1 ‘ D2 - p3
Mean  S.D. Mean S.D. Mean S.D.
Subject - . R \
T8 1 15.8 ( 0.5) 18.7 ( 0.2) 22.6 (70.4)
-2 _24.6 ( 0.7) 28.4 ( 1.0) 31.0 ( 0.5)
‘3 31.8 ( 2.4) 35.0 ( 1.3) -, 39.1 ( 1.7)
4 13.7 ( 0.6) - 16.8 ( 0.4) 19.7 ( 0.4)
ss 1. -52.5 ( o?s) -56.8 ( 0.8) '-60.5 ( 0.3)
2 -52.8 ( 0.7) -56.9 ( 0.4) -61.6.( 0.6) .
3 ' -60.0 ( 2.8) -67.3 ( 3.2) -70.8 ( 2.0)
4 -55.5 ( 0.6) -60.6 ( 0.7) -65.0 ( 0.4)
Us 1 ~-35.4 ( 1.9) -37.3 ( 1.1) . +42.1 ( 1.3)
2 -23.8.( 3.0) -27.9 ( 1.4) -31.6 ( 3.0) )
3 -23.1 ( 5.1) -32.2 ( 3.0) -34%3 ( 2.1)
4 -18.8 ( 2.0)° -21.5 ( 1.8) -24.4 ( 1.2)
FS 1 109.1 ( 8.7) 108.5 ( 1.5) 101.1 ( 0.9)
O 2 103.4 ( 3.1) 100.5 ¢ '1.4) 93.4 ( 3.7)
3 117.7 ( 4.8) .112.6 ( 3.8) 109.5 ( 2.7)
4 112.4 ( 4.6) 110.7 ( 2.5) 108.2 ( 1.7)
HS 1 26.8 ( 1.4) 31.8 ( 1.6) 35.4 ( 0.9)
2 32.1 ( 2.6) 35.2 ( 1.4) 39.6 ( 2.4)
3 39.2 ( 2.2) 41.2 ( 2.7) 41,5 ( 1.7)
4 36.9 ( 6.2) 41.3 ( 6.7) 45.0 ( 6.0)
ps 1 8.0 ( 1.3) 8.5 ( 2.7) .- 2.4 ( 2.1)
2 12.3 ( 2.8) 11.1 ( 2.0) . 8.5 ( 2.4)
3 27.9 ( 4.7) *28.5 ( 2.7) - 27.2 ( 3.1)
4 38.6 (17.0) 53.3 ( 2.9) - 49.7 ( 1.8)

Note: D1 Double twenty, D2 Double bull, D3 Dguble three .
TS (trunk), SS (shoulder), US (upper arm), FS (forearm),

HS (hand), (dart)
i all-anglegggﬁgﬂgpsolute and measured in degrees
Table 4 depicts the subje;ts' tendencies with respect to the segment.
absolute spatial prientatiéns at release. The trend of increased‘angle
of trunk .lean (TE), and depression of the shoulder complex (SF) with

decreases in target height persistéd for all subjects. No such trend
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existed for the anyle of the upper arm (UF), forearm (FF) or hand (HF)

]

for any of the throwers, with the exception of subjéct 1 (FF). The

expert players) exhibite%;a tendehcy to decrease the absolute angle of

—

the dart at release with decreases in target height. Subject 3 followed
the same trend as the éxpert.players, while subject 4 actually incfeased

the dart angle with decreasing target height. ' .

4

v

a

( “ ~



[ ~v 0._'
C ‘ | *
Table 4 Segment Absolute Spatial Orientations ‘across Levels of .
Target at Release
a - [ =
. ‘TARGET
¢ !
Dl - D2 D3
. ., 'Mean  S.D. Mean S.D. Mean S.D, ,
fﬁgbject .
TF J1. ' 13.8 ( 0.6) ' 16.9 ( 0.4) 20.8 ( 0.7) -
2 17.7 ( 2.0) 21.6 ( 1.2) 25.1 ( 0.6)
3 25.8 ( 1.7) 30.7 ( 1.2) 735, ( 2.1) .
4 *12.7 ( 0.8) 16.1 ( 0.2) ~19.6 ( 0.4)
4
SF 1 -43,4 ( 3.5) -48.6 ( 2.7) 4 —53.4 ( 1.7)
2 -52.6 ( 1.0) -57.0 ( 0.5) -61.5 ( 0.5)
3 44,1 ( 4.1y -51.7( 3.2) ~-55.7 ( 3.8)
4 -47.1 ( 2.5) -51.9 ( 2.2) -61.2 ( 2.2)
UF T 1 ~21.0 (10.5) -25.3 ( 7.0)  =25.1 ( i.s)ﬁ o
2 -13.9 ( 6.8) -20.8-( 5.6) -25.1 ( 4.8)
3 -32.3 ( 6.1) . -26.2 ( 5.6) -32.2 ( 8.9) ~
. 4 =25.7° ( 7.7) -30.9 ( 6.0) - -40.9 ( 8.8)
‘: FF 1 73.7 (17.0) © 69.3 (10.1) 67.5 ( 7.4)
- 2 72.6 (10.3) 76.1 ( 7.8) . 84.9 (10.6)
3 82.3 (11.2) . . 70.8 (10.8) 75.0 (19.6) - -
4 76.0 (14.1) 75.1 (15.1) 49.8 (14.3)
up 71 154.3 ( 8.7) 149.8 (- 5.7). 148.9 ( 3.3)
2 111.7-( 7.0) 113.4 ( 6.0) 85.6 ( 2.4)
3 134.8 ( 9.1) 130.9 ( 8.1) 142.2 (14.9) . J
. 4 133.2 ( 9.4) 145.0 (11.5) 122.2 (10.8) ‘
DF 1 -1.4 ( 2.3) - 3.6 ( 2.4) -15.1 ( '3.1)
2 0.5 ( 2.7) - 0.8 ( 3.3) - 2.3 ( 3.3)
3 6.5 ( 4.6) 3.1 ( 3.5) 1.1 ( 3.5)
4 6.0 (,2.5) . 9.1 (21.7) 2.9 ( 8.1)

Note: D1 Double twenty, D2 Double bull, D3 \BRouble three
TF (trunk), FF (shoulder), UF (upper arm), FF (forearm),
HF (hand), DF (dart) »
all angles are absolute and measured im degrees ®

‘The initial and release absolute segment spatial orientations for the
expert and novice players are deplctggkgraphlcally in Figures 1 and 2.
The graphs are of successfuifirlals (hits), are typical of the subject’s

‘:‘ segment orientations across the three levels of target and are drawn to

-
{

-~
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scale. Moving from proximal to distal, the triangles, diamonds and
squares represent the iliac, '03, éhoplder, elbow, wrist and finger_

markers. The graphs clearly display the trend made by all subjects of

lowering thé,elbow with decreases in target height vi%/igy/depfession of
an

the ‘'shoulder complex and an increased -angle of trunk ean. ThLé trend
s

persists from movement initiation to release. .

-

Figures 1 and 2 also qlso ~provide the opportunity to examine the

musculoskeletal degregs of freedom used by each of the subjects.

-

Subject 1 reduced'ghe propulsive motion to the shoulder7/ elbow, wrist

~

and finger, .eliminating movement of +the +trunk. Subject 2 further
- i -0 . )

-

reduced £he aé£ién Po motion at the wristcand finger markers only, with
all movemént tgkingwb%ace about the virtuall§ motionless elbow joint.
Subject 3, like Subiect 1, restricted the motion ;o the shoulder, elbow,
wrist and finger, yet moved the elbow through a greater range of motion.
Subject 3 calso tended - to move both trunk marke&s in thet Qertical '
direction, especiallf\iﬁ bl.‘ Subject 4, reduced the throwing action to
gotioh at the elbow, %riét and finger m%%kers only and propelled the
forearm through a greater range of motion than the expert players. The

© -l

graphs distinctly illustrate the greater range of motiog at " the wrist
. Y o . '
(the anglé formed between.the forearm and hand) of the novice players

. ¢
when compared to the expert players. -

3
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Figure 1: E$<pE|"1'2 segment ofFientations selected from typical

trials at movement initiation and rel ease. Condition 1 =
Dgmble Twenty, Condition 2 = Bullsevye, *Condition 3 = ‘Double
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4 .
- ]
# . .
/ &



NOVICE SEGMENT ORIENTATIONS

0 E)
-
14

Condition 1 Condition 2 Condition 3

~ | )

Conditien 1 Condition 2 Condition 3

X
.
A t‘ S N
-
ar e
¢ -
. N

~ e

Figure 2: Novice segment orientations selected from typical
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trials at movement initiation and rel ease. Condition | =
Double Twenty, Condition 2 = Bullsevye, Condition 3 = Double
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4.2.2 Comparison of Release Kinematics

The dependant wariables selected in this study wvere: 1) the resultant
velocity of the styloid process of +the .wrist at release, 2) the
resultant velocity of the dart at release, 3) the angle of projection of
the dart at release and 4) the vertical coordingte oﬁ the dart at
release. Hypothesis one concerned the differences . in the resultant
velocity of the styloid process of the wrist at release (WRV) across
levels of farget height. The second Qypothesis involved the'differences
in the resultant velocity %£ fhe éart at release (DRV) across levels of
target height. The "Ehirg’hypothesis was reléted to the differences in
the angle dof projectioﬁ of ﬁhe‘aart at release (DPATH) across levels of
the independantnvariable. Hypothesis four concerned the differences in
the 'vertical coordinate of the dart at“Zfelease (RH) across levels of
target height. A

During the ;halysis, iE was deemed necessary to fully analyze the
trajectories of the wrist, finger and dart at release. The analysis was
extended to include the finger and wrist marke¥s in order to demonstrate
differénces between the strategies of the expert and novice players.
The abscence of one trial necessitated performing ANOVA’'s adjusted for
unequal sample sizes utilizing the harmonic mean 4in all statistical
analyses for subjects two and three. Full ANOVA tablgs for each
dependant variable are présented in ,Appendix B. Alpha was set at 0.01

\

for the testing of significance.

