
# • 

,1 

.' '. 
J' 

r 
, 

, .' o 

.. 
_J_.~ 

1 

1 

An Analysis of Trajectorr,':~ontrol strategies 
.~--------- 4Ii ' .' . .' . 1 

~ r'- ~_.::..t _'_' __ '. in: a. Çoal,. O:.:;iented ~Throwing Task 
" . 

. • 

, ~. ~-l-l::t " 
.. ' ,', • l' 

" 

li , .. 

Michae~ Timothy Ga11ivan 
;:;/ ., 

.. 
A Thesis Submitted to'/ 

The Faculty. of Graduate St.udies and Research 
in Partia1 Fulfil1ment of the Requirenients .
for the Degree Master of Arts (Educatio~ 

1 

& Depaa:tment of Physica~ Educati9n 1 

, ; 1 
• , 1 

Division of Graduate Studies and Resea~ch 
Faculty of Education 

McGi11 Univ.ersity· 
Montrea1, Quebec, Canada 

September, 1987' 

.. , 

o Tim Gal1ivan ~ 
1987 

1 



t 

, 

. . 
\ 

4 

Permission has been granted 
to the National 'Library of' 
Canada to microfilm this 
thesis and to lend or sell 
copies of the film. 

The'authO~ {copyright owner) 
has reserved tother 
pUblication rights, ,and 
ne i the r the the s i 's no r 
extens ive extracts from i t ,... 
m~y be' printed, or otherwise 
reproduced without his/her 
written perm~ssion. 

.. ' 
~ 

; 
- \ -

~ 

f 

~ 
, . 

, -

, 

L'autorisation a 'té accord~e 
à la Bibliothèque nationale 
du Canada de microfilmer 
cet te thèse et de pr3ter ou 
de vendre des exemplaires du 
film. 

L: auteur (ti tulaire du droi t 
ld'auteur) se réserve les 
autres droits de publiçation1 
ni la, thèse ni de longs 
'extra i ts de cell e-c i ne 
doiyent 3tre im~imés ou 
autrement reproduits sana 80n 
autorisation'écrite. 

ISBN O-l15-46030-X 

, . 

- -

.. 

~ 

" 



" . 

o 

• 

JI 

1 , , 

,'fi 

" , ' 

ABSTRACT' 
,. 

", 

'A simple analytical 
" 

mOdel was .created in ,order to .de1J. nea te -' the· 

ki'nemàtic objectives of d\r,t throws,' t'a targets located at various 

heigh~s from the f1oor . 
-r[, ~ ') 

. Th~ objective ~was. defined ,as the sp~ificatiôh· 
. 

of a-cons~ant wr~st yelocity at release, while performing corresponding _, .r, 

adjustments in the dart's release heignt and trajectory with varying 
1 

target heights. The purpose of the studt was to investigate the 
. '" 

kin~matic yariabie~, reflecting the 'strategies of 'subjects of two abili ty 

Ievels perf?xming. a ..dart throwing task. --A seconçary . conceTn w,as 
...
to .. 

c 

delimit the pa~ameters.differentiating ability level. ,.Two pairs of two 

male right handeGlQ subjects' were classifled as, novice and expE!tt dart 
'-' 

players. series o~ eight throws at' each of three 
\ 

target locations A 
, -

(doubl~ twenty, bull seye ' and double three) . were - recorded 

cinemato~r~Ph{ca.J!IY . 
, "\ 

The su1:?jec .. ts' or self-imposed strategies, 
\.,".. _ l 

constraints upon the m~sculoskeletal· and neuromuscular degrees 
t 

of 
.. ~ '-

, ~ f~~~/; • 

'freedom were interpreted and discussed wi~h respect , 1 to the movement 

Obj~ctiY~,. Analysis ,Of tlie segment 

and release revealed that subjects of both ability 
r " " ... lit , 

orientations at movement initiation 

levels constrained 

their musculoskeletal degrees of freedom in a bid to increàse the trial 
1 

• l 
to trial consistency of segmental orienta~ion, thereby reducing-error at 

. 
the: -target. Results.~ also indicated the ability of the subjects to 

" 
simultaneously control the velocity and path of the distal segments 

, 
cornprising nh~ hand and dart. Subject of both Qabili~y levcls 

\"" ~-

. demonstrate~nŒ-significant differences in wrist resultant, velocity at 
\ 

release across levels of target with concurrent alterations in release . .... 
height,' dart resultant ~city and dart angle 

1 ~ 
of path\at release 

ii .. 

.. 
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RESUME 

Une mOQèle analytique a . été crée pour delinéer les .objectifs 

cinètique des ,lancées de darts aux cibles localisés a divers coordonées 
, ~ 

verticales. La_~éci.f.ication d'une velocité constante du poignet. au 

point du relâche avec des ajustements correspondant en hauteur d~ 
• .. 

relâche et trajectoire a été defini comme l'objectif .. -du movement. La 
'\\_ ' J "* 

o 

présente étude visa,i t dans , un premier temps a étudier' les varialoles 

cinètiques qui reflètent les stratégies des 
~ 

f 

sujets de deux ntveaux. 

d'habilité en exécutant ùne tâche de lancer des darts. Le deuxieme but 

de l'étude était de délimiter les paramêtres qui distinguaient entre les 

niveaux d'habilité.' Deux paires de deux sujets d\oitiers mascul~ns 
étaient classifiés comme joueurs novices ou experts. Un séries de huit 

lanc~p a chaqune de trois cibles 
\ 

(double vingt, centre et double.~rôis) 
'1 ~ 

a été enregistré et' analysée cinématographiquement. 
.". 
Les stratégies ou 

les col\traint'es voluntaires des sujets sur 

neuromusculaire et musculosquelettique ont été 

considex;ant 
,y 

1 

~ 
l'objectif du movement. Une 

les de liberté 
.. 

interpreté e~discuté en 

analyse des orien tations 

segme~taire au commencement du movement et au point de re.l:âch}_ a r,cNelé 

que les sujets des deux niveaux d'habilité ont diminuês leur~'de~rés de 

libertlé musculoskeJ,.etale en assayent de regulariser leurs orientatipnOs 

segm~ntaire et de reduire l'erreur aux cibles. Les résultats ont 
~ 1 

indiqué la capacité des suj ets de controller simultanément la. ye,loci té 

et traje<\oire- - des segments comprennent la main' et dart. ~,>~\'~~j~ts des 

deux nivea~ d'habilité ont demonstrés des altérati~ns signjticantes en 

hauteur de relâche, velocité résultant et trajectoirè du dart, mais 

• aucune différence en veloeité résultant de poignet entre ~es trois 

iV' 

, 
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CBAPTER l 

INTRODUCTION . \ 

The ~p~ight,stancs and accompanying bipedal gait adopted by the early 
~ ~ 

hominids has proven to' be an un-paralleled evolutionary advance. __ _ o. 
~' 

Besides . freeing the fore'iimbs from the task of quadruped 'loc~motion ,_, ,the 

erect biped~l stature permitted the 'simultaneous development and 

coo~dination of a c,mplex visuo-motor system. ~ The hanâ,' comprised ~f 

four, flexible digits and an opposable thumb( ,provided early humansNwith 

the capacity for p~ehension and the basis for various.~ine manipulatory _ 

"-
skil~s such as ,tool making. It is reasoned t~at the advent of hunting 

- , 
game by throwing rocks contributed; in part, ~o the early (four to five 

million years aga) evolutionasy success of the~enus Homo by yielding 

larger and more variable quantit~es or food (Calvin, 1983). The ability 

to throw a rock at a moving target requires the parallel computation of 

thé ~rajectories of both the stone and prey, which implies 
- , 

organized brain and perceptual-motor ability (Calvin, 1983). , 

~ 
a highly 

J 
Mastery of 

such a task demands movément planning with respect to the constraints 

of: 1) the ~eom~ry of the externai world and 2) real-time (Hollerbach, 

1985). Although the motor skill of throwing is no longer of w vital 

importance to 'survival, the utilization of this particular highly 
o 

\ . 
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 ability' 
• 

ls competitive dart playing. Th~ rules of the game stipulate that 
o 



o 

, ' 

\ 
2' 

~layers must stand at -a throw~ng line situated 2.37 meters from the 

circular bo'ard 'centered on a wall 1. 73 
n ~ 

meters from th~ surface~ of the 
Q 

floor. The nature of the game requires-the capacity to throw 'a dart , 

(three throws are pep:mitted per throwing seriesr such that ~it flies to 

and sticks in the board. Bath eXRert and novice level dart players have 

performed the throwing,-motion thousands of times and i t is an easily 

repeatable skill. 

Although,cont9fting any of the numbered (from one to twenty) targets 

on the board earns the player a cert~in amount of, points, the smaller 

double and ,triple bands earn the player twice and thrice the number of 

points, respectively. Ta complicate matters Iurther, the numbered 
, ~ 

targets are situated at various heights and are raridomly spread around o the board in pie-chart fashion. In addition, a player must successfully 

o 

• strike the do,ble of half the total of his/her remain~ng points in order 

to win the game. Expert pl.ayers regularly hi--t -the small, wire-enc1.rc'led 
.. 

double and treble zones, which vary from three t@ four square 
1 

centimeters in surface area, and rarsly requbre more than three darts to 

/1 double out". 

One of the require~e~ts 
1 

, intuitive knowledge of , 

-, 

when learning to play the game of darts is an 

the kinematics of projectile flight. The' 
,1 

traject5ry and horizontal range of ~he center of gravit y of a dart are 

o governed by the resu~tant velocity at release, height of release, 

hprizontal distance from the release point ta the board and the target 

height. Therefore, the prediction and control of the precise vertical 

and ho~izontal range are cri tical factors in ,.determining consistency and 

success. 
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The problem~", of prediction - and ~ontro~ rare) compounded by the 

necessity of/produqin~accurate throws to the different targets situat~d 
" , 

at various vertical coordjnates on the" boârd. THere exists an Infinite 

combination of fesultant release velocity, height of release anÇl 
~, 

horizontal distance to the board which combine to produce a given 

vertical height at tpe board. The _ range of these variables is , 
constrained by the height of the ceiling and by the' anatomies and 

strat~gies of the players . In order 'to be cônsistent, Â player must .. 
, 

narrow the composite of the variables in such a fashion that only a 

smaii and easiIy effected alteration produces a successful flight 

'trajectory to the desired target. Any dart ptayer who can~epeatedIy 

produce accurate throws to the various targets previously mentioned must 

~ considered a highly Skill~~ thrèwer~ The su~cess rates of elite 

level dart players must be attributed to sorne other parameter ,than that 

of 'luck', as concluded br Anderson and Pitcairn (1986). 

1.2 Statement of the problem' 

Analysis of skilled motor performance' involves the integration of the 

The object;ives of a~ 

particular physical movement are constrained by the neuromuscular inputsl 

fiel.ds of biomechanics and motor control. 

, 
and the limitations of the musculoskeletal system and must be identified 

~rior to ~he posing of a research question (Nelson, 1983). The task of 

throwing a dart to various targets on a board can b~ defined as a 

disçrete mot?f skill with targeting constraints. According to the motor 
" 

task. taxonomy ~f Gentile, Higgins, Miller and Rosen t-( 1975), this skill 

has been classified as one involving a stationary 

environmental control with the pr~sence of intertrial variability. 

/ 
1 
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The goal or objective of dart ~~rowing is the targeting requir~rnent, 

yet this ob~ectiv~ is insufficient in itself for the design of" a~ 

res~arch question. The strategies or patte~ns of muscula~ activation 

selected,by the players to adhieve ~he obje~ive must alpo be exarnined . 
.J. ,. 

with the constraints mentioned by .Hol~rbadh' (198~) in mind, thè goal of 

any da~t throw to a target was def~ed as fo~lows: To accelerate and 

release the dart at a consistent veloci ty and angle. of cpath, from' a 

v '" 
the floor such that the dart flies to and 

o 

-
consistent .~~ight from 

. .:: 
contacts thê.,.' b0~l;tl ,at the specified tar~et . Trajector~:(or 'angle of 

. . , 
patq) has been defined by Morasse a~d Mussa Ivaldi (1982) as one 

-'of the basic functions of 
... , 

the neuromoton controller, ~uch as the 

compensation of l~ads, the pursuit of moving tafge~s, the appropriate 

~ control of impa~~ (e.g. hitting), and the ~eneration of cqntact forces 

(e. g. pushing)." The goal of dart throwing as defined above impl ies the 

sirnultaneous cont~ol of two pararneters: 1) hand/dare velocity and path 
o 

.. 

. . . 

. 
(trajectory) and 2) segment orientation. 

The geqmetric constraints (Hollerbach, 1985) are related to the 
~ 

distance from the throwing line to .the ~oard (fixed), ~e ~arget heights 

(fixed), and ±he height of release and horizontal distanoe of release 

from the target (variable, dependin9 on segmen~ lengths and degree of 

body lean). The real-time constraints are the resultant velocity of the 

dart at release (variable, depending on the vertical and horizontal 

'velocity-time profiles 

occuring at release. 

of the hand/dart complex) and . , the actions 

The strategies selected by the players (as 

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

nervous system to simplify the gene~ation of movement pat~erns in order 

, . 
) , 
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te optimize one .of Nelson' ~ (1983) costs of movement (Hasan', Enoka and 
... 

stuart, 1985). 

The rationaleo f~r the selecti~..,~ Of~. the objecti~e t~f dart throwipg:., ias 

weIl as ~he hypotheses of ' this stu.ÇlY, was performed in the followin 
G:> .e(".." 

m~nner. A simple BASIC program was wri tten in an â1:tempt to model 

thr~~s to targets at three different vertical coordinates. The model's 
,.- \ ' ' 

ma~n shortcoming was related to the assumption that the dart was shot . 
from a gun, therefore only hand velocity, release height and trajectory 

:;;'::t:::~ll::e :::e:e~::::::::t:::em::::Ul:::O:oa:: ::: ::n:::~:::lo::n: 
~riables while holding the other two constant: release height, velocity 

at release and angle of projection. Values of 1. 75 meters (release 

height for a l~c~ individual), 5 metersjsecond (-which mirnicks the 

approximate 0.2 second flight time) and five degrees (Anderson and -...... 

Pitcairn, 1986) were chosen for release height, velocity and angle 

respectively. The horizontal distance from the board at release was 

ignored and held çonstant at 2.00 meters . 
• 

Ana~ysis of thê.output data from a purely rnathematical point OI view 

dem~nstrated that two of the strategies were possible, while the third 
'0 

strategy (holding release angle and height constant) seerned to be 

unlikely. Manipulation of release angle necessi tated r,elease angles of 

+8.0, +6.5 ana +2.1 degrees to hit ,targets at the top, center and bottom 
q 1 

of the board. Manipulation of'release height (at constant angle and 

~velocity) req~red releas~ heigh~~:'1 of 1>'86, 1. 78 and 1.55 meters to hit 

the same ~arget\. Alterin~ rele~se velocity required velocity values of 
1 

15, 9.5 and 8.1 metersjsecond to hit the specified targ~ts. 

\. 
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" Alt~ough such radical alterations in release velocity are no~ 

impossible, i t is highly unlikely that- the contr,oller (at any-'lével) 

could specify' ~he necessary changes in release velocit~ in the 

qonsistent fashion demonstrated by elite dart players. Although these .., 
parameters could covary, a combination of m~nipulating release angle and 

" release ,h~ight while maintaining a constant release velocity seems to be 

a reasonable model of control. This model'necessitates a' constant wrist 

~elease velocity, with .subtle changes per~ormed at the hand sufficient-

to al~er the dart release resultant velocity~ Success in the task 
. " 

requires a consistent trajectory (path and velocity) of the hand at ) 

release while manipulatin9 release height and angle of projection. 
\ 

Thus', the ;following research question'. has been identified: What are the 

kinematic strategies, of the dart player and how are these strategies 
o r 

t modified when th~ target height is altered? 

In order to create hypotheses concerning the contrQl mode utilized in 
" 

such a task, certain assumptions must be made a priori -due to thé laek 
1 

of specifie research da~a. Firstly, a unimodal velocity profile of the 

elbow and wrist must be assumed (Schmidt, Zelaznik, Hawkins, Frank and 

Quinn, 1979). S,eeondly, the time from' initiation of movement until the 

inflection point of, tHe veIoeity profile must be assumed to be 

representative of the antagonist burst minus motor time (Wallace, 1981). 

This l!~sumPtion s.eems to be viable since viscous forces cou Id hardly 

overcome the inertia of the limb combined with the vertical component of 

gravitational force (after an absolute angle of 90 'degrees). In light 
'c'! 

of the objecti~s and assumptions stated above the research hypotheses 

which follow were generated. 
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1.3 Purpose of the Study 

The ~urpose of th.is st,jy was " to investigate the kinemat'r~:;'Variables 
reflecting the variant and anvariant asp~cts of the strategies of 

subjects of two ability levels performing a dart throwing tas~. The 

seèond concern Pf~hiS study was to examine the kinematic variables 

.,. which differentiated- the level of skill" of the subjects participating in ... , 

the experiment. 
" , 

1.4 Bypotheses 

~l) There will b~ no significant differences in the resultant velocity of 
. 

the styloid process of th~ wrist at rrle~se (WRV) across levels of< the • 

independa~t variable . 

2) There will be significant differences in the resultant v~locity of 

4C: the dart·at release (DRV) across levels of the iQdependant variable . 

If 

.. 
c 

. 

3) There will be significant differences in the angle ,of projection of 
, 4 " , 

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

4) There will be signi\icant differences ,in the vertiaal poorditiate of 

the dart at releas~ (RH) across levels of the independant variable'. 

i\ i i ... 1.5 L m tat ons and De11m1tat1ons ," 

The limitations of fhis S~udy are: 

1) AlI data was collected from the sagittal plane, therefore three 
l 

dirnensional analysis is precluded. 
, " 

2) The analysis of the throwing action embraces t~e time span from 

movement initiation to release only. ~ 

~~OnlY two subjects of each ability level, perforrning eig~ trials 

of three experimental conditions, participated in the study, 

generalization to larger populations i~. cautioned. 

each 

thus 



" 
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" 4) Each trial was assumed to be the subject' s be.§t e(fort. 

8 

, 
The following delimitations apply to this ~tudy: 

1) Only male expe~t and novice level dart players between the ages of 20 

and 40 were employed ,as subjects. 

~\ 
1.6 :Definitions and Abbreviations 

, 
The following ~efini tions" apply to this ~tudy: 

,Angle of projectïon: The angle (in degrees) from the horizontë(l of the 
, 

'" path' of the dart measured ·from the first frame following release. 

Expert dart player: A player who (in 1986) competed 1n ~he "A" division , o L.:J in the Montreal Dart Lëague. 1 

t ~ 
Horizontal release distance: ,The distance (in meters) from the-- tip of 

the dart at release to the surface of the dartboard. 

/ Inflection ~oint: The, ti~e point corresponding to the film frame where . ' ~ 

the velocity profile changes-sign. 

Movement initiation: The time point (z~ro), corre,sponding to the film 

frame where the dart begins moving toward -the board. 

Novice dart player: A player who: (in 1986) had not competed -in any 
" . 

league and who possessed less than one year ... of non-compet! ti ve playing 
. \ 

experience. 

\Release: The time point corresporiding to the film frame where contact 

between the fingers anod dart is broken. 
'" 

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

0 at release. ), 
"),1' 
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.' 
strateg~: The se1f-imposed constraints ~n movement 

-
kinematics uti1ized 

by a subjeèt performing goa1-dlreeted arm movem~nts. 
.. 

, 
Trajectory: The path taken ~y th~ hâhd as it moves to a new position and 

the spe~d of the hand as it·moves a10ng the path (Abend, Bizzi and" 

Morasso, 1982). 

The fol1owing abbreviations app1y' to this study: 

WRV - Wrist resulltant veloei ty at release \. 
WVH ~ Wrist horizontal velocity at ~elease 
WVV - Wrist vertical velocity at r~lease 
WPRO - Wrist angle of path at releasQ 
FRV - Finger resul tant v'eloci ty at release 
FVH - Finger horizon~al velocity at re1ease 
FVV Finger vertical velocity at release 
FPRO - Finger angle of path at'releasé 
DRV - Dart resultant velocity at release 
DVH - Dart horizontal velocity at release 
DVV D~rt vertical velocity at releasé 
DPRO - Dart apgle of path at release 
RH' Releasel height of the dart 

'. ... 

. .., 

, . 
J 

.. 

.--. ' 
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CHAPTER II 

REVIEW OF LITERATURE 
\ 

. , 
Al though dart playing has been investigated by many sport 

.'psfchologists 
1 

studying the effec€s of - menta~actice upon ski;LI 

acquisition, biomechanical 
l ' 

analyses of. dart throwing 
, 

overlooked in the literature. In J this chapter, co'mputer generated dart 
, 

throwing strategies will be described and 'tiiscussed with!n a review of 

the literature of goëll-,directed arm movements from the field .. of motor 

control. 

2.1 Dart Throwing 

Anderson and Pitcairn (1986) explored the underl~ing mechanism 

controlling the dart throw. \A single 
, " 

il 

competitive experiepce, was selected as the 

.sub;}ect, with no' 'previous 

subject for ~he.study. THe 
'>, 

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

conditions: 1) 8.5 and 2) 7.5 feet. The experimenters used a Selspot, 

apparatus to measure the subject's kinematic pattern during 10 bullseye 

throws, 10 low misses (darts contacting the board below the btllseye) 

and 10 high 

required 114 

misses (contacting above 
1 

throws ta hit the bull tep 

the bullseye). The subject 

times in the 
<, 

first condition 
t 

(8.8% success rate) and 122 throws {8.2% success r~te) in ~he seçond 
, ,. 

condition. 
'i:;? 

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

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

\ 

.. 
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hits and misses. 

Il 
~ 

) 

They also examined how these parameters were adjusted 

by the subject when throwing at a hew target creat~d by changing the 

distance from the·targe~. The vertical.and horizontal coordinates of 

the hand ~osition a~ ~he st~rt of t'he th1'ow and at release, the 

coordinates of the elbow at release, the wri~t angle at the start of the 
t 

throw and release, t.he vertical aud horizontal hand velocity at release , 

and the duration of the throw were seleoted as the dependant variables 

for statisticpl an~tysis. Anderson 'and Pitcajrn (1986) analyzed the 

data utilizing four statistical techniques: 1) analyses of variance of 

the posi tio~al data, 2) discriminant analyses d-ifflrentiating between 

~~9h misses, hits and low misses, 3) correlational aJalYSeS for purposes 

o~ discovering the predictio~ ~arameters and 4) analyses of the hand 

traj~ctory. 

Anderson and Pitcairn (1986) found ~o si~nificant differences among • the variance of the positional variables bètween the two conditions: 

The sole .~xcePtion. was a )significant difference in the variance of the 

vèrtical coordinate of' the shoulfter at releas~ in the 7.5 feet 
1 

1 
condition. The authors c,alcula~ed the standard deviation (noise) of the 

< • 

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

interesting to note that' their subject released the dart , 

while hand moved along a , fairby consistent trajectory. 

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

.. " 

1 



, / 

12 

velocity v~lues between 26.~ and 
, "T"-Î 

30.4 Selspot'units/second in condition 

1 and 27.7 to 28.1 Selspot unitsjsecond in condition. 2, and angle of 
/-; . 

path values between 7.9 

tlegrees for condition 2. 

and 11.6 degrees in condition 1 and 2.9' to 4.9 

" 
Ttte discriminate analysis for the 8.5 feet condition identified the 

angle of wrist at re1ease to discrlminate 10w misses and ,hits as well as ,. 
r-. 

10w misses and high misses. The analysis also demonstr~ted ' that the 
o 

-
vertical velocity of the hand at release discriminated low misses and 

/hits, hits and high misses, but not low misses and 'high misses. The 
o ~ :; 

'vertical veloci ty was greatest for ,high misses and leùst for hits. The 
!!v., 

discriminate ana~ysis for the 7.5 feet condition identified 6the vertical 

and horizontal position of the shoulder at release. ~he authors stated 
c
I 

that since . the discriminate àn~lysis iâentif~ed separa te contro11able . 
parameters ..... as predi.ctors c:f. sùccess in the two conditions, ,t1!ey could 

, 
not identify a contro1led varïable predicting s~ccess in the two 

conditions, as depicted by the different styles (kinematic patterns) 
~ . 

characteristic of the two conditions.~ 
~. 

Anderson and Pitca~rn (1986) found strong correlations (p<.Ol) 

between the starting and release (x-x and y-y) positions of the hip, 
} 

shoulder, elbow, wrist and hand, while weak correlations existéd between 
l) il 

the x and y starting and r'elease (x-y) positions. It was concluded that 

the~e coordinates ar~ "locked" and covary with changes in spatial 

location. Hand trajectory (vertical and horizontal position throughout 

the throw) was plotte9 for hits in both conditions. 

Analysis of the hand trajectories , ' 
for hits revealed a relatively 

small variance yet it was observed that large vertical and horizontal 

\ 
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shifts existed from ~hrow to throw. . 
were generated :nd the in~ependant 

and Pitcairn describad a strong 

, <:) 
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Second order polynomial equations 
" , 

constants were correlated. Anderson 

re1ationship between the 

position and trajectory slops re~ardle~s of throwing condition. The 

authors concluded that although throwing aptitude involves skill, ,the 
f 

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

be a matter of l~ck. Skill acquisition involves the reduction of noise 

(standard ~eviati~ and more skilled players have a higper signal ta 

noise ratio (Anderson and Pitcairn, 1986). Skill may th~efore be 
)~ 

acquired through efficient motor cpmmands or graduaI elimination of 

noise from th~ system. 

( 2. 2 Ana1ytical Model of Dart ThrowiJt(' 

Although Anderson and Pitcairn (1986) stressed the necessit~ of a 

precise biomechanical model of the throw their aflalysis'/ completely 

ignored:> the kinematics of. the throw, especially the release varial:?_l~~ 
0;;- • .1~, '" 

, .. ' which govern 
~ --:::-::-J:,,;, 

the"vertical and horizontal range of the projectile. -rn 

\ 

the present study, a simple analytical model was created in order to 
_9/ o 

determine the' dep~ndant variables and test the hypotheses of the study. 
fi 

/ 

The model does not include the effec~s of lift and drag forces upon the 

flight of the projectile. 

The vertioal distance (o~ board hei~ht, BH, as defined by the 

analytical model) 
, 

travelled by a prQjectile is governed by the 

> J\ horizontal distance ta". the target (RD) and height of release (RH), the 
1 , l ':;) 

·vertical cyvf an~ horizontal (VH) release velocity and the angle of 

release (PRO). Given the latter variables, the flight time (F~), time 

o 

J-
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) 
o 

ta peak vertical height (TUP) and peak vertical height 
, , 

calculated by the following equations: 

FT == RD;vH 

TUP = VV/g 

SUP (g * (TUP) squared)/2) 

(1 ) 

(2 ) 

(3 ) 

whefe ~ = acceleratibn due to gravit y (9.81 rn/sis) 
o 

14 

(SUP) are 

.' 

The neight (vertical peak) of the dart with respect to ground level 

(PHT) is calculated by adding t~e peak vertica14 'height (~UP) to the 

vertical height of release (RH). The time spent in descent (TD), before 

contacting the target and the distance descended (SDOWN) are calculated ~ 

by equations 5 and 6: 

PHT 

TD 

SDOWN 

RH + SUP 

FT - TUP 

(g * (TD) squared)/2 
C1 

(4 ) 

(5 ) 

(6 ) 

, 

The vertical height at contact ~lth 'the target (BH) is calculated by· 

subtracting the distance descended from the peak height, as calculated . 
ô 

by equation 7: • 

BH = PHT - SDOWN ( 7 ) . ' 

It is obvious that there exists an infinife combination 'of velocity, 

release height and distancé which will p~oduce the same height of 
o 

contact on the board. The range of the geometric variables i's narrowed 

or constrained by the thrower's stance and segment lengths (affecting RH 
" . 

and RD), and the ceiling height (affecting VV). The strategy of a~. 