]

~ Table 5 contains descriptive statistics of the' kinematic parameters
. .
pertaining to the wrist marker ahd demonstrates the consistency in the

P
resultant velocity of the wrist at release across levels of target for -

) N\
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all subjects. Thexe were no significant differences in the resultant

velocity of the wrist at release (WVR) for any of the four subjects and
hypothesis one wés therefore accepted, However, ‘the Histqgram presented
in Figure 3 demonstrates a'éiight trend of reduction in wrist velocity
with decreasing target héight existed for 4ubjects one through three,

¥

while subject four actually increased WVV with decreases in target

height. VR ", /{/,
4

~
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Table 5 Kinematic Parameters of the Wrist Marker at Release
for Expert and Novice Players across Levels of Target

Level of Ss Target WRV WPATH wWvv - WHV
Play (m/sec) (degrees) (m/sec) (m/secC)
E 1 D1 3.14 11.20 09 3.00
.16 . 2.94 .1 .13
D2 3.13 11.49 0.63 3.06
& .19 2.81 " .16 .18
D3 3.07 9.39 0.51 '3.03
.15 4,31 .17 .13
/ * ' *
E 2 . DL 3.29 - 3,22 -0.18 3.28_ -,
.17 3.16 .17 .18
D2 3.17 - 6.68 -0.36 3.15
.13 2.95 .15 .15
D3 3.10 °  -11.67 -0.62 3.03
.16 2.66 .12 .18
* *
N 3 D1 2.92 11.27 0.58 2.86
.24 4.15 - .23, - .21
D2 2.78 15.74 0:76 2.67
o .19 2.71 . 1% .16
D3 2.67 - 6.46 0.34 2.64
.38 o 7.72 .33 .38 ,
* . .
N 4 D1 2.59 2.90 0,18 2.50
N .20 4.39 .23 .15
, D2 2.59 - 1.39 -0.03 2.58
.56 4.15 .21 .55
D3 2.67 0.85 0.05 2.65
.25 ‘ 4.18 .21 .25
* : p < .01 ' v
WRV :  resultant velocity of wrist at release '
WPATH: angle of path of wrist from horizontal at release -
WVV ¢« vertical velocity of wrist at release ~
WHV : horizontal velocity of wrist at release
>~

{

ANY
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Figure 3: Resultant velocity (meters/second) of the wrist marker
at release for four subjects over three conditions.-
Significant differences were ;Qidént in the wrist vertical velocities
(WVV) for the expert players only (Tab}e 5). No differences were found
in . tpe horizontal velocity of the wrist (WVH) for .any subject.
Signi;icant differences in Ehe angle of path 'of the wrist at release

Q

(WPATH) were found. for subjects one, twé and three. The standard
deviations of the kinematic variables r;latipg to experts; wrist markers
were generally smaller than those of the novices, reflecting the greater
amount of noise in the nervous systems of the novices.

_ _Table 6 demonstrates the absence of' any statistically significant
,differences in the resultant velocigy of the finger at release (FRV)

with the éxception -of subjéct two. Subject two also displayed

o significant differences in the horizontal velocity of.the finger marker

: ‘ 1
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at release (FVH), whiIe the remaining’ subjects did not. Significant
differences in the veftical velocity of the finger (FVV) and path of the

finger at release (FPATH) were ?n evidence for the expert players &as

-

only. L The standard deviations of the kinematic variables describing\the

experts’ finyer markgéﬁi especially FPATH, were once again smaller than

those of the novices.
* |
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Table € Kinematic Parameters of the Finger Marker at Release
for Expert and Novice Players across Levels of Target

Level of Ss Target FRV FPATH FVV FHYV
Play (m/sec) (degrees) (m/sec) (m/sec)
E- 1 D1 4.53 20.08 1.55 4,24 .
: .16 4,32 .31 .21
D2 4.55 13.95 1.09 4.40 \3
.23 ’ 5.08 .37 ¢ ., 27
-D3 4.38 11.71 0.89 4.28
- .10 3.27 .25 .10
* *
E 2 D1 © 4.36 1.38 0.11 4.34
.14 4,58 .35 .14
D2 4.27 - 1.42 - 0.11 4,26
' .09 3.58 .27 .09 /
D3 4,10 - 84 - 0.48 4.08
.10 3. . 26 .15
* * * *
N 3 D1 4.17 12.64 0.93 4.05
.33 5.48 .43 .28
D2 3.85 16.58 1.10 3.68
A5 3.87 .27 .13
D3 3.63 ) 4,15 0.35 3.52
.53 15.36 .88 .56
N 4 D1 3.82 . 12.47 0.81 3.71
.21 5.77 .34 .28
D2 3\%3 '6.67 . 0.49 3.87
.46 7.24 .57 .38 "
D3 3.52 13.20 . 0.80 3.42 (
v .16 4.50 .26 .19 -
* : p < .01
FRV : resultant velocity of finger at release
FPATH: angle of path of finger from horizontal at release
FVV : vertical velocity of finger at release
FHV : horizontal velocity of finger at release

Table 7 illustrates qbe statistically sigﬂificant alterations in the
height of release (RH) made according to target height by all subjects,
thereby'verifying ‘hypothesis four. The increased angle of trunk lean

0 (TS and TF) and depression of the shoulder complex (SS and SF) served to

*fﬁ
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'between D1-D2 and D1-D3. >
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lower the elbow and hand correspondingly with decreases in the height of
the targét. Tukey comparisons (Table 8, Appendix C) revealed the
existence of significant differencesﬁbetween each level 6f target for
both expert and novice subjects.

Only subject ﬁgur displayed significant differences 1in the dart’s

horizontal velocity (DHV) at release. All subjects, excluding subject

) two, released the dart at significantly different resultant velocities

(DRV), lending support to hypothes&g two. Tukey comparisons (Table 9,
Appendix C) &evealed that subjects one and " four exhibitted differences
in DRVﬁbQFweeh D2-D3 only, while subject three demonstrated differences
Significant differences in the dart ' vertical velocity (DVV) and dart

angle of':path (DPATH) at release were established for all subjects.

‘This angle was calculated as the arctangent of the release vertical

velocity divided by the release horizontal veiocity, verifying
hypothesis three. Subjecfs of all levels of ability altered the
projgctipn ijgle by significantly changing the dart’s'verfidal velocity
at release. Once again, the standard ‘geviations of the \kinematic
variables relating to the experts’ darts were generally smaller-than
those of the novices. Tukey comparisons revealed the egfgtenCe of
siggificant differences between each level of target for subject two  and
between D1-D2 and D1-D3 for subjects - one and four. éubject three

-

exhibitted differences between D1-D3 and D2-D3.

—t?



Table 7 Kinematic Parameters of the Dart at Release for Expert
and Novice Players across Levels of Target

Level of Ss Target RH DRV DPATH DVV . DHV
/ Play (meters) (m/sec) (dedrees) (m/sec)(m/sec)
{ | E 1 b1 1.89  5.25  19.94-  1.78 4.93

.01 .20 2.81 ¢ .19 .26
D2 1.85 5.36 13.90 1.28 5.20
.01 .24 - 2.59 .18 .29
D3 1.79 5.0 12.90 1.13  4.92
.01 .09 1.29 .11 .10.
* * * *
E 2-- D1 1.94 4.88 20.32 1.69 4.58
.02 .11 ©1.76 .13 .13
D2 1.88. 4.78 16,17 = 1.33 4.59
% . .01 .10 2.02 .14 .13
D3 1.84 4.71 11.45 "0.93 4.62
: .01 .14 1.43 .11 .14
, * . * *
N 3° D1° 1.86 . 4.90 | 21.95 1.82 4.54
.02 .24 2.39 N .29
D2 1.80 4.52 22.11 1.70 4.18
.02, .08 2.08 .14 . .12
D3 1.75 4.52 17.21 1.34 4.31
.03 .33 2.60 .21 . .32
* . * . * *
N 4 D1 . 1.97 4.67 21.84 1.73 4.32
* 03 .10 4.09 .27 .21
D2 1.92 4.89 12.86 1.07 4.77
’ .01 - .55 . 3.09 .18 .59
D3 1.87. 4.27 16.37 1.20 4.09
) .01 .22 2.99 .22 .22
! * * * *
* : p < .01 o ,
RH :{ release height
DRV : \resultant velocity of dart at release

DPATH: |angle of projection of dart from horizontal at release
DVV : j{dart vertical velocity
DHV : /dart horizontal velocity’
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Figire 6: Dart release height (metérs) for four subjects over
three conditions. . -

4.3 Additional Observations . ' ’ -

g
T Ly . . L

During the analysis of the data, observations were made which weére

A+
regarded as pertinent towards a more complete understanding of the

strategies of the/playeis and are presented here.

\
P
Noeoe .g

4.3.1 Analysis of Segment Absolute Angles, . .

i

A correlative analysis was carried out in an endeavour to ascertain

the relationships between the shouldef, elbow and wrist absolute angles

/
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: qtroughout the throw. Table 11 presents the results of this analysis

and must be examined with the segment orientations of figures one and

¢

two 1n mind. ws

Table 11 Correlation Coefficients among Shouldéf) Elbow and .
Wrist Absolute Angles across Levels of Target

Ll

Level of Subject Target: ~ Elbow . Wrist

, ”.\ Pléy - f“ R o r " R S + R
E 1 1 ' Shoulder -.47 .22 -.35 .12
' T . -~ Elbow . . .95 . .90
Q ! g ) . ’ - e
s 2., Shoulder. - -.60 .36 ~-.47 .22
' 4 Elbow . “96 .92
3 '  Shoulder -.84 .71 -.82 .67
S . , Elbow .97 .94
. L P
E - 2 1 Shoulder .31 .10 .31 .10
Elbow, .96 .92
B . L
0 2 Shoulder  =.03% .00 L07*% .00 .
u 2 Elbow, ~ . S .96 .92
( . 3 . shoulder . .40 .16 .31 .10
7 T , Elbow \ .92 .84
* N 3 i Shoulder  -.31 .10  -:14% 502
: Elbow ' . o <90 .81
. ? 2 shouldef  -.76 .58  -.74 .55.
- ' _//Elbow ) .91 .83
;N 3 ( Shoulder  ~-.47 .22. ~-.27 .07
! s "'Elbow S .91 . ,83 N
- ? ! : ;
N- "7 4 1 .- Shoulder -.81 .66 -.45 .20
s \ . *Elbow - .63 .37
. .2 Shoulder -.97 - .94 ° ~-.74 .55
Elbow . & .74 .55 °
i .3 Shoulder  -.75 .56  -.11* .01 ¢
& ‘ ) . . Elbow - - - -~ .43 .18 . _
. P " a * p > .@l N R . " . 0
r = Pearson Correlation Coefficient
: R = Coefficient of Determination L
Co- p = probability of r, with 22 (subjects 2 and.3) and 23 af -
‘? i >
. Y N - -