"J"1 particular thrower of any skill level must reflect an attempt to 

o constrain their movement kinematics to proquce a'consistent release 
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. 
As prevlous~y descrlbed in the introductory chapter, the model; was' 

f 

uti1ized to generate feasibl.e rthrowing si!rategles as weIl as thé 
t.. 

statistical. hypotheses, of the present investigation. A . practical 
'1 . 

strategy for throwing darts to targets situated at vuious vertical--
.~ 

. board c~orFates 

thé manipulation 

was demonstrated by t~ model. This strategy involved 

of releàse height' and angle while ~taining a 

velocity. Release height is directly related to the 
.' 

eonstant,release 

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 movement until release, the dart 

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

>"" . 
fingers .. The trajecto~y of the hand/dart throughout the throw 

. _'. f enc~mpass_es the vertical and h0r.~zbntal ve~ocity and the angle of path. 

f,_ t ,-, , 

The timing of release is vitall.y important sinee the height of contact 
o 

at :the board is solely dependant uP9n the dart's velocity, angle of path 
-\ ...... 

and vertical and horizontal release heights. The goal of the throw 

ther~fore requires the propulsion of .the dart ,to a point i~ sPFce where 
, . 

the trajectory produces a successful vertical coordinate at contact with 

the board. The question" of how, the nervous system may speeify the 
). 

varxables necessary to accomplish this strategy involves a discussion of 

'command hierarchy and goal-directed arm movements. ~ 

" 2.3 Theories of Hovement Planning 

~Thè production of movement is integral to th~ survival of aIl higher 
, 1 

life forms. From birth, hu~ans develop the ability to coordinate a 

neuromuscular system which enaàles the production of skilled movement. 

'. 
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Movement i§ accomplished via a complicated controller (central nervous 
, 

system) and effector (musculoskeletal) mechanism.~ The hierarchy of 

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

~controlle~ (highest center)spectfies the bare outline of the movement, 

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

movement particulars. Greene (19,82) asserted that the spinal cord' 

contains mechanisms for: 1) the' selection of the involved musculatu~e 

and 2) the commands to transmit to, th~ selected muscles. Centrally 

initiated commands cause contractions in muscles or groups of muscles, 
1 

which in turn create torques on the joints where they in sert thereby 

creating movement of the Limb a,t the particu1ar joint. The degrees of 

freedom ~~oblem proposed by Bernstein (1967) states the potential 

limitations of the'brain as the sole control 1er of coordinated, mUltiple 

j ornt movemen t . 

The musculoskeletal degrees of freedom are equal to the number of 

cooràinates required to designate the configuration of the articulating 

segments (Hasan, Enpka rand Stuart, 1985). In other words, the degrees. 

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

revolve. - FO~ exa~Ple, the ruman arm posses~es se~en mechanical degrees 

of freedom: three at the shoulder joint, one at the elbow joint and ~ 
o 

three at the 'W"i-ist. Howevet, ~ll three-dimensional hand orientations 
o .. 

are made theoretically possible through six degrees of freedom: 

Hollerbach (1985) pointed out the kinematic redundancy of the design of 

the, arm, stating that such redundancies are useful for obstacle~ 

1 avoidanc~,. for elimination 1 of"tnter,nal 

limit avoidance.~ The redundancy of the 

o J , 

singularities, and for joint 

arm is . aiso dis~ant~eOUB' 
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since it make~ an inverse kinematics solution (the transformation of 

segment positions and spatial oPientatlons into a time sequence of~oint 

èoordinates) a very compl~calculation indeed (Hollerbaçh, 1985). , 

Gi ven these seven degrees_ of freedom there is ~ i~fini t~ nurnber of 

paths a segment, or group of segments, may follow in or der tQ accomplish 

'a task (Hasan, Enoka and Stu~t, 1985). A favoured path may suggest a 

relationship between . the angles of the va-rious joints involved in the 

produGltion of the given movement. Due to such a preference it; may be 

said' that the nervous system has reduced the degrees of freedfm (Has'an, 

Enoka~ahd stuart, ~985). The concept of coordination mat be more 

precis~ defined when rela-ted tp t.his reducti'on of the degrees of 

freedom e~cted by the central ne,rvous system (Bernstein, 1967). 

Al though Bernstein' s theory (196 7') of command hierarchy is considered 

plausible, it cannot satisfy'questions concerning: 1) the mechahism , , 

whereby the position of the ,target object is spe~ified (terminal 'valu~s 

of joint angles 
\ 

\the identity and 

versus a global coordinate system), 2) 

timing of the involved musculature is 

the level where 

selected and 3) 

how the- adjustment of muscle 'activity is undertaken when movement is 
Q 

performed against a resistance (Hasan, Enoka and Stuart, 1985). 

In order to produce a skilled movement of the hand - to a target, 

pomputations must be performed concerning how to mov~ the arm and hand 

whi1e maintaining the center of gravit y over the base of support 

• (Hinton, 1984). For a movement to be computationally simple, the 

smallest nurnber of degr~es of freedom must be chosen suc~ that the arm 
<t .......... 

and hand can assume aIl possible three dimen~ional orientat1ôn~ (Greene, 

" 1982). The initial ,position of the' segments must determine the pattern 

" 
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of co~ands from the nervous system ,to the mussplature (Hasan, Enoka and 
• 

Stuart, ,1985) . Robotics research has a~so provided valuable insight 
'I\t 

into the.problems encountered by the central nervous system prior to and 

, during the control of skilled movement (van Dijk, 1978; Sakitt" 1980; 
" 

. Benati, Gaglio, Morasso, Tagliasco and Zaccaria, 1980). 

A basic'element of, the organization of movement is known as the 

muscle synergy: a 'programmed combination of agonist and antagonist 

muscles which coo~erate during the production ',Of rluntarJ/ movement' 

(Greene; 1982). Lee (1984) stated that' synergies can be defined in the ... 
sense of goal-direction (the interaction' of components ' to obtain an 

output goal) or morphology' (taking 'into account the neural constraints 

imposed upon movement production). In studies 
, 

of goal-d-irected ar:m 

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

~,' Soechting and Terzuolo (1982) and Soechting (1984) have described 

coupli»g (synergy) of the shoulder and el~ow joints, while the latter 

study de~nstrated the independant control of the wrist. Such results 

suggest that individual.joints can be split from the general synergy via 
<# 

an inhlbitory process, permitting l separate movement control (G~ene, 

1982)., Indeed, Ana.erson and Pitcairn identified the wrist angle at ... 
release te discriminate between low misses and 

high misses in condition 1. ~his result may 

, 

M.ts ~ell 

suggest the 

as low and 
~ 

presence of 

-syne~gistic control of the individual segments comprising the arm in a 

dart throwing task. ~ 
J ;-. , -

Hollerbach ~1985) outli~ed one possible level of movement planning to 

be trajectory planning .• Traje~Ory (or en~point)_planning involves the 
\ , 

specification of the position and orientation of thé hand and the 

, , 
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~transformation (via 
' .. " 

inverse ~inematics) into a ~ime sequence 
.-"-, 

of joi:nt 

angles. ModelsJutilizing the endpoint approach yie1q both straight-line 

and curved ·hand paths (Abend, Bizzi and Morasso, 1982). Evidence of 

hana trajeetory planning (MOra$so, 1981; Abend, Bizzi and Morasso, 1982; 
'" 

,Lacquaniti; Soeehting and,Terzuolo, 1982) has deseribed the possibility 

for ~he reductiorr" in the degrees of freedom in the control of arm 

movements. It has aiso been demonstrated that movement trajectory is 

independabt of veloeity and load 
,I!! 

(Abend, Bizzi and Morasso, 1982; 

Lacquaniti, Soechting and Terzuolo, 1982). Thus, the path fo1lo~ed by 
" 

any particular segment or'gr.oup of segments may be specified regardless 
, 

of movement veloci ty : .~ This mode1 of control is exemplified in various , . 
tasks and supports the viability of the strategies hypothesized in the, 

) 

present study. Trajectory planning is one of the goals of the dart 
~ ~ 

±hrow and requires .further elaboration. 
. ~ ~ 

Lacquaniti" Soechting and Terzuolo (1982)' stated that " ... ,one can 
. 4.... 

expect to f ü1d concrete expr.~ssions of -the- ru1es governing the 

r organization of the mov,ement in the invariant characteristics of the 

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

.., characteristics in discrete 1f-rul' cyelic motor tasks' ,lias beenJ identified 

in human locomotion (Winter, 1983'), posture (Nashner, i97~) and arm 

trajectory (Abend, Bizzi and Morasso, 1982; Lacquaniti, Soechting and 

Terzuolo, 1982; Soecht~ng and Lacquaniti, 1981). Soechting and 
dl 

Lacquaniti (1981) attempted to identify the invariant aspects of a 

'simple pointing movernent through examination of joint angles and hand 

trajectory. Subjects were asked to execute pointing movements in the 
.. 

sagittal plane towards a target on a te1evision screen and wer~.given no 
c 

."-
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further instructions' regarding accuracy. The following criterion 

starting position was selected: ~ppe~ arrn ,in a vertiœal position, 
" 

forearm in a horizontal position and index finger extended. 

The nature of the experimental setup Berrnitted two degrees of 

freedom, shoulder flexion and elbow extension, and did not require a 

specifie hand orientation at target contact. Soeehting and Laequaniti 

(1981) found that the ,spa~l trajectory was independant of the rnovement 

velocity and was invariant from trial to trial, which suggests that the 

planned variable was the trajeetory a~d not the 'torques seleeted to 

produce·the trajectory. The au~hors as~erted that movement velocity 

changes_do not sirnply- refiect sealings 
ot 

in the torques acting' at the 

shoulder and elbow- since the net torques are a cornbination of inertial' 
, , 

torque's, Coriolis forces and gravitationai torques. Soechting and 

Lacquaniti (1981) aiso found that the ratio of the maximal veloci,ty at 

the elbow;and at the 'shoulder was equal to the ratio of angular 

displacement at the sarne two joints, the two angular velocities reaeh .. 
their max~~a at the sarne tirne and the ~lope of the angular velocities 

was independent of target location. Soechting and Laéquaniti (1981) 

postulated that the movernent is organized and planned in terrns of 

intrinsie coortlinates (shoulder and elbow, angle) rather than. in terms of 

extrinsie coordinates (target position), which requires the existence of 

a transformation rnechanism between the two sets of coordina tes .' 
,. p 

Soechting (1984) studied the effect of placing an accuracy 

constraints on finger pointing movernents. Subjects were instructed 'to 

point to and toueh targets with diameters of 2.2, 3.5- and 5.0 

eentimeters. ~o target locations were utilized, with one target 
• 
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situated 25 c~ntimeters above the other. Movement speed was varied from . 
• 

constanf· . trial to trial while the starting position was maintained 
, 

Soechting found a tight coupling existed between shoulder flexion ak-

'elbow extension while the wrist . moved independantly. The author stated 

that shoulder and elbow~co~pling is virtually a prer~uisite due to the 

inertia1 coup1ing of the two joints and that their motion is 

co-regulated.' Although motion at the wrist can be coordinated with the 

r.,proximal- joints, fQrearm pronation and supination is not inertially 

. ~b 
q coupled to motion at the shoulder and elbow and can log~cally. e 

r~gulated independantly. Soechting (198~) stated that two variables may 

designate' the target: its spatial, location and orientation. Hand 
" 

location is primarily det~rmi'ned by excursion at the sh~ulder and elbow, 

4[: while hand orientation is determined by wrist rotation. This finding 

does not imply that ~~ist motion cannot b~ coordinated with motion at 

c 

more proximal joints when it is the goal of the movemerit, due to 

biomechanical constraints (Soechting, ~984). 

Lacquaniti, Soèchting and Terzuolo (1982) studied subj~cts per.forming 
. 

pointing movements to targets while holding a 2~5 kilogram weight in . 
their hands. The experimenters ~ce aga,in found that the trajectory wq.s 

independant of the presence of the 10ad and movement speed. 
o f 

A second 

experiment was performed with a rod strapped to the subject's forearm" 
, 

effectively doubling its length. ·Upon examination of the res~~s, the 

authors argued that movement contro}. and organizati'on 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 

results led Lacquaniti, Soechting and Terzuolb (1982) to postulate that 
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the extrinsic 
, ~ 

target coordinates were in fact _ ,apped 

coordinates of joint angles and segmentilengths. 

'" 

to 

Morasso, (1981) inve~tigated the spatial control of 

, 22 

!ntrinsic 

the arm 

traj ~ctories of humàns performin,g a targeting task. The subj eet • s arms 

were strapped ,to a manipulandum and were eonstrained' to p~rform 
.. , 

movements 90mprised of two dègrees of freedom in the horizontal plane. 
• 

A1though shoulder and elbow angu1ar_ ve10eity curves exhibited single and . ~ 
double peak profiles, the tangential~ hand velocity curve was single 

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

q;, contro11ing the ~ovements specified a 'spatial control of the hand. Such 
. 

a mode of control requires the existence of a higher order.mechanism 

o which performs the transformation of spatial coordinates and commands~ 

o 

o 

e into joint motion. 

previous research has focused on the under1y i'ng mechanism control1iilg 

the dart throw and ignored the movement kinematics control1ing the 

success of the throw. The theory of trajectQry planning encompasses 
- -. 

both goals 'of the present investigation: the planning of movement 

trajectory and segment orientation. Trajectory planning of a movement , 

may be organized either in terms o~ joint angular coordinates (Soechting 

and Lacquaniti, 1981) or the transfo~mation of extrinsic spatial 

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

Terzuolo, 1982, Morasso, 1981,). Segment orientation is a resu1t of the 
" 

coordinated reduction of the degrees of freedom of the moving joints 
, 0 

which produces the favoured trajectory (Hasan, Enoka and Stuart, 1~85). 
& 

,-

Regard1ess of the nature of the planned parameters, research has 

indicated that 'hand location and orientation may be controlled .. 

j 
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separate1y (Soechting, 1984) and that movernent c9ntrol~and orgarrization 

occurs at two distinct hierarchica1 1eve1s (Lacquaniti, Soechting and 

Terzuo10, 1982). Research hqs therefore demonstrated thé possible means 

'r-whereby the goals of a successful dart throw, namely the control of hand 

trajectory and segment orientation, could be accomplished. A study of .... 
"-

the kinematic strategies' uti1ized· by dart throwers was therefore 

warranted and undertaken. 

, . 
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CBAPTER III D 

" 
D 

ltETHODOLOGY 

1 
The following section contains a complete account of subject 

'Ill 

selection' and preparation, cinematographical procedures, data . 
measurement and analysis, research design and statistical methods. The 

purp,?se of this .. study was to investigate the kinematic variables 

reflecting the variant and invariant aspects ',of the strategies of 
; 

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

second concern of this study was to examine the kinematic variàb}ès 
, 

which. differentiated ;the level of skill of the subjects participating in 
1« 

the experiment~ - V- , ' 

3.1 Subject Selection " 
f" .,.",# 

Four male right-handed volunteers were enlisted through personal . 
communication as subjects for ~ the présent study. Two expert subjects 

• wrre recruited from the HA" division, of the Montreal Dart League and the 
, . 
remaining two subjects were recruited on campus and classified as novice 

players. The expert subjects had recently competed in the Quebec 
"> 

provincial dart championsh~ps and had previously played matches against 

various world class dart players. 

3.2 SubJect preparation _ 
, 

J ' The subjects reported to the'Arthur Currie Gymnasium prior to the 

cinematography session, whereupon their body mass, height and the 

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 
~ 

", 
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lengths and the location of the center , of gravit y (as measuféd by a 

balancing technique) were also recorded. The sübjects then changed into 
" 

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

fOllowing anthropometric landmarks: 

1 - the base of the fifth m,etatarsal: FINGER MARKER 0 

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 

5 
6 

right shoulder: SHOULDER MARKER 
the taird cervical vertebra: C3 ~RKER 
the +ight iliac cre~: ~LI~C MA:KER 

The experimenter verba~ explained the test protocol to the subjeqts 
~ 

and any questions were answered wi thout explaining the preci.se nature of 

'" 
the study. Advised consent forms were completed by each individual. 

The subjects wer~ permitted to warm up in a draftless conference room 

which had been previously set up.' There was a one half hour period 

• during which the subjects wexe encouraged to warm up.as they w~uld, prior 

to a match or çompetition. 

3'.3 Cinematoqraphica1 Procedures --
. l , 

'Th~ fi;tminJ session took place in a draftless conference room located 

i~he Arthur ~ur~ie Gy~nasium. A WINMAU dart board was secured to the 

wall such that the bullseye was 173 centimeters from the surface of the 

floor. The double twenty and double three' were loc.ated J. 7 cm above and 

below the 

composed 

o 
./" 

bullseye, respectively. tThe 

of a radius of 1.6 cm (area = 
j 

inside of the 

8.04 squa1e 

bullse.ye 

cm), while 

was 

the 

doubles were 0.8 cm by 5 cm (4 square cm) as measured from the inside 

wires .. A section of white masking tape marked the throwing line, set 

237 centimeters from and parallel to the wall. The subjects were 
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perm:i:tted to plàce positional markers on the floor to facilitate 

consistent foot placement. These markers were subsequently utilized in 
:;" 

the filming of a' two dimensional matrix --'prior to the actual data 

collection. 

A high 
é 

speed Redlake Locarn camera (Model 51-003), outfitted with a 
, 

w,ide angle le!1s 1 w.as set up ,,2.81 met,ers perpen~1icular to the throwing 

plane of action, in order to film ther sagittal plane. The Locarn was 

loaded with Kodak 4-X reversaI Icolour fifm (type 7250~ and was set to 

film at 150 frames per second, necessitating an exposure time.of 1/675 

and an F-stop of 2.6. A bank of three 1000 watt lights illuminated the 
(, 

plane of action'. A timing right generator was connected to the Locarn 
4>' :..~- =- ~ ~ y,; r 

~nd was set-to flash 100'times per second. The flashes appeared as red 
; 

dots on the side of the processed film and were used to compute the film 

bspeed durinq each individuàl trial. A two dimensional matrix (1.00 m by 
, - ~ 

0.40 m) was placed levei to the toe marker of each subject and filmed. 
( 

The subjects' trials were idefttified by two numbered markers (target and 
, 

trial) which were placed in the lower right corner of _.the plane of 

action. The exposed film was developed by Mou~t Royal Film in Montreal, 

QÙebec. 

3.4 Data Measurement and Analysis 
• , 1 

The subjects performed etght tfials at each of the three 

pseudo~randomized levels of the target ponditior: 
.' 1 

l - Doub~e Twenty (top) Dl (190 cm above floor) 
2 - ,...,Bulls~Ye (center) - D2 (173 cm above floor)_ 
3 - Double Three (bottom) - D3 (156 cm above floor) 

" 

The selection the verbical jline 

'1 
location about 

o 
of the target 

1 
~~ t ~~ , 

) 
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'bisecting the dart board through the bullseye was performed in am 

. attempt to restrict the movement to 
o , 

the sagittal plane. The order of 

l -trials' at the targets was' ge~e~ted by a BASIC program and the subjects 

were informed of .the t~rget locqtion prtor to each series of throws. 
\ ' 

After assuming their throwing posture, the subjects threw tfree darts a~ 
) 

the target, while only the,third throw~w~s recorded cine~atographically. 

The expe~t subjests chose to throw only the third dart at the ta~get 
li 

after having thrown the first two darts to the left or' right lateral 

side of the target, in order to reduce the chance' of a déflecticn'.· . 

The camera was~ started during the end of the aiming action and was 

stopped after the dart contacted the board. A~ter 'irCh throw, an 

assistant recorded ~he horizontal distance between the ;linside (center 

c: side) of the fip of the dart and the inside of ~e closest wire of the 
1 , 

target for the.purpose of predicting the 'contact point ,on the board. 

The angle of the dart from the horizontal was also measured to the 
• ' 4.t •• 

nearest degree using a protractor. 
, . ~. . 

Trials 'where the ~art bontacted the 

wire'Qf the target and fell to the floor were considered successful and 

were no't repeat.ed. Any tr~al .was repeated when the subject o~ the 

experimenter felt' that the movement was kot representativ~ oj the ,. 
, 1 

participant' s abiJity levèl. CAfter each subject completed the, eight 

trials in eac~'of three target condi tions" the next subj ect ' warmed up -...-
-

until he 'felt ready tor the filming to commence. 

3.5 Data'Analysis 
j 

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

impossible to analyze due to an • l internaI problem with the Locarn. 

~emaining ~rials (n-94) at each of th three targe~ conditions 

1 

o 

The 

were 
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selected for analysis. Prior to digitizing, ... 
the initiation of the throwing movement was 

28 

the film was inspected and 

marked as the time point 

corr~spondin~ to the film frame where the dart-hand began mo~ing toward 

the board. The release was marked as the ti~e point corresponding to' 

the fingers a~d dart was broken. the film frame where contact between 
"'\., . 

The processed 
~ 

film was proj ected by a L-W pin-registered stop-action 

proj ector onto a Summagraphics digi tiz~ng board. A Watf i v -âig i tizing .. 
program (D.E) program facilitated the digitizing pr~cess :Dy prompting 0 

the user with the frame number and name of each body marker. The D.E 
\ 

program 
~ 

correct 

.. 
prohibitted the loss of any digitized data and insured the 

, 
order of digitization throughout. The, horizontal (X) and 

vertical (y) coordinates of the body landmarks, kip and flight of the 

dart and reference points were registered using a handheld ' cursor and 

stored as a file by the digitizing pvogram on the McGill MUSIC-A system. 

A Watfiv (DATAPROG) program adjusted the vertical and hori·zontal 
o 

coordinates of the origin to a common reference point in order to 

compensate for any movement of the projector or film f~ame during 

advancing the film. Subsequently, the digitized coordinates of aIl 

trials during which the Locarn was operating above or below the criterion 
, 0 

\1 QI 
150 frames per second film speed were further adjusted 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 c.utoff frequencies was performed by running a 

trial of each subject through the' entir~ 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) 1 the tip of the 

\ 

1 
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dart (6.0), the flight of the dart (6.0), the base of the fifth 
. • metatarsal (6.0), the ulnar styloid process at the right;, wrist (6.0), 

the lateral epicondyle of' the right ·elbow (6.0), 2.5 cm below the 

acromion process of the right shoulder. (6.0), ~he third cervical 
o 

vertebra (5.0), the right iliac,crest (5.0). The first and second order 

derivatives of displacement.of the markers and joi~ts as _ weIl as 

absolute and relative joi~t.' angles were . éalculated by the McGi11 

University Biomechanics laboratory Kinematic programs. The output of 

each run of /the Kinematic program was stored as a MUSIC file from the 
• 

operating system and a har~ copy: was also .. obtained. 
, . 

The stored output files were transferred from the MUSIC system by the 
1 ~ 

PCWS software package to the 10 mB fixed disk of a Sperry m~cr~omputer 

via a Signalman modem. Two programs (written in Microsoft BAStC) were 

uti1ized to: 1) input the data output by the Kinematic program and 2) 

write the dependant -v~riables to sequential files for 'statistic~l and 

graphical analysis. The first program computed the vertical and 

horizontal coordinates of the dart ti~ at release, the velocity and , 
angle of pa th of the dart during each fram~ an~lyzed and created a file 

containing the computed data. 
. 

The purpose of the s~cond programwas to verify the frame containing 
\ 

the dart release and the selection of the smoothing cutoff frequencies. 

The program input the smoothed x and y data for a particular trial ~nd ~ 

calculated the vertical coordinate of contact with the wall or board for • 

each analyzed film fram~. This program enabled the prediction of the 

horizontal c'ontact coordinat~' of ~e dart at the' board had 'the dart been 

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

Subjects were divided into two leV:tIS ~f ability (expert and novice) 

and were distinguished by their prese l~~el' of p~ay. Due ta t~e 
- ~ 

nature of the de~,ign of ,the study, 0 st.atistical cotnparisons were 

performed between ability level although differences were discùssed . 
• r 

The independant variable chosen for the present study was t'arg6d height 6> 

and was comprised of three levels: top (Dl), center (02) and bottom 

(03). The dependant variables were the vertical coordinate of release, 
~ 

the\ angle of 

styloidrprocess 

projection of the dart, the resultant velocity of the 
o 

of the wrist at release and the resultant velocity of 

~he dart at releas~. o 

The StatisticaJ Package for the 

1 
,~ 

Social Sci~nces (SPSSX) package_was 
. 

selected to conduct aIl statistical analyses. Descriptive s(atistics of 

aIl measured variables were ebtained via the CONOESCRIPTIVE procedure. 

Four parametric oneway analyses of variance (ONEWAY) were conducted to 
" ' 

deteqt statistically significant differences (alpha a 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 
Ci 

necessitated OPTION 10 (utilizing the harmonic mean) in statistical 

analyses. A non-parametric correlational p~ocedure (NONPAR CORR) was 
t 

used ta obtain the Spearman Rank correlation between release frame and 

the frame containing the inflection point ,of the fo~earm angular 

velocity profile. A parametric analysïs (PEARSON CORR) . was applied in 

'order "'ta obtain correlations between the ~houlder, elbow and wrist 

absolute angles across levels of 

post hoc comparisons (RANGES 

, , 

tar.get height. 

sUbcommand) were 

student Newman-Keuls 
). 

performed rf the 
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probab~~ity '_~f the-~F ratio was 1ess than 0.01. 

} 
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The purpose of this study was to investigate the kinematic variables 

reflecting the variant- and , invariant aspects of the strategies of 
,/ 

~subjects of two a~ility levels performing a dart thr~wing task. The 

second concer~ of this study was to exa~e 

which differentiated the level of skill of the 

(the expariment. Results are ~rlsented in 

the kinematic variables 

subjects participating in 

the following sections: 

subject description, comparison of kinematic strategies .~_~nd additional 

observations . . ' 
4.1' Subject Description 

A total of 

... 
four subj ects, 'two of each abili ty leveJ;i,r,' volunteered to 

1 

participate in the ·study. The categorization of aoilitl leuel was 

performed solely' upon their present 
l " 

leveL, of competi ti ve dart playing 

experience. Based on .this criterion, two pairs of subjects were 

clâssified' as expert ~nd novice players respectively. 

The subjects' Aight series of throws at eAch of the three levels of 
, 

target height were recorded cinematographically. AIl trials 'of the film 

were visually inspected and the fram~s containing the initiation and 

release of the throw were marked in or der to facilitate digitizing. 

Movement initiation was defined as the time point (zero) corresponplng 

to the film\ fra~e ~here ~ dar~ began moving toward the board.while the 

release wa~ defined as the frame' where contact between the fingers and 

dart was broken. The developed film was subsequently projected onto a 
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digitizing board . and aIl landmarks appearing in each film frame were 

digi tized. The digi tizing procedure commenced eight frames pr4.,or tl the 
, ~ - ~ 

movement initiation and terminated ,eight frames, following release -to 

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

coordinates were stored on-iine by the D.E. program into separate MUSIC 

files and were later submitted to ,the Biomecpanics Laboratory Kinematics 
1 .. 

programs for analysis. Eight trials at each targ~~ w~re submi~ed 

analysis, with ~ exception of subject tW9 (Double three, n=7) ,. 
subject t~vee (Double twenty, n=7). 

4.1.1 Biometrie Data of the Subjects 

for 

and 

A description of the anthropometrio data, including the darts used, 
\1 

p~rtaining to each subject appe~rs in Table 1. The ;ubjects differed in 

UNITS: segment lengths (centimeters) 
dart mass (grams) 

• 
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4.2 Comparison of Kinematic strategies 

Table 2 presents statistics 'describing the re'sul ts of aIl trials of 
" 

~ach subj ect . Mean error was calculated by dividing the sum of the . '" .. 
absolute values of the distance from the' target (mm) by the number of 

trials. The expert players each hit the target in 50.0% of aIl filmed 

trials while the novice players e&ch hit the target in only 20.8% of the 

trials. A~omparison of the total number of hits and the mean error and 

standard deviation clearly est~blishes,the differences in skill levél 

between the expert and nov~ce p1ayers. r ( 
The success·rate at the bu11seye (02) was 75% and 25% for the expert 

• 

and novice 1e~e1 p1ayers res~tively. This percentage was much greater 

than that reported by Anderson and Pitcairn" s (1986) study where the 
.. 

success'rate was 8.8% (10 hits in 114 trials) a~ 8.2% (10 hits in- 122 

trials) for the two distance conditions,. The success rate of the four 

subjects in the present stud~ is indicativ~ of ~ higher leve1 of skil1 

th an that of the novice subject who participated in the Anderson and 

Pitcairn study. 