4 ‘ ’ L
> s . U
-
N
3
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. bf the expert pla}eré, subject one displaye significantlyé(p<.01)
negative correlations of the shoulder-elbow (r = -0.47 to —0.8;) and .
shoulder-wrist (r. - -0.35 to -0.82) -and significantly po;itive
co;relations between the elbow and wrist (r = 0.95 to 0.97).
Correlative results for subject two demonstrdtéd positively significant
correlations of the shéuldéf—elbow (r = 0.31 to 0.40) and shouldér-wrist
(r = 0. 31) and between the el/?w and wrist (r = 0. 92 to 0. 96).., However,
in the D2 the correlation {be een the shoulder and elbow and the
shoulder and wlist of subject tw were not significant. Be£wéen nineﬁy
and’ 94 percent and 84 to 92 percent of the variance ‘in.the wrist angle
was expl&ihed by the elbéw-angle of s;bjgcts one and two respectively. -
. With regard to the novice players, subject three dféplayed
c ‘sigﬁific‘ant\ly negative correlations betwéen the shoulder-elbow (r =
- ~0.31 to -0.76) and shoulder-wrist (r = =0.27 to =0.74) with ‘the
ékception gf the shoulder—-wrist in D1, and a significantly po%itive
correlation Between the elbow-wrist (r’= 0.90 to 0.91). éubject four

also displayed céignificantiy negative corrplations between the
shou&éer*elb§w (r = -0.75 to -0.97) and shoulder—wrist (r - -0.45 to

-0.74) with with the exception of the shoulder—wrist in D3, and a
signifigantly positive cqrrelation Qeéween the elbow—Wrist,kr = 0.43 to

3

0.74).

f

4.3.2 Analysis of Release'Timing

LY

It was noticed during the "~ computer anélysis thaJ the film frame
( naxrked by the experimenter during the digitization ﬁfocéss as the

( ‘release frame often coincided with the first frame where the forearm

o
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\\?ngular velocity turned negétive. Since
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{

it hag been previously assumed

that the inflection point in the forearm velocity profile was indicative

1

of the onset of the movement of the antagonist musculature a correlative

analysis was performed, the

results of which are presented in Table 12.

<

Table 12 Correiation Coefficients between the Release Frame and

the Frame Containing the Inflection Point of the

Forearm Velocity P

Level /0f Subject
\ Play ‘
| s 1
\\
E 2w
N 3
\
\
N 4
\
* p < .01
r = Spearman Rank Correlati
p = probability of r

£

0

rofile

1Y

‘Target n r p

1 8 1.00 : .000 =

2 8 .99 .000 =

3 28 1.00 *.000 =
Total 24 .98 .000 *

1 8 1.00 .000 *

2 8 .96 .000 =+ )

3 7 .97 .000 *
Total 23 .97 .000 *

1 7 .90 + .003 +*

2 8 .87 .002 «

3 8 . B4 .004
Total 23 .93 .000 =

1 8 .98 .000 = .

2 8 .52 .091

3 ° 8 .94 -~ .000 *
Total 24

.93 .000

on Coeff101ent

1

Spearman Rank correlation coefficients between 0.96 and 1.00 were

found for the expert players, while coefficients ranging from 0.52 to

0.98 we;e‘ found for the

oJ

(p<.01) were found for all

exception of subject 4 in D2.

novice players. Significant correlations
subjects in all levels of target, with the

Although no cause and effect relationship

43‘
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can be established between the onset of antagonist braking and release,

it is possible that the timing of release is somehow coupled with that

of the braking action.

»
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| , CHAPTER V

DISCUSSION OF RESULTS

The purpose af this study was to investigate the kinematic\variables
reflecting the wvariant and invariant aspects of the strategies of
subjects of two ability levels performing a dart throwing task. The
second concern of this \séudy was to examine the kinematic Variables

=" which differentiated the level of skill of the subjects participating in
the experiment. Two pairs of expert and novice players were filmed from
the sagittai‘ plane during a dart throwing Essk. In this chapter, tbe

s results of the investigation will be discussed in the following manner.

Each subject’s kinematic data will be interpreted and the self-imposed

congtraints or strétegies Cwill Dbe discussed with respect to
task-related, mugzzzggkeletal and neuromuscular degrees of freedom:

Aiso, "the two ability levels will be contrasted throughout thi's
) discussion.

The research question posed\in Chapter I was: What are the kinematic
strategies of the daft player and how are these strategies modified when
the target heigh@ is altered? An analytical computer model was
developed and permitted the examination of the feasibility'of thrée
possible dart throwing strategies. The most viable strategy for

\ contactiné targets located at various‘ target heights involved the

maintenance of a constant wrist resultant velocity at release, while

manipulating release height as well as dart resultant velocity and path

0 at release. S \
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Four hypotheses concerning alterations in wrist and dart velocity,
path and release height associated with throws to three levels of target
height (D1 -~ double‘ twenty, 190 cm above the floorj‘ D2 - bullseye, 173
cm above the floor, D3 - double three, 156 cm abéve the floox)® were
constructed aﬁd statistica}ly tested. prothesis one concerned the
differences in thf resultant velocity of the styloid process of the
wrist"at,release (WRV) across levels of target height. The second
hypothesis invo;ved the differences 1in the resultant Vélocity oﬁf;he
dart at fele;se (DRV) across 1levels of target height. The third
hypothesis was relatgd to the differences in the angle of projection of
the dart at release (DPATH) across levels of the independant variable.
Hypothesis four concerned the differences in the vertiéallcoordinate of
the dart at release (RH) across levels of target height. Thée research
hypotheses were upheld in 15 of 16 cases, with the sole eiceptioﬁ’being

9

subject two’'s dart resultant velocity at release.
&

5.1 Levels of Deérees of Freedom "

When the degrees of freedom associated with arm movements are
discussed in the literature (Hasan, Enoka and Stuart, 1985; Hollerbach,
©1985), references are made with regpect to the musculoskeletal system,
only. However, in any well defined, goal oriehged task it can be stated

o

gﬁthat thére are four levels of the degrees of freedom: 1) task related

degrees of freedom or the combination of kinetid.,and kinematic
parameters necessary to achieve the movement goal, 2) c énitive degrees
of freedom or the sugject's perception of the‘ task's’ goal, 3)

musculoskeletal degrees of freedom related\ to the geometry of joint
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articulation and the force-time characteristics of the muscle
éontraction and 4) the neuromuscular degrees of freedom reflected by the
movenment kinematics of the individual.

The available task related degréea\sf freedom have been well defined
in the movekent goal of the investigation: A dart player can effect
variations. in thé release height (RH), release vélocity (DRV) and angle
of projection of the dart (DPRO) to achieve a successfiil throw to a
specified target.’ The variationslmay be performed on any ohe or a
combination of these kinemati¢c variables. As premiously statéd in
Chapter I, the dart throwing paradigm ufiiized in'this study requires
thé subject’s simultaneous control of two kinematié parameters: 1)
hand-dart velocity and path (trajectory) and 2) segment orientation.

A reduction iﬁ musculoskeletalldegreeé of freedom must be.a result of
the individual’s cog?itive,attempt at constraining the throwing motion,
including the parameters of stance and joint ndtion. 1In the present
investigation, this reduction is due,to two factors. The first factor
is reza:éd to the experimental paradigm whereby movement was restricted
to the 'sagittal plane by selecting —targets along a vertical 1line
bisecting the dart board through the bullseye., Although movement was
not physically limited in any way and a one camera setup could not
measure action occuring along the 'z’ axis, movements along that_axis
were not observed dﬁring the data collection session." :

d The second factor involves the individual’s self-imposed constraints
on both the available musculoskeletal and neuromusculér- degrees of

freedom. These conStraints must be organised by tﬁe player in such a

fqphiom as to achieve the movement goal. The musculoskeletal degrees of

L

Sy

p
L
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freedom of the trunk, shoulder, wrist énd finger markers were restrained
by both the expefimental design aé well as a cogniﬁive constraint. The
subject’'s strategy is compdsed of these self-imposed constraints made
upon the musculoskeletal and neuromuscular.degrees of freedom. In fact,
given the movement goal and the strategy of the subject, the
neuromuscular degrees of -freedom are the nervous system’s output or
kinematics. In discussing the results of the present investigation, the
subject’s strategies will be discussed with respect to this division of
the levels of degrees of freedom.

5.2 Musculoskeletal Degrees of Freedom

Since it has been demonstrated that the musculoskeletal deérees of
freedom reflect a cognitive effort to consﬁréin joint motion, an
analysis of the subject’s strategies at this level was deemed of
interest. , )

5.2.1 Stance and Aiming

Dart players begin preparation for their series/of throws by assuming
their stance on the throwing line.  Thd importanée 'of a consistent
stance (foot placement) and posture (segment orientations) is
intuitively known to the exéert dart players- 'A small lateral
displacement of the feet from the habitual location of the positional
marker placed on the Gﬁrowing line wguld require' compensatory
adjustments at the trunk, shoulder, elbow and wrist in order to contact
the target. The three dimensional position of the center of graiity
must also be m;intained in a stationary ngition ovef‘ the base of

support prior to and during the throw. Any displacement of the center

of gravity would also require an adjustment in either/or release
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velocityf h?ight and angle of projection during the throw. Althohgh the
role of visual proprioceptive information was not a concern of this
-investigation, it’s function in the aiming process is important and must
be discussed. .

Vision must also play %@'paramount role in preparation for, and
execution of the throw and it seems logical to assume that ?he visual
system guides the orientation of the entire body as well as the dart
during the aiming action. After placing the footf or feet at the marker
on the throwing‘line, players of both ability levels iined up the dart
with the target prior to flexing at the elbow jointrand moving to the
initiation position. This act of lining up the dart with the desired
target allowed for the adjustment of the vertical height of the dart
beforé it was drawn back to the movement initiation position. During
that time span, visual proprioceptive information was likely used to
correct any positional errors input to the system prior t&e drawback
phase»of the movement. Onge the dart was lined up with thé.specified
target, the segments comp?;sing the_Frunk, arm ;nd hand were alsg§
oriented +in their favoured\qégsitions. ;t is therefore likely that
release height was planned during the aiming phase.

' -Regardless of target height, each subject drew the dart back to the
level of the eye in all filmed trials, although the actual height of the
dart from the fioqr varied with the angle of lean of the trunk and the
abggzzéeﬁangles at the shoulaer and upper arm. During digitization, it
was noticed that subject one céased all movement prior to the initiatién

of the propulsive movement fqQr approximately 0.17 seconds (10 ﬁrames).

Sﬁbject two' stopped the movement for one or two frames while the novice

7

( | .
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players performed a continuous movement from drawback to movement
initiat;on. The act of aiming continued over a longer duration for the
expgrt playeps‘compared to the novices -and the movement initiation
position was also maiﬁtained over a longer period of ;ime. The aiming
phase of the throw, which waé not accounted fBr in the preéént study, is
,of wvital importance £o throwingyy accuracy. since the duration of the-
throwing movement is too shofg,to permit advantageéus use of any visual
feedback (Carlton, 1981). Therefore, it is during the time span between
aiming and movement 'initiation tﬁat an& errors may be corrected and
release height must be planned. However, if éhe trajectory was planned
using vision alone (i.e. as a straight line joining the eye and target),
a release velocity equalling the speed of 1light would be required to
contact the target. Thus, the aiming process expiains the planning:of
release hellght yet it does not entirely account for the trajectories of

the wrist, finger and dart.

5.2.2 Joint Motion L\

The stiqk figures presented in Figures 1 and 2 are represéntdt%z%:pf
the subjects segmental orientations at movement initiation and feﬁéase
for throws to the three targets ahd enabled the calculation of the
musculoskeletal degrees of freedom'alqhg two axes (x and y). By far the
most experienced and talented dart plafer, subject 'one’s trial results
corroborated all four rqsearch hypotheses. Of the available
two-dimensional degrees of freedom, tw&iat,the ilium, C3, shoulder and
elbow (eliminating thg wrista and finger), it‘may be stated that subject

one -coordinated his throw wi¢h a 50 percent (4/8) reduction in the

potential degrees of freedom in all 1levels of target, through the

-
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- elimination of movement-at the two trunk markers.’' A highly skilled, yet

less experienced player than subject one, subject two’'s trial results

sustained three of the research hypotheses, s?vé hypothesis two. Figure
1 displays a 75 percent (6/8) reduction in the degrees of freedom of
throws in all levels of target through stationary trunk markers, and

i

vertical motion only ‘at’ the shoélder and elbow markers., ,

Although he was the least experienced of all participators in the
study, subject three's trial results corroborated dll research
hypotheses. An examination of the typical segment orientations at the
movement initiation and release of _ subject three discloses no reduction
in the . potential deérees of freedom in D1, and a 37.5 percent (3/8)
redhctioﬁ in D2 and D3(1Figure 2y, via elkimination of horigpntal trunk
ana shoulder motion. A %lightly more experienced player than subject
three, subject faour's trial results also supported all research
hypotheses. Figdfe 2 «displays a 75 percent (6/8) reduction in the
potential degrees of freed shoulder markers. .

It is Cevideqt that players of both ability levels reduced the
potént;al degrees of musculoskeletal freedom in an attempt to constrain
jdiné motion and increase consistency, thereby reducing error. Although
the noyice players constrained their joint moﬁioaﬁto virtually the same
extent as the experfs, the mean error of dart contact at the board
(Table 2) illustrates the inability of the novices to constrain their
movement kinematics.or neuromuscular degrees of freedom. Finally, the

. . 5
experimental design did not permit an extended analysis of the degrees
of freedom of +the fihgers and thumb, the digits controlling the dart’'s
\ .

release. ¢
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5.3 HNeuromuscular Degrees of Freedom | o

The neuromuscuiar (or kinematic) degrees of freedom are measures of
thé nervous system’'s output given the. task goal, musculoskeletal
constraints and th subject’'s strategy. The measured kinematic
variables include the éegment~ spatial origntations at @ovement

r
initiation ‘apd release, and the marker kinematics. The variant and

- Invariant aspects of these variables and the differences delimitting the

.t

level of skill will be discussed in this section.

5.3.1 Segment Orientation B

The statistic design of the investigation permitted analyses. of

reflects tﬁe noise of the neréous systems of’ the throwers (Anderson and
Pitcairn, 1986). Althaugh Anderson and Pitcairn’s definitjon ‘of noise
wa% applied to . the ,increasq\ in the posiﬁional (x and y) standard
deviations measured from movement initiation to release, the standard
aeviatibns of the variables measured in. the present study reflect the
trial to trial noise occuring at rele;sé. - Co

At movement initiation, all subjects leaned further towa?ds the
target and lowered the angles of the shoulder complex and upper érm with
decreases in target height .and the trend persisted up to release (Table
3)l The adjustment in the orieptation of the more proximal segments
enabled the thrower to line up the dart with theAtérget while aiming.
The subjects’ standard deviations of the trunk, shoulder ahd elbow

segments at bothwmovement initiation and release were relatively low in

a

Lo
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comparison to those of tﬁe nore gistal- segmeﬁts, suggestinq that the
initigtion éésitioné were consistently attained by - all subjects. At
release, the subjects’ spandard deviations of the segment orientations
were greater for all segments than at movement initiation. " Thus, the
movement initiation'position was less noisy than the release positions
due ‘to the utilization of visual proprioceptive information by the
thfowers. -

Table 4 depicts a trend whereby the standard deviations of he
novice's segments were higher than those of the experts (especially-:;;;<\
hand angle, HF), signifying the presence of a greater amount of noise.
It is of interest to note that Anderson and Pitcairn’s (1986) analysis

identified the angle of the wrist at release to discriminate low misses

and hits as well as low misses and high misses. The wrist angles of the

-

novice subjects kweée ‘noisier’ -than those of the experts, suggesting
that the ﬁovice throwers’ hand orientations at release were less
consistent Ehan the e&xpert players and this factor must have contributed
to the greaéer mean error of the dart at contact with the board. )

5.3.2 Interrelationship of Shoulder, Elbow and Wrist Angles

Although the motion of the shoulder and elbow joints were
significantly cérrelated for all subjects, excepting for one case, thé
‘correlations were likely ‘influenced by the inertial coupling of the two
joints (Soechting, 1984). Since no biomechanical coupling of the
shoulder and wrist ‘joints exists, it was no surprise .that such
correlations of shoulder-wrist were also of a low order. Thegg findingsi
were aﬁso influeﬁced ®py the cognitive constraints made upon the

. i[’ musculoskeletal dégrees of freedom of shoulder motion by the subjects.
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Research by Soechting (1984) has dgmonstrated that wrist motion can

be regulgted ihdependantly from that of the more proxigai\ joints.
During the planning stage of this study, :it was assumed that the
subjects’ wrist motion would be independant of the elbow in order to
achieve the sefbéted‘ dart tfajectory: In examining the . results of the
eipert playefs, however, the expert pléyers displayed highly significant
correlations between %he\ elbow and wrist absolhte ﬁngles throééhout
throws to the three targets. These“~findings suggest the existence of a
goal—-directed elbow—wr{st synergy independant of target location (Table
11).@ Although £he elbow—wrist correlaé&ons of .the novice subjects were
significantlf correlated, they ;;re of a lower order than those of the
exéert players. This al?o implies the existence of a goal-directed

synergy similar to that of the experﬁs, yet the coupling of elbow and

wrist angle was. not quite as tight as that of.the expert players. An
{

.

,inhibitory process must have been respohsible for the splitting of the

shoulder from the general synergy (Greeqé, 1982y. The existence_of .such
a synerdgy reflects .a further attempt made by the nervous system to
simplify the movemen%: \ \

5.3.3 Marker Kinematics ' .°

EXPERT SUBJéETS

Sub;ect 1 | . i .
Table 5 demonstrates that subject’ one exhibi}ed no significant

¢

differences in wrist resultant velocity (WRV) across levéls of target,

supporting hypothesis one. The extended analysis of the wrist path,

P

vertical and horizontal velocipy°reveaied no significant differences in

the horizontal velocity at release. The alteration of the ~path of the

1)

\

| . ‘ ‘
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wrist (WPATH) was achieved through a significant and’ proportional
‘ ! o, v . £, '

altefation of wrist vertical velocity (WVV) ' with changes in target

3 v

height. An identical pattern persisted for subiect one’'s finger marker

~

W

‘whére significant differences Were found in FPATH and FVV and” no.

significant differences were found in ﬁﬁ& and FVH (Table 6).

Subject one releasged tg§~éart at significantl&, di?fefent resultant
velocities, angles "of path .and release herghts ampng the térgets,
lending credence to - ngpotheses two, thre and four (Table 7). e:The
changes in: DPATH were attained throngh a correspondirg “déqrease‘in DVV
with target height Note that the differences in the marker paths.
became more marked at the flnger, where FPATH attained virtually the
same values as DPATH. While~the DPATH for D2 ‘and D3 varied by only one

g

degree (12.90 versus 13 90 Qegrees), DHV was ¢ 1ncreased for target D2 in
order to contact the bullseye D1 was marked by v1rtually the same DHV
as D?’ yet 1t had a srgn%fieﬁntly higher DPATH than for D2 and D3 was,
selected. - ) ‘ AR

Post hoc cofiparisons (Tables 8, 9aoand 10, Appendix g) revedled that:
1) RH's were significantly different among D1, D2 aéd D3,. 2) DRV was
different between D2 and D3nonly and 3) ‘DRATH was éiffﬁ%entcbétﬁeen
Dl—D3 and D2-D3. Subjeot one’'s strategy for creating 5trajectories to
three different target neights Qas therefore -one of creatingienduring
changes 1n DRV and DPATH through alterations in WVV and WPATH, and FVV
and FPATH. In so doing, subject one. constrained the hand (comprising
the wrist and finger markers) and, dart to act “as a unit, thereby'

following a°similar spatial trajectory at release. Although differences

exrsted among the marker paths,” no significant differences were found in
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the wrist,*finger or dart resultant velocity, implying that the mafker
yeloc were 1 pendant of the marker paths. ¢

It «ars (Ahat rather than "throwing’ the dart,. subject ohé“’
permitted the |dart to slip out of hié fingers. This finding is
supéorted by two further findings. Firstly, the simjlarity in the -
magnitude of FP&&H and DPATH suggests that no, finger extegsion took
place prio? to release. Secondly, the correlation betweéﬁ the réiea§e
frame aid the frame containing the inflection-point of theﬂ forearm:

velocity profile was 0.98. Given a sufficiently small grip force, the=~y

sudden onset of éntagonist breaking would permit the dart to slip frem

the thrower’'s fiingers. This method of release could re €~ the
@

trial—to—trial variati%n (noise) in DPATH given a con%isﬁent WHATH and

4

FPATH. .