A compar~son of the mean errors and standard deviations of the two 
i -

ability levels, reflected a greater variation in error made by the novice 

players. The angle of the dart at contact with the board tended towards , . 
J 

20 degrees for the expert p1ayers and 0 degrees for the novice players. 

It is possible that the angle of the dart at contact is indicative of .. 
the finger position in relation to the center of mass of the dart at 

re~ease or the actions performed by the ~ingers whi1e releasing the 

dart. 
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Table 2', l60escripti ve - Stqtistics of Trials across Level~ of Target 

Level Subject 

E 

, N 

N 

Units: 

1 

3 

4 

Dl 
D2 
D3 
Errer 
Angle 
Min 
Max 

Target 
( 

Rits Mean S.D. 
Error 

Min Max Mean 
Angle 

Dl 
D2 
D3 

Dl 
D2 
D3 

Dl 
D2 
'03 

Dl 
D2 
D3 

• 
_3/8 
6/8 
3/8 

~ 2/8 
6/8 
4/8 

1/8 
2/8 
2/8 

2/8 
2/8 
1/8 

Double twenty 
Double bull 
Double three 
(millimeters) 

9.8 
1.6 
2.8 

8.,0 
2.1 
6.8 

Il.9 
7.4 
9.3 

24.1 
iO.3 
Il.9 

Il.0 -26 
3.9 - 2 
3.4 -25 

6.3 -16 
5.3 -15 

Il.6- -34 

12.8 
7..7 
·9--.0 

-40 
-24 
-20 

25.0 -62 
13.5 -40 
10.4 -30 

(degrees from horizontal) 
(largest error below the target in 
(largest error above the target in 

10. 
Il 

5 

16 
2 
4 

9 
,,~ 

Il 
2a 

19.0 
16. S' 
26.7 

20.0 
21. 4 
25.1 

1.2 
"0.0 '" 

\ 2.3 

50 -1. 3 
o -3.5 

10 3.5 

/ 
/ 

Il 
/ 

millimeters) 
millimeters) 

4~2.1 Comparison of Absolute Segment Orientations 

S.D. 

2.4 
4.6 
5.6 

1.3 
5.3 
8.6 

5.8 
1.9 
6.9 

/ 
1 

35 

1 / 

Tables 3 and 4 illustrate th~ initial and xelease segment absolute 

spatial orientations over the three levels of target for aIl subjects 

respectively. The three levels of target were: Dl - Double twenty, D2 -

Double bull and D3 Double three. Angles are measured from the 

horizontal (0 degrees) and increase in a counter-cloc~ise fashion. 

Dart players commbnly assume one of many possible stances beginning 

~ith the placement of the foot at the throwlng line. Subjects one and 

three placed their right toe on land perpendicular to the throwing line, 
• 1 

while sUbjects two and four placed their entire right foot on and 

..... 
( 

/ 



o 
/ 

o 

36 

parallel to the line~ 
).. 

With respect to the initial segment ori~tations, 
Tab~e 3 demonstrates the tendencies for , " 

all 
.. ,~ 
subjects existence of 

regardless of skill level. 
. 

A trend existed where aIl subjects leaned (TS) further, depressed the 

shoulder complex (SS) and low~red the upper arrn,(US) with decreases in 
• 

target" height. A trend also existed where all subjects began the 

propulsive movement with less flexion of the forearm segment (FS) and 

more flexion of the hand segment (HS) corresponding with decreases ~ 

target heig~t. All subfects tended to reduce the absolute angle of t.~ 

dart (DS) with decreases in target height, with the exception of subject 

one. 

\ 

• 
1 
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Table 3 Segment Absôlute Spatial Or~entations 
of T;,get at Mo~emen,t Initiation 

1 1 TARGET 

across Levels 

TS 

SS 

us 

PS 

HS 

DS 

Subject 

1 
2 

'3 
4 

Dl 
Mean S.D. 

15.8 ( 'Ü. 5) , 
24. e ( O. 7) 

""31.8 ( 2.4) 
13 . 7 ( O. 6) ,-

1· 
1. -52.5 ( 0:5) 
2 -52.8 ( 0.7) 
3 ' -60.0 ( 2.8) 
4 -55.5 ( 0.6) 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
l 
4 

1 
2 
3 
4 

-35~4 ( 1.9) 
-23.8. ,( 3.0) 
-23.1 ( 5.1) 
-18.8 ( 2.0) 

109,. 1 ( 8. 7 ) 
~3.4 ( 3.1) 
117 . 7 '( 4. 8 ) 
112.4 ( 4.6) 

26.8 ( 1. 4) 
32.1 ( 2.6) 
39.2 ( 2.2) 
_36 . 9 ( 6. 2 )-

8-.0 ( 1. 3 ) 
12.3 ( 2.8) 
27 . 9. ( 4. 7 ) 
38.6 (17.0) 

02 
Mean S.D. 

18.7 ( 0.2) 
28.4 ( 1.0) 
35.0 ( 1.3) 
16.8 ( 0.4) 

-56.8 ( 0.8) 
-56.9 ( 0.4) 
-67.3 ( 3.2) 
-60.6 ( 0.7) . 
-37.3 ( 1.1) 
-27.9 ( 1.4) 
-32.2 ( 3.0) 
-21.5 ( 1.8) 

108.5 ( 1.5) 
10à.5 ,( -1.4) 

,112.6 ( 3.8) 
110'.7 '( 2.5) 

31.8 ( 1'.6) 
35.2 (./;L.4) 
41.2 ( 2.7) 
41.3 ( 6.7) 

8.5 ( 2.7) 
Il.1' ( 2.0) 

'28.5 ( 2.7) 
53.3 ( 2.9) 

'Note: Dl Double twenty, th Double bull, 
TS (trunk), S8 (shoulder), US (upper 

~ HS (hand),~~d~rt) 
all'anglesar~bsolute and measured 

• 
Table 4 depicts the subjects' tendencies 

absolute spatial orientations at release. 

03 
Mean S.Doe 

22.6 (-0.4) 
" 31 . 0 ( 0 '. 5 ) 

39.1 ( 1.7) 
19.7 ( 0.4) 

"ëï60.5 ( 0.3) 
-61.6. ( 0.6) 
-70.8 ( 2.0) 
-65.0 ( 0.4) 

~4 2 . 1 ( 1. 3 ) , 
-31.6 ( 3.0)' 
-34~3 ( 2.1) 
-24.4 ( 1.2) 

101.1 ( 0.9) 
93.4 ( 3.7) 

109.5 ( 2.7) 
'108.2 ( 1.7) 

35.4 ( 0.9) 
39.6 ( 2.4) 
41~5, ( 1. 7) 
45.0 ( 6.0) 

• 
- 2.4 ( 2.1) 

8.5 ( 2.4) 
. 27.2 ( 3.1) 

49.7 ( 1.8) 

D3 D~ub1e three 
arm), FS (forearm), 

in degrees 

with respect to the segment_~ 

The trend of increased an~le 

of trunk ,lean (TF) and depression of the shoulder cornplex (8F) with 

decreases in target height persisted for aIl subjects. No such trend 

---



o 

1 

.. ~ 
o 

',- ./ 

• 
o • .r? 

existed for the aDgle of the upper arm (UF), forearm 

38 

(FF) or hand (HF) 
• , 

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

expert players exhibited- a tendency tp decrease the absolute angle of 
'ID " • 

the dart at release with decreases in target .height. Subjeot 3 followed 

, \ 

.. 

<> 



'1 

V .. ~ ,-.."" t'J.. 

( 39 

Segment Absolute Sp~tial Orientations'across Levels of Table 4 
~arget at Release 

.. • ~ 
~ 'TARGET 

• 1 .. 
Dl D2 D3 '\~-

_~bjeé1: 
' Mean S.D. Mean S.D. Mean S.D. 

~ 

TF 1 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 ( L 7) 30.7 ( 1.2) '" 3 5 ."'4 ( 2.1) ... 
4 ' 12.7 ( 0.8) 16.1 ( 0.2) "-19.6 ( 0.4) 

" SF 1 -43.4 ( 3.5) -48.6 ( ~. 7) ~ -53.4 ( 1. 7) 
2 -52.6 ( 1. 0) -57.0 ( 0.5) -61.5 ( 0.5) 
3 -44.1 ( 4.1) -51. 7' ( 3.2) -55.7 ( 3.8) 
4 -47.1 ( 2.5) -51.9 ( 2.2) -61.2 ( 2.2) 

, ( 1. 6 ) ,5 UF 1 -21.0 (10.5) -25.3 ( 7.0) "'"25.1 
2 -13.9 ( 6.8)1 -20.8· ( 5.6) -25.1 ('~.8) 
3 -32.3 ( 6.1) r -26.2 ( 5.6) -32.2 ( 8.9) 
4 -25.7' ( 7.7) -30.9 ( 6.0) . -40.9 ( 8.8) 

-

( FF 1 - 7;3. 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) 

HF /1 154.3 ( 8.7) 149.8 C 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,) .' 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) ~.9 ( 8.1) 

Note: Dl Double twenty, D2 Double bull, D3 Double three 
TF (trunk) , FF (shoulder) , BF (uppe;r arm)!, FF (forearm), 
HF (hand) , DF (dart) \ "II 

aIl angles ar~ absolute and measured ift degrees '" 
C> . 

the The initial and release absolute segment spatial orientations for 

~, expert and novice ~layers are depict~graPhicallY in Figures 1 and 2. 

The graphs are of successfu~rials (hi ts), are typical of the subject~s 

C segment orientations the three levels 
, 
of target and are drawn to across 

, . 
"... 
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scale. Moving from proximal to distal, the triangles, diamonds and 

squares represent the iliac, c3, shoulder, • elbow, wrist anà finger, 

m~rkers. The graphs clearly display the trend made by aIl subjects o~ 

lowering thë, elbow with decreases in target hei~ht via th,tdep~es~io~ of 

the' shouîder complex and an increased' angle of trunk ~an. Thi,s trend, 
" 

p~sists from movement initiation to release., . 

Figures 1 and 2 also a,lso .' J?rovide the opportuni ty to examine the 

musculoskeletal degre~s of freedom used by each of the supjects. , 
\- 0 J 

Subject 1 v' reduced' the propulsive motion, to the shoul~er, elbow, wrist 
<; 

and fi~ge+, .eliminating movement of the trunk. Subject 2 further 
~c .., '" 1 

• ~ A CI 

repuced the action to motion at the wri~t and firiger markers only, yith 

aIl movement t~in;'-"Place about the vir~uall:i moti'onless elbow joint. 

o ' Subject 3,. like Sub~ect 1 f restricted the motion .ta the shoulder, elbow, 

wrist and finger, yet maved the elbow t~rough a gre~,ter range of motion. 

Subject 3 "also tended" ta' move both trunk markers in thé vertical 

o· 

J ! 

direction, especially in Dl. - Subj ect 4, r~duced the throwi.ng acti"on to 
\ 

motion at 
., \, 

the elbow, wr~st and finger rnârkers only and 
\ 

~ropelled the 

forearrn through a greater range of motion than the expert players. The 

graphs distinctly illustrate the greater range of motion at the wrist , 
.( the angl~ formed between., the forearm and hand) of v the' novice players 

Il 
wh~n compared to the expert players. ' 

, ' 
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EXPERT SEGMENT ORIENTATIONS 

( 

t 

Condi ti ory 1 

.. 

... 
(> 

Condition 2 

EJ 

'..-

.". 

Condition 3 1 

T 
J 

ConditiQn 1 Condition 2 Condition 3 

Figure 
trials 
D~le 
1hree. 

! 

1,: Exper1i segment o;-i entati ons sel ected from typi cal 
at mevemen.t initiation and rE!lease. Condifion 1 = 

Twenty", Condition 2 =- Bullseye, . Condition 3 = °Oouble 

.. • , 
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NOVICE SEGMENT ORIENTATIONS 
() <> 

42 

Condi tion 1 Condition 2 Condition 3 

o 

<::> . 
Candi tian 1 Condition 2 Condition 3 

Figure 
trials 
Double 
Three. 

t-....... "l,.) 

2: Novice segment orientatlons selected from typicaÎ 
at movement initiation and release. Condition 1 • 

Twenty, Condition 2 = Bullseye, Conditiqn 3. Double 
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4.2.2 Comparison of Release Kinematics 
~ 

The depen~?nt uariables selected in this study were: 1) the resultant 

velocity of the styloid proéess 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 coordinate o~ 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 target height. The second hypothesis involved the'differences 

in the resOultant velocity of the dart at release (DRV) across levels of 0 

iP-' 
target height: The -third hypothesis was related to the differences in 

the angle df projection ~f the dart at release (DPATH) across levels of 
-

the Independant variable. Hypothesis four concerned the differences in 

( the 'vertical coordinate of the dart at ~release (RH) across levels of 

target height. 1 

J 

4t 
During ~he analysis, it was deemed necessary to fully analyze the 

o 

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 

differènces between the sfrategies of €he expert and novice players. 

The abscence of one trial necessitated perfor~ing ANOVA's adjusted for 

unequal sample sizes' utilizing the harmonie mean ~n aIl statistical 

analyses for subjects two and three. Full ANOVA tables for each 

dependant variable are presented in.Appendix B. Alpha was set at 0.01 

for the testing of significance. 

Table 5 contains descriptive statistics of the" kinematic param~ters 
\ \ 

)per~aining to the wrist marker and demonstra~es the consistency in the 

resulta~t velocity of the wrist at release across levels of target for 

, 
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.J all subj ects • Ther~ were no, sig~ificant differences in the resultant 

/ 

velocity of the wrist at release (WVR) fcr any cf the fcur subjects and 

hypothesis cne was therefc~e accepted.~ Hcwever, 'the histogram presented . (' 

in Figure 3 demcnstrates a'slight trend cf reduction in wrist velocity 

with decreasing target height existed fO,r ~Ubjects one thrcugh three, .. 
while subject fcur actually increased WVV with depreases in target 

height. 