Subiject 2 o
‘ Subject two demonstrated no significant differences in WRV, backing
hypothesis one. Analysis of WPATH, WVV and WHV (Table 5) revealed the
pattern followed‘by subject one, yet it did not persist at the finger
marker. It 1s interesting to note ‘that both W&V and WPATH vere
negative, signifying that the wrist was moving in a downward direction
at release. The cause of' the downw?rd movement is likely\Eue io the_
sdbjébt's height (188.0 cm) and‘larae range of mot}on:of the wrist angle
(Tables 3 and 4). | ‘ J

Subject two displayed significant differences in FRV, FPATH, FVV and
FHV (Table 6), with corresponding changes in the maénitude of the
measured:ﬁariablé with‘targe£ héiéht. The alterations in FPATH were

achieged through changes in both FVV \and FHV and produced significant

<

J .



70
differences in FRV. FPATH _was alsq'below th; horizonﬁal\in D2 and D3
(-1.42 and —6.54 degrees) and only sliéhtly positive (1.38 degrees) in
D1. This result, “ignifi‘.es that the wrist and finger markers were
constrained to act together as a functional unit. |

The dart zwas released at significantl& different RH's, DPATH's and
DVV's, verifying hypotheses three and four, however hypbthesis two!was
not . accepted (T;blé 7). Subject two did not release the dart at
significantly different resultant velocities, although a trend of
decreasing DRV with target height. was observed.  Although WPATH and
FPATH Jere below the horizontal or slightly above, all DPATH;S were
positive and much greater: (18 to 19 degrees) than WPATH and DPATH. This
finding sugge;ts that subjec£ two utilized his fingers to achievé the
selected dart trajectory.

Post hoé comparisons (Tables 8, 9 and 10, AppendixP C) -revealed that
DPATH's and RH's were s%gnificantly different émong D1, D2 and D3,
Although no di}ferences existed in WHV and DHV, FHV ?as significantly
" different across lgvels of target. Subject two's‘ strategies for
contacting the three targets was to perform changes in DPATH across al{
levels of target, beginﬁing with alterations in WVV and WPATH, and FRV
(FVV and FHV) ané FPATH. Subject two constrained the hand markers to
écé as a unit, vyet finger extension must have causeJ the -
non-significance in DRV aﬁd the great inc;ease in angle from FPATH to
DPATH. Alterations in the paths of all mérkers were achieved througﬁ
- c&rresponding changes in their vertical velocity with target height. A
non-significant treﬂa‘of reducing DRV with decreasing target\height was
observed and the changes made in DPATH via DVV were suf%icient to attain

® C .

1)
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the specified target. \ ,

>

NOVICE SUBJECTS

Subject 3 o ¢ L.

Subject three sustainéd hypothesis one, exhibiting no significént
differences in WRV across the levels of target. .. Although éignificant
differences were displayed in WPATH, no differences were revealéd.in WVV
or WHV and no trendlof decrease in angle existed with decreasing target
height (Table 5).l In fact, WPATH was greater for D2 and D1. No
sf%nificanﬁ différeﬁces were found for any of . ghe variables pertaining
to the finger marker at release (\FRV, FPATH, FVV or FHV),'altﬁough°FPATH
followed the same trend as WPATH (Table 6). '

Subject three released the dart at significantly different Rﬁ, DRV,
DPATH, and DVV across levels of target height, sustaining hypotheses
two, tpieé and four (Table 7). Post hoc comparisons (Tables é, 9 and
10, Appendix Ci demonstratedkthat:“ 1) RH's éere\significantly different
among D1, D2 ‘and D3, 2) DRV was different between Dl-pz and Dl and D3
and 3) DPATH was differené‘between D1-D3 and D2-D3. .

Subjec£ three’'s ;trategy for hitting thé differing targets was.mofe
difficult to recount due to the lack of significancea of the finger
variables and the pattern of marker paths at release. The trend of
higher ang%és of path in D2 -thanypPl persisted from the wrist thrb&gh the
finger to the dart. The markér paths were due to a trend towards
decreasing vertical velocity from D2-D1-D3 and a trend of reducing wrist

and finger horizontal velocity correspondinély with target height. 1In

order to hit the bullseye (D2), subject three released the dart at a

¢

AN
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higher DPATH (due to the contribution of~ a higher DVV) than in D1, with
a lower DRV and DVH.

It is obvious that subject three a'lobbed' the dart at the bullseye
with a DPATH greaépr than that for the double twenty and a DRV near to
that of- the double three. There is some evidence lending credence’ to
the coordination of the hand markers to act as a unit. Although the
significant difjerenceg in WPATH did not endure at FPATH and reappeared
in DPATH, a non—significant trend similar to that of the expert subjects

existed., A difference of 6 to 13 degrees between FPATH and DPATH was

"evident, suggesting the presence of finger extension prior to release.

Although non-significant trends existed in the marker paths acrdss
target height, the standard deviations ofzyhé‘vertical velocities and
paths were too large to allow for statistica%{ significance. This
finding siéniﬁies a’ greater amount of nofée in the neuromuscular output
of subaect three, causing a lack of consistency in the segment and
marker kidémaﬁics and gont}ibutingito the mean error about the speci%ied
targét. ?

Subiject 4 “ : .

,Subject four exhibited no significant .differences in WRV, sustainihg
hypothesis one (Table 5). No differeﬁces were found in any of the
remaining wrist variables at release, nor were differeﬁces found in any
of the finger variables (Table 6), although a trend existed with respect

to WPATH and DPATH. The negat%ge WPATH and WVV were lower for the

. 1 .
bullseye,ﬁhangtge double three, as were the positive FPATH and FVV. A

trend alsbﬁexisted whereby the horizontal velocity at the wrist tended

to increase and the horizontal velocity of the finger tended to diminish

A4
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with décreasing target height.
A

The dart was released at a significantly differenthH, DRV, DPATH,

DHV and DVV, backing hypotheses two, three andoféurr(Table 7).. Since no

LY

significant changes were made at either WPATH or FPATH, the significant

alterations in DPATH must have been attained thrQugh an extension of the
fingers, as with subjects two and three. Post hoc comparisons (Tables

8, 9 and 10, Appehdix C) disclosed that 1) RH's were significantly

. different among D1, D2 and D3, 2) DRV was different betweenﬁDZ—DB only

and 3) DéATH was-different between D1-D2 and D1-D3.

Subject four’'s strategy for gprowing the dart to the different targe#
heiéh£s_was also unclear, owing\to the nonwsignificance .of the wrist and
finger kinematic variables and the pattern of marker- paths at release.
The trend of a lowgr éath elevation for the wrist marker in D2 than in
D3 endured through the finger and dart. A similar trend-involving the

marker horizontal and  resultant velocities at release was also

diselosed. It is plain to see that subject four utilized a higher

release velocity and flatter path to hit the bullseye, while selecting a
lower DRV and higher DPATH to hit the double three. -

There is some evidé;ce suggesting that subject four constrained the
hand markers to ac£ as a unit, due to the trend of marker path vériation
with target height. The large change in path from the wrist and finger
to the dart implies fingér extension prior to release. %5 with subject
three, the standard deviations of the vertical velocities and paths did
not allow for statistical significance. The standard deviations of the

marker variables implies a lack of*® trial to trial consistency which

contributed to the error at the target.

<

-
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5.3.4 Release Timing '

The instant of release is of vital importance to throwing accuracy
since the’ dart’s release trajectory and height combine to produce the
flight to the target. ,A question arises aé to how a thrower controls
this yital aspect of release timing. Table 12 presented the results of
a correlative analysis of two distinct.eventsr/rthe frame containing
release and the fﬁdﬁevwcontaining the inflection point of the forearm
velocity profile. Highly signii&gaht correlations were found in all. but
one case (égbject 4 in Dz)e;nd the correlations were of a-higher order
for the experts than the novices. Regardless of target height, players
of all levels of ability released the dart atyvirtually the same frame
as the onset of antagonist bfaking. ~3'

It was assumed in Chapter I that the inflection point of the forearm
velocity profile is representative of the onset of antagonist braking
action minus‘Tptér time. The results presented in Table 12 demonstrated
that release occurs coincidentally witH’antagonist braking, yet a céusal
relationship could not be espablished with?n the boundarieé of the
analysis. The quesfion of interest becgmes: Is the onset of aétagonist‘
braking contingent upon the instant of release or 1is release.conproled
utilizing the onset of braking? ‘

It is intuitively known that dart throwers must make use of a iight
grip force in order to releasg&ﬁhe dart in a.consistent fashion. It is
possible that the -aeceleration'of all éegments distal to andéincluding
the forearm segment combined with the‘miﬁ;mal grip fqrge on the dart

could cause the dart to slip from the thrower’'s fingexrs. . If releas@

fashion then release timing is controled by the onset of

»

occurs in this

~ | : | ‘

»
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the braking action and such timing must be pre-set by the nervous
system. In such a well{lé%rned task, it would be expected that the
expert players would exhibit higher correlations‘between the two events.

4

5.4 Comparison of Expert and Novice Results

Players of ppth levels of " ability redeased their darts at
significantly different vertical coordinates Q?gble 7) ‘and in all cases
these RH's were significantly different among D1, D2 and D3 (Tab;e 8,
Appendix c). This finding, along with ‘Fhe results concerning the

analysis of the wrist marker presented in Table 5, suggests that the

" subjects utilized the simplest method of achieving the movement goal.

Throws to the three levels of target were made by effecting subtle
changes in the distal segment trajectoriés in the vertical plang. The
segment path and velocity modifications ﬁade by the subjects may reflect
a relati?nship between the joint angles of the shoulderg elbow and wrist
joiqts and, thus, the individﬁal, §g;f—imposed constraints upon the
muséuloskeletal and neuromusculaf‘ deg}ees of freedom (Hasan, Enoka and
stuart 1985). ‘ )

. It 1s evident that players of both abilify levels were able to hold
WHV and~ WRV constant (Tablé 5) while altering WPATH with changes in
target height. This finding indicates that the comppnents comprisiﬁg
trajectory, namely regultént velocity and path, can be controled
simultaneously and independantly. The expert players displayed
significantly different and proportional changés in WPATH with
decreas;ng target height. Although the novice player’'s WPATH results

were non—-significant in the case of subject 4, they followed a similar

trend except for target D2.
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Since WHV was constant across target height, any changes is WPATH at
release were due tédﬁbﬁanges mﬁ%e in Wvv. The expert playgrs
demonstrated significant differences in‘NVV across levels of gargét aﬁd
althoﬁéh the novices followed a similar trend, the ﬂﬁgnitude of the Wvv
stanéard "deviations did not permit statistical significance. This
finding is alsao of interest since the movemeﬁt\was planned with respect
to the geometry of the external world, i.e. velocity held constaljt in
the E&rizogggl plane and varied in the ve;tical plane. /
The expert plafers also performed statistically signiificant
alterations in FPATH through chanées in FVV. Once again, the maj

o i

of the novice ‘'subjects’ FVV and FVH standard deviations did not permit

nitude
statistical significancelin FPATH. At the level of the dart, the
players altered DPATH Qia, changes in pvv& All subjects feleased the
.
dart at significantly different heighté and DPA*H'S among the three
targe¥y conditions. Only subject one’'s FPATH was virtually the same as
DPATH, indicating .the use of the'fipgers to guide the dart prior to
release. All subjects’ standardjdeyiations were smaller for DPATH than
FPATH, which signifies tﬁqt the fingers must act to ‘smooth’ any

trajectory noise perceived by tle subjects’ét the muscglar“level.

5.5 Comparison of Expert and Novice Strateqgies

The expert subjects lowered DPATH with decreases in Egrget height.

by

' The novice players, however, used different strategies involving the

manipulation of dart velocity and angle of projection to launch the dart

- at the various targets. Subject 3 used the same angle of projection

combined with a lower dart velocity to hit the bullseye (target. 2) as

for the double twenty (target 1). Subject 4 selected a lower angle of

a
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érojection to hit the bullseye (combined with a higher release veloqitf)
than for‘ the douhle, three (target 3). 15 faet, he novice subjects
performed kinematically different throws to the threextardets. The
expert players alterated the dart’'s angle of path beginning by
adjustments at the wrist, constraining tke hand compiex (wrist and
finger markers) to act as a unit thereby redu01ng the potential
musculoskeletal degrees ‘of freedom.

ﬁlthoggh the novice players did not significantly alter the path. of

jﬁhe wrist (except subject three) or finger markers, the dart’s aﬁ%le of
path was significantly different across levels of target. It is obvious
that their modifications in DPATH were made at the level of the fingers.
These results explain the differences in ‘the mean error reported rn
Table 2. The coordination of the)expért players is evidenced by their
constraint of the hand and finéhrs to act as a umit, a tighter
elbow-wrist synergy and a smaller trial to trial standard deviation.

£

The much larger standard deviations of the nov{ce piayer's segment
and marker variables when compared to those‘of the experts reflects'a
less repeatable selectlon of segment\\orientatlen and trajectory. These
two‘components form the 'movement goal o the investigation ‘and along

. with the mean error at the target (Table 2), delimit the level‘df skill

between the ability levels. S

[

1

The results of the marker and dart veloc1t1es and pat?s indicate that

* the trajectory of the movement is indeed one of the planned variables in
a dart throwing task. When\trajectory is resolved into the velocity and
path vectors, it is evident that wrist resultant velocity is maintained

virtually constant by the individual while the release height and



s
4

segment paths are altered with target height. Also, the

stré%egies for contactihg the targets can _be discriminated

trajectory analysis.

e
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_ *CHAPTER VI

' SUMMARY AND CONCLUSIONS

L

» |
The purpose of this study was to investigate the kinematic variables

reflecting the variant and invariant aspects of the strategies of

subjects of two ability . levels performing a dart throwing task. The

i

second concern of this study was to. examine the kinematic variables
which differentiated the level of skill of the subjects particiﬁating in

the experiment.: The hypotheées of the study were designed to compare
“~

A ’ .
the-movement kinematics of a dart .throw to three different targets.
Hypotheses concerned: 1) the trajectory (angle of path and velocity) of

thg wrist and dart and 2) segment orientation (release height) at

,

e

release.

6.1 Methodology

1

Two pairs of two novice ahd expert dart players were selected as
subjects. The task consisted of a series of eight dart throws to
targets situated at three d%fferent heights on¥ a regulation size
dartboard. A Locam camera filmed the throwers from the sagittal plane
p at 150 fps. farggt height, the independa;a‘variable,‘ was divided into
three ;evelé: double twenty (top5,~ bullseye (cenfer) apd double three
(bottom). Following an adequate warmup period, eight throws a£ each
target were recorded cinematographically. /All landmarks were digitized
and analyzed using the 'McGill Biomeqbénics Laboratory’s analysis

programs. The hypotheses were evaluated for each subject through

analyses of variance (alpha was set at 0.0l1) comparing the dependant

3
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6.2 Findings
Data analysis and statistical testing of the hypotheses revealed the

following- results:

1) No significant differences in WRV were found for any subjects across

‘levels of target and all throwers released the dart at a constant wrist

resultant velocity. There was a trend for decreasing wrist resultant
vélocity at release (WRV) with decreases in target height for subjects

one through three..

®

2) All subjects exhibited a trend for reducinge RH with decreases in
target height. Release height was aléered throuéh‘ increases in the
angle of trunk lean and ‘a lowering of the shouf%er complex. Release
height was statisticaily ‘different across levels of targét for all

subjects.

|l

3) Dart resultant velocity (DRV) at release differed for three of four

subjects abross levels of target. Owing to the contribution of vertical
: )
and horizontal velocities, all subjects ‘'released the dart at

significantly different »resultant velocities acroég levels of target,
with the exception of subject two. N

|
4) All subjects.released the dart at different angles of path across

. levels of target. The alterations performed in dart verﬁical velocity-

* contributed to +the angle of path at release. Differences were

statisticallf significapt for all subjects. !
All subjects exhibited no significant difference% in £he wrist
\

horizontal velocity (WVH) at release. Only the expert \players released

the dart at significantly different wrist vertical velocities, which

T
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contributed to the significances in -wrist path. The novice players

WVV's were too inconsistent to allow for . statistical significapce, yet
they Eéllowed é similar trend to the experts. In the case of the expert
players the trend‘of altering WPATH endured at FPATHﬂand DPATH, whereas
no such trend existed for the novice players.

6.3 Conclusions .

The limitations, delimitations and methodology of the study .must be
kept in mind when Uintérpretfng the results. Based upon thebrésults,
evidence has been presentea supporting the follé;ing conclﬁsigns:

1) The'subjects recognized the task related degrees of freedom and ali
subjects cognitively perceived the task in a similar fashion. .

2) Joint mdsculoskeletal degrees of freedom were reduced in an attempt
to coﬂstréin joint motion and increase trial to trial consistency.

3) Movement initiation segment orientations were more confistently
attained than release orientations by all subjects. -

4) A goal-directed synergy of elbow and wrist joint angulér excursion

independant of target location existed for all subjects.

5) The instant of release was timed with the onset of the aﬂtagonist

/

breaking action for all subjects. . y
’ [ ‘ : 5,

6) The dart was released at significaﬂtly different vertical coordinates
r . /
for each target for all subjects. /!

7) The dart was released at a constant*WHV and WRV, while alterations in
WPATH were performed via changes in WVV for each level of the
independant variaple., o 7

8) The standard deviations of the measured variables delimits the level

of skill of the subjects.

/
!
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9) J01nt velocity and path,. the componénts comprising trajectoryg can be

regulated simultaneously and independantly.

6.4 Implications of thg Study -

)

The precise role of higher order centers in the production and
ongoing control of huhan movement\?as not yet been firmly‘established.
Evidence from the fields of motor control and robotics research has

demonstrated the limitation of the brain as the w=sole controller of

n
’

coordinated movement, given the sheer number of computations necessary
to pFoduce even a simple two Jjoint movement (Raibert} 1978; Hinton,
1984). One question deemed tantamount in the realm of motor control

»

research is, "How does the effector or* musculoskeletal sydéem diminish
the degrees of freedom .(independant ways of m;3;;§) to a ;é;el which can
be more easily handled by the contreller orahigher cggtérs?".a‘g

Movement ?onsistency and repeatability is a crféical element. of dart
throwiag. Eéidence presented in this study suggests that dart.:players,
regardless of their knowiedge of - the physical laws governing projectile ~
flight,. follow a very simple strategy to. 1aunchl the dart at 'the
different targets 'on the board. The basic strategy involves the
manipulation of ;elease height and the dart's angle of paéﬁ at release
with changes in target height.. The trajectory of the dart is gerrned
by the the trajectories of the wrist and finger Joint markers as well as’
the action of the fingers themselvegﬁ Joint marger velocity apd path,
the components forming trajectory, can be ;égulated ‘simultaneously and
independantly. .

The sﬂill of the players who participated in the study combined with

the\weil defined task related degrees of freedom to produce low standard

‘ 4
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deviations for all measured' variables. This made possible the

"delimitation of ékill level through the examination of mean error at the

o T
1

target as well as tﬁs amount of trial to trial noise. The findings
indicate that success im dart throwing is not a matter of chance, a
greét amount of practise and gontrol are required ' to precisely control
the trajectory of the segments comprising the arm and Eand.