• 

t 

, . 
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Table 5 Kinematic Parameters of the Wrist Marker at Release 
for Expert and Novice Players acro~s Levels of Target 

.,. 
, Level of Ss Target WRV WPATH WVV 0 WHV , 

Play (rn/sec) (degrees) (m/s~c) (rn/sec) .. , 

E 1 Dl 3.14 li.20 Q-.9~ 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 

1 * * 
E 

.... 
2 Dl 3.29 3.22 -0.18 3.28 - 1 

"-
.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 .1;2 .18 

* * 
N 3 Dl 2.92 11.27 0.58 2.86 

( 
. 24 4.15 --- .23 . .21 

02 2.78 15.74 o.~( 2.67 

V .19 2.71 .1 .16 
, D3 2.67 6.46 0.34 2.64 

.38 7.72 .33 __ 38 

* 
N 4 oi 2.59 2.90 O!18 2.50 

" .20 4.39 .23 .. 15 
02 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 
WRV ,resultant velocity of wrist at re1ease 
WPATH: angle of path of wrist from horizontal at release \ 

WVV vertical velocity of wrist at release 
WHV horizontal velocity of wrist at release 

#If 
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Resultant velocity (metersjsecond) of the wrist marker 
at release for four subjects over three conditions .. '. ' 
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differences were evident in the wrist vertical velocities 

(WVV), for the, expert plqyers only (Table 5). No differences were found 

in ,the horizontal velocity of the wrist (WVH) fO,r .any subject. 
( 

r" 

Sign'ificant differ~nces in the angle of path 'of the wrist at release 

(WPATH) were found, for subjects. one, 
\ 

two and three. The standard 

deviations of the kinematic variables relating 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 velocity of the finger at release (FRV) 
of 

with the exception 'of subject two. Subject two also displayed 

signi'ficant differences in the horizontal veloei ty of, the finger marker 

,1 

o 

, 

/ ' 
f 
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at release (FVH) 1 whi':te the 'remaining' subjects did not. Significant 

differences in the ve~ical velocity of the finger (FVV) and path of the 

finger at release (FPATH) we:e ~ eVidenc~ for the expert players ,was 

only. , The standa!d deviations of the kinematic variables describing the 

experts' f~~er ma~'k~~ especiall.y FPATH, w~re once again smaller than 

those of the novices. 
~ l 

) 
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Table ~ Kinematic Pararneters of the Finger Marker at Release 
fo~ Expert and Noyice Players across Levels of Target 

Level of 
Play 

Ss Target FRV 
(rn/sec) 

FPATH FVV 
(degrees) (rn/sec) 

E" 1 Dl 4.53 20.08 1.55 
.16 4.32 .31 

D2 4.55 13.95 1.09 
.23 5.08 .37 

-D3 4.38 11.71 0.89 
.10 3.27 .25 

* * 
E 2 DJ,. , 4.36 1.38 0.11 

.14 4.58 .35 
D2 4.27 - 1.42 - 0.11 

.09 3.58 .27 
D3 4.10 

~ 
- 0.48 

.10 3. .26 
* * * 

N 3 Dl 4.17 12.64 0.93 
.33 5.48 .43 

D2 3.85 16.58 1.10 
.15 3.87 .27 
"i - ..... ~ .... ~ ".or 

D3 3.63 4.15 0.35 
.53 15.36 .88 

N 4 Dl 3.82 12.47 0.81 
.21 5.77 .34 

D2 3~ '6.67 0.49 
. 6 7.24 .57 

D3 3.52 13.20 0.80 
" .16 4.50 .26 

* P < .01 
FRV resultant velocity of finger at release 
FPATH: angle of path of finger frorn horizontal 
FVV vertical velocity of finger at ~elease 
FHV 

"'FHV 
(rn/sec) 

4.24 
.21 

4.40 
.27 

4.28 
.10 

4.34 
.14 

4.2,6 
.09 

4. Off 
.15 
* 

4.05 
.28 

3.68 
.13 

3.52 
.56 

3.71 
.28 

3.87 
.38 

3.42 
.19 

at relea~e 

'; 

( 

horizontal velocity of finger at release 

Table 7 illustrates the statistica11y Si9nlf1cant alterations in the 
t> ' _ 

height of release (RH) made according to targ~t height by aIl subjects, 

thereby verifying 'hypothesis four. The increased angle of trunk lean 

~ (TB and TF) and depression of the shoulder cornplex (SS and SF) served to 
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lower the elbow and hand correspondingly with decreases in the height of 

the target. 
. 

Tukey comparisons (Table B, Appendix C) revealed the 
~ 

existence of significant differences between each level of target for 

both expert and novice subjects. 

Only subject f~u~ displayed significant differences in the dart's 

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

two, released the dart at significantly different result~nt velocities 
r 

(DRV) , lending support 

Appendix C) ~evealed 
to hypothesï~ two. 

t~at subjects one and 

Tukey comparisons (Table 9, 

four exhibitted differences 

in oR~tween 02,-D3 only, while subject three, dem'onstrated differences 

between D1-02 and 01-03. ~ 

Significant differences in the dart ' vertical velocity (OVV) and da+t 
,. 

angle of 'path (OPATH) at release were established for aIl subjects. 

'This angle was calculated as the arctangent of the rele~se vertical 
. ~1 

velocity, verifying by the release horizonta~ velocity divided 

hypothesis three. Subjects of aIl levels of ability altered the 

proj~cti?n a~gle by ~ignificantly changing the dart's'vertical velocity 1 

.at release. Jonce again, the standard deviations of the kinernatic 

variables relating to the experts' darts were generally srnaller·than 

those of the novices. Tukey comparisons revealed the exi~tence of 

significant differences between each level of target for subject two~~nd 

\ . 
between Ol-D2 and D1-D3 for subjects . one and four. SubJect three 

exhibitted'differences between D1-D3 and D2-D3. 
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Table 7 Kinernatic Parameters of the Dart at' Release for Expert 

Level o'f 

and Novice Players across Levels of Target ( 

Ss Target RH DRV DPATH DVV DHV 

Il; 
Play (meters) (m/s'ec) (degre~s) (rn/sec) (rn/sec) 

E 1 Dl 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 5.04 ). 12.90 1.13 4.92 
.01 .09 1.29 .11 .10, 
* * * * 

E 2 -- Dl 1. 94 4.88 20.32 1. 69 4.5'8 
.02 .11 1. 76 .13 .13 IP'" 

i D2 1. 88 c 4~78 16.17 1. 33 4.59 
.01 .10 2.02 .14 .13 

D3 1. 84 4.71 Il.45 ' 0.93 4.62 
.01 .14 1.43 .11 .14 
* * * 

N 3 ' Dl 1.8'6 0 4.90 21.95 1. 82 4.54 

0 
.02 .24 2.39 .12 .29 

D2 1. 80 4.52 22.11 1. 70 4.18 
.02.1 .08 2.08 .14 c .12 

D3 1. 75 4.52 17.21 1:34 4.31 
'.03 .33 2.60 .21 .32 
* * * * . 

N 4 Dl tt1. 97 4.67 21. 84 1.73 4.32 
.03 .1Q 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 
* * * * l , 

* : p < .01 . . 1 a 

RH ') release height , 
DRV : resultant velocity of dart at release 
DPATH: angle of projection of dart from horizontal at rélease 
DVV : dart vertical velocity 
DHV : dart horizontal velocity . 
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~Figure 4: Resultant velocity (metersjsecond) Qf the dart at 
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Figure 6: Dart release height (metérs) for four subjects over 
three conditions. . " 

4 .. 3 Additional Observations .# • 

" ' 

" 

( 

1"-
" 

d'il .! .a 
During the analysis of the data, observations were made 'which were 

l , • 

';!j, 

regarded as pertin~nt towards a more. complete understanding of the 

strategies of the' p~ayers and are presented here. 

',,, . 
4.3. 1 Analysis o:r Segment Absolute Angles. . 

A correlative analysis was carried~out in an endeavour to ascefrtain 

( the relat,ionships between the shoulder, elbow and wrist absolute angles 
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',' ,h:~~ughout the throw. Table Il p~esents the results of this analys:l?s 

ànd'must De examined with tne segment orientatioBs of figures one and 

two in mind. o 0 

. -
Table 11 Correlation Coefficients among Should~r, Elbow and , 

Wrist Absolute An~les across Levels of Target 

Level of 
Play 

E 

E .. 

., N 

N-

* p > • el 

Subject 

1 1 r 

3 
, .. 

2 1 

2 

3 

3 1 

2 

3 

4 1 

,2 

3 

r1 

" 
Shoulder 
Elbow 

Shoulder, 
Elbow 

Shoulder 
Elbow 

Shoulder 
Elbow. 

~Shoulder 
Elbow a -

Shoulder 
Elnow 

Shoultler 
Elbow 

Shoulder 
. ?lbOW 

i Shoulder' 
\"Elbow '(J 

1 

Shouldei' 
. Elbow' 

Shoulder 
Elbow 

, 

Shoulder 
Elbow 

" 
r - Pearson Correlation Coefficient 
R - Coefficient of 'Determination 

Elbow 
r R 

-.47 .22' 

-.60 .36 

-.84 .71 

.31 .10 

-.03* .00 

.40 .16 

Wrist 
'r R 

-.35 .12 
.95- .90-

t 
-.47 .22 

:'96 .92--

-.82 .67 
.97 ,94 

L fi' 

.31 .10 

.96 .92 

.07* .00 

.96' .92 

.31 .10 

.92 .84 

'-.31 .10' -; 14 * (il. 02 

7.76 • 58 , 

-.47 

-.81 .66 

. 
-.97 .94 

-# 

-.'75 .56 

'"" . 90 .8i 

-.74 .55 . 
.91 .83 

-.27 .07 
.91 : .83 

-.45 
.63 

.20 

.37 

-.74 .55 
.74 .55 p 

-.11* .01 
.43 .18 

.. 

p = probability ot' r, with 22 (subjects 2 ~nd.3) and 23 dr 
~ d_ 

• 
/ 

j 
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signifi.cantly ,( p< .01) the expert players, sUb,j ect 
o 

negative correlati0!l.s of the shoulder-elbow Cr'" -0.47 to -0.84) and 
c 

shoulder-wrist (r - -0 .. 35 to -0.82) -and significantly positive 

correlations between the elbow and wrist (r 0.95 to 0.97). 

Correlative results for sUbje;,ct two demonstrëfted positively significan~ 
" 

correlations of the $houlder-elbow (r = 0.31 to 0.40) .and shoulder-wrist 
'\ . , 

(r ... 0.31) and betw~en the el~; and ~r4.st (r = 0.9: to_ O. 9~) . c However, ,_ 

in the D2 the correlation fbe$e~n the shoulder and elbow and the 

shoulder and w:r\ist of subj,ect twd were not significant. Between ninety 

and' 94 percent and 84 to 92 percent of the variance in ,the wrist angle 

"'.-was explalhed by the elbow' angle of subj ~cts one and two respecti vely. û 

-
with_ regard to the novice players, subject three displayed 

. 
signific~ntly negativF correlations between the shoulder-elbow (r = 

, 
-0.31 to -0.76) and shoulder-wrist (r -0.27 to -0.74) with- the 

exception of the shoulder-~rist in Dl, and a significantly positive 
, 

correlation between the elbow-wrist (r = 0.90 to o . 91) . Subject four 
, - - • 

aiso displayed significantly negative cor:r;{:lations between the 
); 

shoulder-elbow (r "" -0.75 to -o. 97) and shoulder-wrist »( r -0.45 to 
( 

, 

-0.74) with with the exceptj.on of the shoulder-wrist in D3, and a 

significantly positive correlation ~etween the elbow-wriqt.(r = 0.43 to 

0.74). 

4.3.2 Ana1ysis of Release Timing 

amilysis J ~ha/ frame 
.. 

lt was noticed during the - computer the f:i,.lm 

~arked by the experimenter during the digitization ~ocèss as the 

'~elease frame often coincided w!th the first frame where the forearm 

-- / 
j 9 o 

~ 
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\angUlar velocity turned neg~tive. Since \ it ha~ been previously assumed ..,' 

that the inflection point in the forearm velocity profile was indicative 
" l' _1 

of the'ons~t of the movement of.the an~gonist musculature a Qorrelative 

ana~y'sis was performed, the resul ts of which are presented in Table 12. 

\ 

Table 12 Correiation Coefficients 
the ~rame Containing the 
Fore~rm Velocity Profile 

D Level~ Subject Target 
\ Pl!Y 

\ E 

NI, 
\ 
\ 

N 
\ 
\ 

* p < .01 

1 

2 

3 

4 

1 
2 
3 

Total 

1 
2 
3 

Total 

1 
2 
3 

Total 

1 
2 
3 

Total 

between the Release Frame and 
Inflection point of the 

n 

8 
8 

.;0 8 
24 

8 
8 
7 

23 

7 
8 
8 

23 

8 
8 
8 

24 

r 

1.00 
.99 

1.00 
.98 

1.00 
.96 
.97 
.97 

.90 

.87 

.84 

.93 

.98 

.52 

.94 

.93 

p 

.000 * 

.000 * 
" .000 * 

.000 * 

.000 * 

.000 * 

.000 * 

.000 * 

1 .003 * 
.002 * 
.004 * 
.000 * 

.000 * 

.091 
... 000 * 

.000 * 

r = ~pearman Rank Correlation Coefficient 
p = probabili ty of r 

1 

Spearman Rank correlation coefficients between 0.96 and 1.00 were 

found for the expert players, ~hile coefficients ranging from 0.52 to 

O. 9 8 we~e found for the novice players. Significant correlations 
, 

(p<.Ol) were found for all subjects in aIl levels of target, with 'the 

exception of subject 4 in D2. Although no cause and effect r~lationBhip 

, 1/' 
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cao be established between the onset of antagonist braking and release t 

it' ~s possible that the t~ming of release is somehow coupled with that 

of the braking action . 

/ 
() 

• . . ,r 
\ ... .p 

~ ~ 

~ 
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CBAP':rER V 

DISCUSSION OF RESULTS 

The purpose af this study was to investigate the kinematic,\ariables 

of the stra~ies of 

throwing task. The 

reflecting the variant and invariant aspects 

subjects of two ability levels performing a dart 

second concern of this study 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 pl~ers were filmed from 
, 

the sagittal' plane during a dart throwing \.ask. ,In this cha~ter, the 

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

4C) Each subject's kinematic data will be interpreted and the self-imposed 

o 

constraints • 

task-related, 

or strategies - will be discussed 

mU~letal and lleuromuscular 

with respect to 

deg'rees of freedom. 
, 

Also 1 the two abili ty levels will be contrasted Uiroughout thil(s 

discussion. 

The research question posed'in Chapter 1 was: What are the kinematic 

strategies of the dart player and ~ow are these strategies modified when 

the target heigh~ is altered? An analytical computer model was 

developed and permitted the examinatién of the feasibility of three 

possible dart throwing strategies. The most viable strategy for 

\ contacting targets located at various target heights involved the 

maintenance of a constant wrist resultant velocity at release, while 

manipulating 

at release. 

release height 

\ 

~ 

as well as dart resultant velocity.and pa th 
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Four hypotheses concerning alterations in wrist and dart velocity, 

path and release height associated with throws ~o three leveis of target 

height (Dl - double twenty, 190 cm above the floor,' D2 - bullseye, 173 
. 

cm above the floor, D3 - double three, 156 cm above the floO()·were 

constructed and statistically tested. Hypothesi's one concerned the 

velocity of the ,styloid process of the di_fferences in t~ resul tant 

wrist· 'at ~elease (WRV) across levels of target height. The second 

o(the 

third 

hypothesis involved the differences in the 
/' 

dart at release (DRV) across levels of 

resultant velocity 

target he;i..ght. The 

hypothesis was related to the differences in the angl~ of projection of 

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

Hypothesis four concerned the differences in the vertic~l coordinate of c: the dart at rel~ase (RH) across levels 'of target height. Thè research 

C· 

. " 
hypotheses were upheld in 15 of 16 cases, with the sole exception being 

subject two's dart resultant velocity at rélease. 

5.1 Levels o~ Degrees of Freedom 

When the degrees of freedom associated with arm movements are 

discussed in the literatur,e (Hasan, Enoka and Stuart, 1985; Hollerbach, 

01985), references are made with re~pect to the mus~uloskeletal system, 

only. However, in, ,any weIl defined, goal oriented task it can be stated 
• 0 

." .,. that thère ar~ four levels of the degrees of' freedom: 1) task related 

degrees of freedom or the of kinetié;;;:d ki,(emat~c. 
parameters nécessary to achieve the movement goal, 2) C~gn~tive degrees 

combînation 

. 
of freedom or the subject's petception of the task's' goal, 3) 

i 
musculoskeletal degrees of freed~m related to the geometry of joint 
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articulation and the force-time characteristics of the muscle 

contraction and 4) the neuromuscular degrees of freedom reflected by the 

movement kinematics of the individual. 

The 

in thé 

task related degree~f freedom have peen weIl defined 

goal of the investigation: A dart playex can effect 

variations, in 
r 

reLease height (RH), release velocity (DRV) and angle 

of projection of the dart (DPRO) to achieve a successful throw to a 

specified 
) 

target. The variations may be performed a on any one or 

combination of these kinematic variables. As pre~ious~y stated in 

Chapter l, the dart throwing paradigm 
J 

. 
utilized in 'this study requires 

the subject's simultaneous control of two kinematic parameters: 

\ 
1) 

hand-dart velocity and path (trajectory) and 2) segment orientation. 

A reduction in musculoskeletal ,degrees oi freedom must be,a result of 

the individual's C09vitive. attempt at constraining the t~rowing motion, 

including the parameters of stance and joint m~tion. In the present 

,investigation, this reduction , - is duetto two factors. The first factor 

is related to the experimental paradigm whereby movement was restricted 

to the 'sagi ttal plane by selecting targets along a vertical 1ine 

bisecting the dart board through the bu1lseye. Although movement was 

not physically limited in any way and a one camera setup cou Id not 

measure action occuring along the 'z' axis, movements along that axis 

were not observed during the data collection session.' 
1 

The second factor involves the individual's self-irnposed constraints 

on both the available musculoskeletal and neurornuscular- degrees ,of 
\ 

freedom. These constraints must be organised by the player in such a 

faphio~ as ta achieve'the ~ovement goal. The muscuioskeietai degrees of 
, l -
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freedom of the trunk, shoulder, wrist and finger markers were restrained 

by both the experimental de,sign as weIl as à cogni ti ve constraint. The· 

subject's strategy is composed of these self-imposed constraints made 

upon the musculoske1etal and neuromuscular __ degrees of freedom. In fact, 

given the movement goal and the strategy of the subject, the 

neuromuscu1ar degrees of - freedom are the neryous system' s out-put or 

kinematics. In discussing the r~su1ts'of the present investigation, thé 

subject's strategies will be discussed with respect'to this division of 

the levels of degrees of freedom. 

5.2 Musculoskeletal Degrees of Fxeedom 

Since it has been demonstrated that the musculoske1eta1 degrees of 

freedom reflect a cognitive effort to constrain jo~nt motion, an 
. 

analysis of the subject's strategies at this level was 'deemed of 

interest. 

5.2.1 Stance and Aiming 

Da~t players begin preparation for, their series/of throws by assuming 
. 

their stance on the throwing 1ine. Th& importance of a consistent 

stance (foot placement) and posture (segment orientations) is 

intuitively known to the expert dart players : A small lateral 

displacement of the feet from the habituaI location of the positional 

marker placed on the 1trowing line would require compensatory 

ad j'ustmen ts a t the trunk, s,houlder, , elbow and wrist in order to contact 

the target. The three ftimensional position of the center of gravit y 
,~ 

must iUSO be maintained in a stationary position over 
1 

support prior to and during the throw: Any displacement 

the base of 

of the center 

of gravit y would al8,o requir~ an adjustment in either/or release 

•• 
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veloci ty ,. height and angle of projection' during the throw. Al though the 

role of visual proprioceptive informatiôn was not a concern of this 

. investigation, it's function in the aiming process is important and must 

be discussed. 

Visiqn must also play ~ 'paramount role in preparat~on for, and 

execution of the throw and it seems 10gical to assume tnat the visual 

system guides the 9rientation of the entire body as weIl as the dart 

during the aiming action. After placing the fooe or feet at the marker 
, 

on the throwini line, players of both ability levels lined up the dart 
r 

with the target p+ior to flexing at the elbow joint'and moving ta the 

initiation poqition. This act of lining up the dart with the desired 

target allowed for the adjustment of the vertical height of the dart 

4C) before it was drawn back to the movement initiation position. During 

·that time span, visual proprioceptive information was likely used ta 

o 

correct any pos~tional errors input to the system prior 
, ' 

phase of the movement. Onpe the dart was lined up with 

t~e drawback 
!oo 

the specified 

target, the segments comprising the.trunk, arm and hand were 

oriented 'in thèir. favoure~~ I~si tions'. It is therefore likely 

release heigh't was planned during' the aiming phase. 

alsÇ\': 
&i,î 

that 

-Regardless of target height, each subject drew the dart back to the 

level of the eye in aIl filmed trials, although the actual height pf the 

, dart from the floo.r varied with the angle of lean of the trunk and the ---absolute-angles at the shoulder and upper arme During digitization, it 

was noticed that subject one ceased aIl movement prior to the initiation 

of the propulsive movement fqr approximately 0.17 seconds'(lO frames). 

Subject two' stopped the movement for one or two frames while the novic~ 

( 
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players performed a continubus movement from drawback to movement 

initiation. The act of aiming continued over a longer duration for the 

expert players'cornpared to the 'novic~s -and' the movement initiqtion . 
position was also maintained over a longer period of time. The aiming 

phase of the throw, which was nct accounted for in ,the present study, i~ 

,of vi~a~ importance to throwin~ accuracy~ since the duration of the
.-/' 

throwing movement is too short to permit advantage~us use of any visual 

feedback (Carlton, 1981). Therefore, it is during the time span between 

aiming and movement'initiation that any errors may be corrected and 

release height must be planned. However, if the trajectory was planned 

using _vision alone (i.e. as a straïght line joining the eye and target), 

a release velocity equalling the speed of light would be required to 
1 

contact the target. Thus, the aiming process explains the planninglQf 

release he~ght yet it does not entirely account for the trajectories of 

th~ wrist, finger and dart. 

5.2.2 Joint Motion 

i " The sti~k figures presented in Figures 1 and 2 are represènta~z~~\of 
;kJ 

the sUbjects' segmental orientations at movement initiation a'rid :éei~ase 

for throws to the three targets and enabled' the calculation of the 

musculoskeletal degrees of freedom'al~ng two axés (x ~nd y). By far the 

most experienced and talented dart player, subject 'one's trial results 

corroborated all four research hypotheses. Of 
l ' 

the available 

two-dimensional d~grees of freedom, twJ:at,the ilium, C3, shoulder and 

elbow (eliminating the wris~and finger), it may be stated that subject 

one °coordinated his throw with a,sO percent (4/8) reduction ~n the 

potential degrees of freedorn in aIl levels of target, through the 

,1 
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elimination of movement'at the two trunk markers. 1 A ~ighly skilled, yet 

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

sustained three of the research hypotheses, save hypothesis two. Figure . " 

1 displays a 75 .percent (6/8) reduction in the degrees of freedom of 

t,hrows in ,aIl, leve\ ~f targe~ through sta tionary trunk 

vertical motion only ~t the shoulder and elbow markers. 

markers, and 

Although he was the least experiençed of aIl participators in the 

study, subject three' striaI results corroborated 411 research 

hypotheses. An examination of the typical segment orientations at the 

movement initiation a~d release of .subject three disc10ses no reduction 

in the_ potential degrees of freedom in Dl, and a 37.5 percent (3/8) 
. 

reduction in D2 and D3 (Figure 2), via ekimination of horizpntal trunk 

~ and shoulder motion. A slightly more experienced player than subject 

o 

three, subject faur's trial results also supported aIl research 

.' , hypotheses. Figure 2 ·displays a 75 percent (6/8) reduction in the 

potential degrees of, freed shoulder markers. 

It is G evide~t that players of, both ability levels reduced the 

potential degr~es of musculoskeletal freedom in an attempt to constrain 
-

joint motion and increase consistency, thereby reducing error. Although 

- \ the novice players constrained their joint motion)to virtually the same 

extent as the experts, the mean error of dart contact at the board 

(Table 2) illustrates the inability of the novices to constrain their 

movement kinematics, or neuromuscu1ar deg!ees of freedom. Finally, the' 

experimental design did not permit an extended analysis of the degrees 

of freedom of the fiftgers and thurnb, the digits control1ing the dart's 
\ 

release. 
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5.3 Beuromuscular Degrees of Freedom 
, c 

~he neuromuscular (or kinematic) degrees of freedom are measures of 

thé nervous system's output given ,the- task goal, musculoskeletal 

constraints and th~bject's strategy. The measureg kinematic 

variables include the segment spatial orientations at movement 
t 

initiation 'and release, and the marker kinematics. The variant and 

invariant aspects of these variables and the differençes delimitting the 

level of skill will be discussed in this section. 

5.3.1 Segment Orientation 

The statistic. __ ~ the' inves~igation permitted analyses, of 

variance using 

contemplat 

measured 

m ans of eight trials at each target, permitting the 

of both the means and s~andard deviations of aIl the 

under study. The magnitude of the standard deviation 

reflects the noise of the nervous systems of' the throwers (Anderson and 

Pitcairn, 1986). Alth~gh Anderson and Pitcairn's definit~on of noise 

was applied to .the .increas~ in the positional (x and y) standard 

deviations measured from movement initiatiorr to release, the standard 

deviations of the variables measured in· the present study reflect the 

trial to trial noise occurïng at release. 

At' movement initiation, aIl subjects leaned further towards the 
~ " 

target and lowered the angles of the shoulder co~plex and upper arm with 

decreases in target height.and the trend persisted up to release (Table 

3). The adjustment in the orientation of the more proximal segments 

enabled the thrower tq line up the d~rt with the target while aiming. 

The subjects' standard deviations of the trunk, shoulder ahd elbow 
. 

segments at both movement initiation and release were relatively low in 

... 
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comparison to those of the ~ore distal- segments, suggestin~ that the 
-. . , 

initiation positions were consistently attained by- aIl sUbjects. At 

release, the subjects' standard deviations of the segment orientations 

were greater fqr aIl segments than at movement initiation. 'Thus, the 

movement initiation position was less n~isy than the release positions 

due 'to the uti1ization of visual proprioceptive information by the 

throwers. 

Table 4 depicts a trend whereby the 

novice's segments were highèr than those 

standard deviations of ~e . 

of the experts (especial~y the 
<> 

hand angle, HF), signifying the presence of a greater amount of noise. 

It is of interest to note that Anderson and Pi,tcairn' s (1986) analysis 

identified the_ang~e'of the wrist at release to' discriminate low misses 

~ and hits as weIl as low misses and high misses. The wri$t angles of the 

novice subjects ,were 'noisier' -than those of the experts, suggesting 

-0 

, 
}~at the novice throwers' hand orientations at release were less . ~ 
consistent than the éxpert players and this factor must hav~ contributed 

1 

to the greater mean error of the dart at contact with the board. 