6.5 Suggestions for Further Research

An inspection of the results of the present investigation reveals
various future research possibilities. A replicatién of this study,
including the collection of electromyographical data could permit an
examiﬁation of the timing of the agonist and antagonist musculature of
the arm” and hand. A similar experimental‘paradigm designed to assess
the action of the fingerg.in three dimensions' prior to énd at release
could shed light on the mechanics of the fingers at release. .A third
' study could involve . the physical restriction of the &hrower'é
' mdé@gloskélé%al degrees Q&f: f%e&dom ing Brégr to investigate; the
adjustments ain the subjebt’s strategy. Finali&, an expefimental setup
examining the decrease in trial toq’r trial noise associated with the
learning of such a simple, well defined task 'céd!d provide valuable
information pertinent to motor skili learning.

In the wvarious fields comprisingimotor control, there is a need to
define the task moré precisely in terms of the ’level; of degrees of
freedom expanded upon in fhis study. The relationship between the
subject’'s perception of the task related degrees bf freedom and the

subject’s constraint of the musculoskeletal and neuromuscular degrees of

freedom is important and should also be examined. This relationship

o, -
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between theé task and the movement kinetics and kinematics musF affect
v - v Pl Al 1 -
the motor control strategy selected by the particular subject. °
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. e ¥ . . . .t PN . p‘ L
. , ' INFORMED |CONSENT FORN B

AN
NAME' (please print.):
LY . f

-

i

-

L ]
[

. The study that you have been asked to pérticipate in is
designed to compare the strategies you ‘bmploy whi%g throwing
darts at selected targets on the board. You will "be asked to

\ wear a pair of shorts " and: will <consent to ., the placement of
markers over three bony landmarks. You will be asked to perform

Education and will ©— be’ used for research . and instructional
o . purposes only. : ‘ ’

In signing Dbelow, you are indiéating .your condent to

- pamticipate in this study, your awareness of the . nature of the
research, and that .you have read and understood this, informed
consent form,

. Date: \ . .
N - T ‘ C
b " — ‘ T Signature:
AR . .
13 J g
IS L
) ,( [ 3 \
7N ¢ g
r “ N
.t
|
i, 3 ~ Q
] L 2
q'
v ™
- -
0 | ;
4 . .

A
[N

k3

® 24 throws while being filmed by a high' speed camera, so that I’
may later analyze: your performance and compare it with other
players of your calibre. - . -

At any ﬁzme during the filming session, you may decide to

.- discontinue drticipating in the study by asking to do so. Once

° v the study is concluded, yobu .may ask to see the high speed
: recordings of your performance. All data collected ‘'today is the
property of the McGill University Department . of Physical

.
.

-
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H Appm%n B

Complete ANOVA Tables :for Marker Kinematics

Tables are included for the follo&kng measures

Wrist resultant velocity 4

Wrist horizontal velocity PRENEY

Wrist vertical velocity T :
Wrist angle of path i

Finger resultant velocity o S £
Finger horizontal velocity ° o e

Finger vertical velocity o

Finger angle of path . ‘ N
Dart resultant velocity - .
Dart horizontal velocity ’ . 0
Dart vertical velocity ‘ .
Dart angle of path . - T e

Dart release height

920

s
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s Variable: WRIST RESULTANT VELOCITY

, SUBJECT Z - . , T Ly
Tw

L sum o Mean ' F . F
Source D.F. -Squares ! Squares | Ratio Prob
Between 2~ °0.0216 .° 0.0108 . 0.3842 . 0.6857
Within 21 0.5914 . 0.0282 -
~ Total 23 - A 0.6130 ) .
suBsect 2 .Y ’ o
Sum*of Mean - F U
Source . D.F, Squares SAuares Ratio - Prob
Between 2 0.1408 0.0704  ~ 2.9723 I  0.0741
. . Within 20, 4738 ¥ 0,0237 T
P Total 22 .6146 N
o) . & . ~ '
. SUBJECT 3 ~ : A
Sum of Mean F {1 ' F
‘Source . D.F. Sguares Squares g Ratio Prob *
Between - 2 0.2369.° 0.1185. 1.4620 + -  0.2555
+  Within 20 -al.6207 . 0.0810 . '
» Total 22 1.8576- .
s LR ¥ ' PR,
| : ~ ' :
| SUBJECT 4 _ . .
.Sum of Mean ‘F ﬂ F
Source D.F. Squares ° _Squares Ratio Prob -
Between 2 0.0354 0.0177 - 0{1279 . 0.8807
Within 21 +2.9065 .0.1384 :
* Total 23 2.9419 :
* p < 0} R o o y .
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N

SUBJECT, ‘1

Source

Between~
Within
Total

SUBJECT 2

Source

Between

"Within
. Total

SUBJECT 3

Source

Between
Within
Total

SUBJECT 4

Source

Between
Within
Total-

*'p < .01

5

Varviable: WRIST HORIZONTAL VELOCITY

D.F.'

2
21

L4 23

20
22

D.F.

-

+

23

B

Sum of
Squares

0.0169

Q}4451 )
- (.4620

Sum of

. Squares

0.2317
0.5722
0.8039

v

Sum of
Squares

S 0.2112

1.4304
1.6416

Sum of

Squares .

0.0957
2.7366
2.8323

92
\ 1]
Table B2 -
Mean TR s F
.. Squares “Ratio Prob
-+ 0.0085 0.399 0.6759
0.0212 ‘ '
Mean F
Squares Prob
Q w
0.1158 0.0334.
_ 0.0286
Mean F
Squares t Prob
0.1056 042522
0.0715
»
"Mean - F
Squares ‘Prob
0.0478 0.3672 0.6971 .
0.1303 -~ 1 . '
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'SUBJECT 1

Source
Between

Within’
Total 4

SUBJECT 2

Source

Bet&een
" Within

Total

SUBJECT 3

""Source
‘Between

Within .
Total

SUBJECT 4

Source
Between
Within
Total

* p < .01

°

L 4

- . D.F.

2
» 21
23

-

D.F.
2

20
22

D.F.

20
22

Sum of
Squares

0.7818

0.6188 '

1.4006

Sum of
Squares’

0.7343
0.4375

1.1718

a

Sum of

Squares

0.7176
1.2659
1.9835

- Sum of

.D.F.

2 -
21
23

Squares

0.1835
. 0.9614
1.1449

Table B3

Mean
Squares

0.3909
- 0.0295

/
Mean
Squares

0.3672
0.’°0219

Mean.
Squares

0.3588
0.0633

-

¥

&

Mean
Squares

0.0918
0.0458

-

Variable: WRIST VERTICAL VELOCITY

P
Ratio

13,2653

\A
F
Ratyo

17.6861

-Ratio
5.6690

e F -
Ratio -

2.0045

93

P
'F
Prob

0.0002 =

4

F
Prob

0.0001 »

Prob
0.1597
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SUBJECT 1

-\../-‘

SUB

4

SUB

SUB

*p

\ .
Source

Between
Within
Total

JECT 2

C

®
Source

Between
Within
Total

JECT 3

Source

Between

Within
Total

-

JECT 4

Source’
Between

Within
Total

< .01

4

v
<

Table B4

° Variable: WRIST ANGLE OF ,PATH

D.F.

2
21

23

D.F.

20
22

20 .
22

21
23

Sum of
Squares

261.5910

165.8673
f27.458§

Sum of
Squares

267.42d2

.173.3687

440.7889

Sum of
Squares

344 .2501
571.5343
915.7844

Sum of.
Squares

73.9672
377.2154
451.1826

° Mean F
Squares Ratio
130.7955 16.5597

- 7.8984 \
Mean F _
.Squares i Rati-o;
133.%p1 .. 1514249

8.6684
Mean ¢ F
Squares Ratio
172.1251 . 6.0233
28.5767
P
‘Mean TF
Squares ‘Ratio
13.9836 2.0589
17.9626
4

o~

Prob

0.0000 ~

F >

’ . Prob
o

0.0090 *

Prob

0.1526



»-nSUBJECT 1'
- B

-

.

=4

Source

Between
Within
Total

SUBJECT 2

9

Source
-

BetWween
Wigpin
Total

SUBJECT 3
Source
Bet&eén

‘Within
Total

SUBJECT 4@’

© < Source ;

¢ Between
Within
3 Total ~a
-0
-‘p 4
L p < .01
'Y
. o

% . > N
\ . s + -~
—_— [
. : : -‘“ * -
° ‘ " ‘-;(‘ - °
. . . ‘ ) 95
Table B5 ) .
® ~No e : 2 et .
Variable: FINGER RESULTANT VELOCITY
[ l. ;_ ¢ . L=}
Sum of Mean s F R
D.F. Squares Squares Ratio Probf
2 0.1329 0. 0665, 2.2616 0.1290
2L 0.6171 0.0294
23 0.7500 °
sum of Mean F ° . F
D.F. Squares Squares . Ratio Prob
2 0.2599 0.1299 9.8283 .  0,0011 *
~20 0.2644 0.0132 - o
22 0.5243 ) AP
o - 3 ) ?
. - L
R um of Mean -, F F
D.F. quares Squares Ratio Prob
2 1.0807 0.5404 0&& 3.9298 0.0364
.20 227502 0.1375 . -
22 3.8309 * ’
sum of Mean 'F F
D.F. . Squares - Squares Ratio Prob
s LI 3 '
02 0.7195, 0.3597 3.8468° 0:0377
21 “ 1.9638 © 0.0935 - ¢,
23 2.6833 .. o .
. )
“‘ > ‘ - _ B ” L] ‘c
° 4
C



Tahle B6

Variable: FINGER HORIZONTAL VELOCITY -

SYUBJECT 1
Sum of Mean F ) F
Source D.F. Squares Squares Ratio ° Prob
«Between 2 0.1085 0.0542 1.2942 0.2951
Within 21 ,0.8800 0.0419
Total 23 0.9885
SUBJECT 2 g
Sum of Mean F F
Source D.F. Squares Squares Ratio Prob
Between 2 0.2682 0.1341 8.1541 0.0026 *
Within 20 0.3289 0.0164 . '
Total 22 0.5971
SUBJECT 3 , o \
. D Sum of Mean F F
Source D.F. Squares Squares Ratio . Prob
Between 2 1.0946 0.5493" 3.9055 0.0370
Within 20 2.8028 0.1401 S
Total 22 3.8974 CoA
SUBJECT 4 .
W
Sum of Mean F , F
Source D.F. Squares’ Squares Ratft ' " prob
Between 2 0.8446 0.4223 4.8292 0.0188
Within 21 1.8364 0.0874 '
Total ° 23 - 2.6810
* < .01
P .
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SUBJECT 1

Source
Between
Within
Total

SUBJECT 2

Source
Between
Within
Total

SUBJECT 3

Source
Between
Within
Total

SUBJECT 4

Source

Between
Within
Totalg

* p ¢ .01

' ®

Table B7

97

Variable: FINGER VERTICAL VELOCITY

20

22

LD.F.

20
22

D.F.

21
23

Sum of
Squares

. 1.8184

2.0828
3.9012

Sum of
Squares

1.3386

1.7683
3.1069

Sum of

‘Squares

4
2.4343
7.0050
9.4393

Sum of
Squares

0.5314
3.5009
4.0323

~o

Mean
Squares
]
0.9092
0.0992

Mean
Squares

0.6693
0.0884

‘
<

Mean
Squares

1.2172
0.3503

Mean
Squares

0.2657
0.1667

S

F F

Ratio , Prob
9.1669 0.0014 =

F ' F
Ratio Prob
7.5698 0.0036% *

{

F F
Ratio Prab ,
3.4751 0.0507

F F
Ratio Prob

e
1.5938 0.2268



SUBJECT 1

Source

Bgtween
Within
Total

SUBJECT 2

Source

Between _
. Within
" Total

SUBJECT 3

Source

Between.
Within
Total

e

SUBJECT 4

Source

Between
Within
Total

s

k p <« .01

-

D.F,

Table B8

Variable: FINGER ANGLE OF PATH

v

Sum of
Squares

2 300.5450

21 386.1730"

23 686.7180

1

N
D.F.

.

© 2 258.1950

Sum of
Squares

20  324.6174

22 582.8124

Sum of
D.F.

2 644.0314
20 1935,.5970

"22 - 2579.6280

Sum of

D.F. Squaregs

2 +204.9647

21 742.1302
23 947.0949

o~

[ 4

Squares

)
Mean

Squares

150.2725
18.3892

Mean
Squares

129.0975
16.2309

Mean
Squares

322.0157
96,7798

Mean.

Squares

102,4823
- .35.3395

a

Ratio

, 8.1718

Ratio

7.9538

Ra;io

3.3273

L} F /
Ratio

2.8999

’

e

98

F
Prob

0.0024- *

puy
Prob

0.0029 =*

F
Prob

0.0773

<

we



SUBJECT 1

Source
Between
Within
Total

" SUBJECT 2

Source
Between
Within
Total

SUBJECT, 3

Sourcé
Between
Within
Total

. SUBJECT 4

2

Source

Between -

Within
Total ’

x pr < .01

)
w

Table B9,

Variable: DART RESULTANT VELOCITY

‘D.F.

-2
21
23

20
22

20
22

21
23

Sum of
Squares

0.4039

0.7326
1.1365

Sum of

Szfares
.1098 -

0.2689

0.3787 .

Sum of
*Squares

0.7134
1.1311
1.8445

Sum of
Squares

1.5701
2.5518
4.1219

Mean’
Squares |,

0.2020
0.0349

Mean
Squares

0.0549
0.0134

N

Mean
Squarés

0.3567
0.0566

Mean
Squares

0.7850
0.1215

w

]

Ratio

5.7895

F
Ratio

4.10829

Ratio

6.3069

Ratio

—6.4605

99

F
?rob

0.0099 *

k]

Prob

0.0326

- F
Prob

10,0075 *

F
Prob

0.0065 *
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“-SUBJECT 1.

Source

Between
Within
. Total

SUBJECT 2

Source
Between

Within
Total

SUBJECT 3
Source
Between

Within
Total

SUBJECT 4

“Source

Between

Within
Total

* p < .01

e

Table B10

Variiple: DART HORIZONTAL VELOCITY

Sum of
D.F. Squares

2 0.4053
21 = 1.1401
23 +1.5454

‘5’
Sum of
D.F. Squares

2+ 0.0070
20 0.3726
22 0.3796

Sum of
D.F. Squares

2 0.4967
20 1.3321
22 1.8288

. Sum of
D.F. Squares

2 1.8718
21 " 3.1060

23 . 4.9778

Mean»
Squares

0.2027
3 0.0543

Mean
Squares

0.0035
0.0186

Mean
Squares

.0.2484
0.0666

-‘Mean
Squares’

'0.9359
0.1479

Ratio

3.7328

Ratio

0.1877

Ratio

3.7288

\

100

rd

Prob

0.0410 |,

Prob

0.8303

Prod

0.0420

F
Prob

0.0071 *
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Table B11l

i

SUBJECT 1

B

Source #

Between
Within
Total

SUBJECT 2

Source

Between

Within
Total

SUBJECT 3

-

Source
Between
Within
Total

SUBJECT 4

Source

Between
Wwithin
Total

*'p ¢ .01

20

Variable: DART VERTICAL VELOCITY |

D.F.

2

21
23

20
22

22

D.F.

21,
23

]

]

'
Sum of
Squares

1.8743
0.5478
2.4221

. Sum of

Squares

"

(&

2.149
0.3392‘*

2.4890

Sﬁm of
Squares

0.9804
0.5351
v 1.5155

Sum of
Squares

1.9526
1.0937

3.0463

Mean

. ' «Squares

0.9372 "

0.0261

Mean
Squares

1.0748 .

0.0170

Mean
Squares

0.4902 -

0.0268

-

Mean
Squares

0.9763
0.0521

e "

F‘ \
Ratio

35.9239

Ratio

63.3444

F
Ratio

-18.3226

F
Ratio"

18.7458

F
Prob

.0.0000 *

F
Prob

0.0000 *

F
Prob

0.0000 *

Il

F
Prob .

0.0000



SUBJECT 1

Source

Between
Within
T6tal

SUBJECT '2

a

Source

Between -

Within
Total

SUBJECT 3

Source

Between
Within
Total

-

SUBJECT 4

Source

Between
Within
Tosal

-
5

* p € .01

«

D.F.
.

21
23

20
22

D.F.

2

© 21

23

Sum of
Squares

231.4599

o

113.6311"

345.0910

Sum of
Squares

293,4115
62.4317
355.8432

Sum of
Squares

121.1056
112.0788
233.1844

Sum of
Squares

327.8588
246.3317
574.1905

Table Bl12

Mean
Squares

- 115.7299

5.4110

Mean
Squares

146.7058

3.1216

Mean -
Squares

60.5078 ,
5.6039

Mean
Squares

163.9294
11.7301

Variable:‘DAR%;ANGLE OF_PATH

’

F
Ratio

21.3879

F»
Ratio

46.9972

P
Ratio

10.7974 "

B )
Ratio

13,9751

Prob

0.0000

Prob

. 0.0000

¥
Prob

0.0007

0.

Pxro

0

01

*



SUBJECT. 1

. Source
Bétweeh
Within
Total

SUBJECT 2
{

Source

Betweenx
Within
Total

‘SUBJECT 3

Source

Between

Within
Total

SUBJECT 4
Source
Between

Within
Totaﬂ ’

*p < .01~

. :

21

- 23

20
22

\Ds.F.

2 a
20 °
22

21
23

Variable:

AN

Sué,of
Squares

0.0358
0.0030

.0.0388

“Sum of
Squares

0,0369
0.0037
0.0406

Sum of
Squares

0.0481
0.0125

0.0606"

Sum of
Squares

0.0441
0.0079
0.0520

e

Table B13

DART RELEASE

Mean

Squares

$.0179
0.0001

Mean
Squares
'0.0184
0.0002

Mean
Squares

0.0241
0.0006

Mean
Squares

0.0221
0.0004

HEIGHT

1

F
Ratio

124.1365

F

Ratio

99,9293

F
Ratio

38.6310

F

Ratio‘

58.5949

103
,g\
F
Prob

0.0000 =

’prob

*

0.0000

Prob

0.0000 *

F
Prob

A\
0.000Q *
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* Complete Tables for Tukey Post Hoc Comparison Tests
- L) T AN —
Tables are incl)lded for the, fog.lowingf measures:
"sa ~ Dart height of release i v _
+ Dart resultant velocity
Dart angle of path . ‘ ‘ .
- & . v . L3

- 1
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Table 8 Results of Tukey Post Hoc Comparisons of Dart Height
of Release

r

Subject 1 fu, Subject 2
1 ' 3 1 2 3
__________ et e et e et o s e e e o e o e o e
2 x 2 x
3 * * 3 * *
Subject 3 Subject 4
e 1 2 3 1 = 2 3
T2« 2 ]
) ?
3 ok - 3 * * ’
* gignificant at 0.05 level ) et
n ‘non-significant -
& - R
At
[ J K . .
f < a4
LY
' w Q
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Table 9 Results of Tukeyﬁ?ost,Hoc Comparisons of Dart -

o 'Risultant Velocity at -Release v
. Subject’ 1 , . Subjec£ ‘2 g
s T 2 3
—“"-‘-'—;"";T""“""'“-"T'""“ n E— ‘fﬂ R
L3 n
Subject 3 - Suljject .4
o T 2 3. 1 2. 3
""""" N
3 * n 3 l n *
e e e

b
* significant at 0.05 level
n non-significant ! Y

‘ . v - ’
,
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Table 10 Results of Tukey Post Hoc- COmparisons of Dart Angle

of Path at Releases

' Subject 1 " Subject 2
, 1 23 1< 2 .3 :
, 2 * . *
. \ . .
, 3 * n - 3 * * -
, Subject 3- Subject 4
- 1 2 3 1 2 3, .
2 n - 2 * -
3 % * 3. % n ;
. @ -
* signlflcant at 0.05 level
n non-significant . ’ -
1 l °
- \’ ¢
‘ . A
‘ ' \5
» ¢ ‘
. ~ . - 2, ’
t Y i ! ’
.o < -
- . e h !
‘ | // Sy
. _ & ' . )
.
: -z
. ‘ ) .
. ’

.
-
“
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