5.3.2 Interrelationship of Shoulder, Elbow and Wrist Angles 
, 

Al though the motion of the shoulder and elbow joints were 

significantly correlated for aIl subjects, excepting for one case, the 

'correlations were likely'influenced by the inertial coup1ing of the two 

joints (Soechting, 1984). Since no biomechanica1 coupling of the 

shoulder and wrist joints exists, it was no surprise .that such 

correlations ~f shoulder-wrist were also of a low order. These findings 

were aiso int1uenced -by the cognitive constraints made upon the 

muscu10skeletal degrees of freedom of shoulder motion by the subjects. 
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Research by Soechting (1984) has demonstrated that wrist motion can 

be regulated independantly, from that of the more proxi~ 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 selected dart traj ectory . ln examining the b rèsul ts of the 

expert players, however, the expert pl~yers displayed highly signif~cant 
(" 

r 
correlations between the elbow~nd wrist absolute angles throughout 

throws to the three targets. These, findings suggest the existence of a 
III 

goal-directed elbow-wrist synergy independant of target loc~tion (Table 

'" 11). Aithough the elbow-wrist co~relations of .the novice subjects were 

significantly correlated," they were of a lower order than those of the 

t expert players. This also i~plies the existence of a goal-directed 

synergy similar to that of the experts, yet the coupling of elbow ~nd , 

wrist angle was, not quite as .t~ght as that of. the ex~ert players. An 
1 

,inhibitory process must have been respons~ble fpr the splitting of the 
. 

shoulder from the general synergy (Gree~e, 19'82 'f. The éxi,stence "pf ,such 

a synergy reflects a further attempt made by the nervous system to 
4-

si.mplify the movernen t .-
, 

8 5.3.3 Marker Kinematic..!, 

EXPERT SUBJJCTS 

Subiect 1 
() l' 

" 
sUbjece Table 5 demonstrates that one exhibited no significant 

". 
tlifferences in wrist 

l' 
resultant velocity .(WRV) across le~éls of target, 

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

vertical and horizontal veloci~y.revealed no significant differences in 

the horizontal veloc,ity at rele~se. The alteration of the, path of the 



o 

{ 
') 

/ 
/ 

o 

i 

o 

wrist (WPATH) was 

alte1ation of wrist 

: 

ac~ieved through a significant and proportional 
t.. 

vertical veloc~ty (WVV)' with changes in target 

o ' 

changes in: DPATH w~re attained throu<.!Jh a correspondi~g decrease in DVV '. \ 

with ,target ,height. Note that the differences in the marker paths. 
, 0 i' ~, 

became more marked at the finger, where FPATH attained virtually the 

same values as D~H. ·~hile.the DPATH for D2 'and D3 varied by only one 
. , 

degr~e (12.90 versus 13.90 qegrees), bHV was'increased for target D2 in 

or der to contact the bullseye.'" 01 was- marked by virtually the samè OHV , , 

sig~l~à:{~~tlY 
J .• 

as 03, yet i t had a 
, !J 

selected. ' 

higher was. DPATH than for D2 .and D3 

'1 '\ 

Post hoc,comp~risons (TaQles 8, 9. and 10, Appendix 9) reve~led that: 
, , 

1,) RH' s were sig~ificant1.y diffe'-!,ènt among J?1, D2 and D3,: 2) DRV was 

different between "D2 and " 03.only and 3) OPÂTH was ~iff~ent bétween 
. 

01-03 and D2-D3. Subject one's strategy for creating 'trajectories to 
, 

three different target he~ghts was therefore 'one of creating~~nduring 

changes in DRV and DPATH t}lroug,b alterations in WVV and WPATH, and FVV 
" 

and FPATH. In so doing, subject one~constrained the hand (comprising 
." . , 

the wrist and finger markers) and, tdart to act as a upit, thereby 
.' 

following a °similar spatial trajectory at refease. Althougn dt.fferencea 
" , ' ~ J.o • \ 1 ) 

-
existed among the marker paths,' "no significant différences were found in , . 

," , 
'. 

c 
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the wrist,-finger or dart resultant veYocity, implying that the marker 

:veloc~ere 

It "ap~rs 

r 

pendant of the rnarker paths. v 

rather than 'throwing' the dart, subject ohe 

permitted the dart to slip out of his fingers. This finding is 

supported by tw~ further findings. Firstly, the ~laritY in the·· 

magnitude of FPATH and DPATH suggests th~t n~, finger exte~sion took 

place prio~ to 

frame aÎtd the 

or 
release. Secondl-v, the correlation between' the release 

frame containing the inflection'point of the forearm' 

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

sudden onset of antagonist breaking would permit the dart ta slip fr m 
1 ? 

,the thrower's fi.ingers. This method of release could the 

.v~riati~n 
<li 

trial-to-trial 
. 

(noise) in DPATH given a consistent and .. 
FPATH. ~ . 

" . 
SUbject 2 ) 
Subject two demonstrated no significant differences in WRV, baqking 

hypothesis one. Analysis of WPATH, fNV and WHV (Table 5.) revealed the 

pattern followed ~y subject one, yet it did not persist at the finger 

marker. It is interesting to nota 'that bath WVV and WPATH were 

negative, signifying that the wrist was moving in a downward direction 

at reléase. The cause of the qownward movement is likel~due ta the_ 

subj~bt' s height (188'.,0 cm) and 'large range of motion~'of the wrist angle 

(Tables 3 and 4). 

Subject t'Wo displayed sign-ificant drfferences in FRV, FPATH, FVV and 

FHV (Table 6), with corresponding changes i~ the magnitude of the 

rneasured jariable with target height. The alteratians in FPATH were 

acni~led through changes in bath FVV \ a~d FHV and produced significant 
<" 

/ '. 
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differences in FRY .. FPATH,was also below the horizontal in 02 and 03 

(-1.42 an~ -6.84 degrees) and on1y slightly positive (1.38 degrees) in 

Dl. Tbis result _ignif1es that the wrist and finger markers were 

constrained to act toge~her as a functional unit. 

The dqrt was released at significan~ly different RH'S, DPATH's and 

DVV's, verifying'hypotheses three and four, however hypothesis two was 
J 

not - accepted (Table' 7 ) . Subject two did not release the dart at 

significantiy different resultant veloc~ties, although a trend of 

decreasing DRV with target height, was observed. 
\ 

FPATH were below,the horizontal or slightly above, 

Although WPATH and 

aIl DPATH's were 

positive and much greatet' (18 to 19 degrees) than WPATH and DPATH. This 

f!nding suggests that subject two utilized his fingers to achieve. the 

~ se1ected dart trajectory. 

o 

o 

, 
Post hoc comparisons (Tables 8, 9 and la, Appendix C) -revealed that 

DPATH' s and RH' s were 'S~gnificantly different élJ[long Dl, D2 and D3. 
~ 

Alth9ugh no differences existed in WHV and DHY, FHY was significantly 

'different across levels of target. ~ubject two's strategies for 

contacting the three targets was to perform changes in DPATH across aIl 

levels of target, beginning with alterations in wvV and WPATH, and FRV 

(FVV and FHY) and FPATH.' Subject two constrained the hand rna~kers te 

act as a unit, yet finger extension must have caused the' 

" non-significance in DRV and the great increase in angle frem FPATH to 

DPATH. Alterations' in the paths of aIl markers were achieved through " 

corresponding changes in their vertical velocity, with target height. A 
"II 

non-signi ficant trend'" of reducing DRV wi th decr~asing target height was . , 

observed and the changes made in DPATH via Dvy were sufficient to attain . ~ 

" 
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the specified target. 

NOVICE SUBJECTS 

Subject 1 
• 0 

Subject three sustained hypothesis one,l exhibi ting no significant 

differènces in WRV across the levels of target. __ Although significant 

differences were displayed in WPATH, no differenees were revealèd,in WVV' 

or ~HV and no trend of deerease in angle existed w±th decreasing target 
, 

In fact, WPATH was height (Table 5). 
~" , 

greater for, D2 and Dl. No ,. ' 

significant differences were fQund for anyof, the variables pertaining . 
to the fi,nger marker at release (,FRY, FPATH, FVV or FHY), -although 'FPATH 

followed the same trend as WPATH (Table 6). 

Subject three released the dart at significantly different RH, DRV, 

DPATH, and OVV aerosS leveis of target height, sustaining hypotheses 

two, tpree and four (Table 7). Post hoc comparisons (Tables 8, 9 and 
< 

10, Appendix C) demonstrated that: 1) RH's were significantly different 

among Dl, D2 and D3, 2) DRV was different between D1-D2 and Dl and 03 

and 3) DPA'TH was differen~' between D1-D3 and D2-D3. 
, , 

Subject three's strategy for ~itting the differing targets was,more 

difficult to recount due to the lack of significanee of the finger 

variables and the pattern of marker paths at release. The trend of 
- 1 

higher angles of path in D2 ,than~p1 persisted from the wrist through the 
,-" 

finger to the dart. The marker paths were due tq a trend towards 
, 

decreasing vertical veloei ty from 02-D1-03 and a trend of reducing wrist 
. 

and finger horizontal velocity correspondingly with target height. In 

order to hit the buliseye (D2), subject three released the dart at a 
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higher DPATH (due to the contribution o'f' a higher DVV.) than in Dl, wi th 

a lower DRV and DVH. 

It is obvious that subject three 'labbed' the dart at the bull seye 
. 

wath a DPATH great,er than that for the double twenty and a DRV near to 

that of. the double three. There is sorne evidence lending credence' to 

the coordination of the hand markers to act as a unit. Although the 

significant di~ferences in WPATH did not endure at FPATH and reappeared 
o 

in DPATH, a non-significant trend similar to thAt of the expert subjects 

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

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

Although nqn-significant trends existed in the markér paths acrâss 

target heigl1:t, the standard deviatians of~~he vertical velocities and 
-." 

paths were too large to allow for statistical significance. This 

finding signifies a'greater arnount of noise in the neuromuscular output 
f 

of subject three, causi~g a ~ack of consistency in the segmebt and 

marker kinèrna~ics and ~ontributing to the mean error about the specified 
'l.Î 

target. 

Subiect 4 , 

,Subjeot four exh~bited no significant ,differences in WRV, sustaining 

hypothesis' one (Table 5) . No differerices were found in ,any of the 

remaining wr~st variables at release, nor were differences found in any 

of the finger variables (Ta~le 6), although a trend existed with respect 

to WPATH and DPATH. The negative WPATH and WVV were lower for the . ' .. 
i ." 

bullseye .. tnano'bÇe double three, as were the positive FPATH and FVV. A 
\ 

trend also:existed whereby the horizontal velocity at the wrist tended 

to increase and the horizontal velocity of the finger tended to dirninish 
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with decreasing target height . 
.,.-L 

d 

'irhe dart was released at a significantly different RH, DRV, DPATH, 
, 1 

, , 

DHV and DVV, backing hypotheses two, three and.four (Table 7)., Since no .. 
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 cOID,Parisons (Tables 

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

different among Dl, D2 and D3, 2) DRV was differerit between ~D2-D3 only 
- . 

and 3) PPATH was·different between DI-D2 and D1-D3. 

~ubject four's strategy for ~~rowing the dart to the different targe~ 
,. ~ '- j 

heights_ was also unclear, owing to the non~significance_of the wrist and 

finger kinematic variables and the pattern of marker~paths at release. 

~ The trend of a lower path e1evation for the wrist marker in D2"than in 

D3 endured thrüugh the finger and dart. A similar trend'involving the 

c 

rnarker horizontal and, resultant velocities at release was also 

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

releape velocity and flatter path to hit the bullseye, while sel~cting a 

lower DRV and higher DPATH to hit the double three . .. 
There is sorne evidence suggesting that subject four constrained the 

hand markers to act as a unit, due to the trend of marke~ path variation 

with target height. The large change in path from the wri~t and finger 

to the dart implies fingèr extension prior ta release. As with sub3ect 
tf' 

three, the standard deviations of the vertical velocities and paths did 

no~ allow for statistical significance. The standard deviations of the 

marker variables implies a lack of~ trial to trial consistency which 
" 

cQntributed to the error at the target. 
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5,. 3.4 Re1ease Timing , 
---

The instant of releasé is of vital importance to throwing accuracy 

since the· dart's release traject6ry and height combine to produce the 

flight to the target. lA question arises as to how a thrower contraIs 

this vital aspect of release timing. Table 12 presented the results of 

a correlative analysis of two distinct events:' f the frame cantaining 

release and' the ~e--containing the inflection point of the forearm 
, 

velocity profile. Highly signifiçant correlations were found in all.but 
i"-

one case (Subject 4 in D2) and the correlations were of a~igher order 
~ . 

for the experts thàn the novices. Regardless of target height, players , ' 
of aIl levels of ability re+eased the dart at virtually the same frame 

~s.the onset of antagonist b~aking. >t f 
It was assumed in" Chapter 1 that the inflection point of the forearm 

velocity profile is representative of the anset of antagonist braking 
\ 

action minus.mator time. The ~esults.presented in Table 12 demonstrated 

that release occurs coincidentally wittt'antagonist braking, yet a causal 

relationship could not b~ established within the boundaries of the 
, 

analysis. The questioI\ of interest becornes: 1s the onset --of an'tagonist' 

braki~ contingent upon the instant of release or is release controled 

o utilizing the anset of brak~ng? 

It is intuitively k~wn that dart throwers must make use of a light 
1 

grip force in order to releas~:~he dart in a.consistent fashion. rt is 

possible that the decelerat~on of aIl segments distal to and ~including 

" the forearm segment combined with the ~inirnal grip for~e on the dart 

could cause the dart to slip from the thrower's fingars. If releas'Q 

occurs in this ,fashion then release controled by the onset of 
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and such timing must be pre-set by the nervous , .' 
w~ll learned task, it would be expected that the 

éx~ert playera'would exhibit higher correlations between the ~wo events . 
.1 

5.4 Compar!son of Expert and Novice Results 

Players of both levels of' ability r~ieased their darts at 

signific~ntly different vertical' coordinates (_'E~ble 7) 'and in aIl cases 

these RH' s wer.e, significantly different among Dl, D2 and D3 (Table 8, 

Appendix C) • This finding, along with the results ,- concerning the 

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

subjects utilizéd 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 trajectories in the vertical plane. The 

( segment path and velocity modifications made by the subjects may reflect 

a relationship between the joint angles of the shoulder, elbow and wrist 

c 

• 0 

joints and, thus, the individual, ~e~f-imposed constraints upon the 
! . 

musculoskeletal and neuromuscular degre~s of freedom (Hasan, Enoka and 

stua~~ 19'85). 

~ 0 ,It is evident that players of both ability levels were able to hold 

WHV and WRV constant (Table 5) while altering WPATH with changes in 

targ,et height. This finding indicates that the components comprising 
" ! 

trajectory', namely resultant velocity and path, can be controled 

simultaneously and independantly. The ,expert players 

significantly different .. and proportional chang~s in 

displayed 

WPATH with 

decreasing target height. Although the novic~ player's WPATH results 

we're non-signj.fieëint 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 in WPATH at 
'\ 

release were d~e 
. • e to'-changes made in WVV. The expert players 

demonstrated signifidant differences in JtNV across levels of target and 

although the novices followed a similar ~rend, the ~agnitude of the WVV 

standard deviations did not permit statistical significanee. This 

finding is also of interest sinee the move~~nt'was planned 

to the geometry of the external world, i.e. veloeity he Id 

the ~riZo~ plane and varied in the ve;tieal plane. 
l 

The expert players also per f'ormed statistically 

alte~ations in FPATH through changes in FVV. Once again, 

with respect 

consta\t in 

1 

sign~ficant 

the maJnitude 
l ' 

"If 

of the novice . subj ects.' FVV and FVH standard deviations did not permit 
, 

statistieal significance in FPATH. At the levei of the dart, -- the 

players altered DPATH via changes in ~VV\ AlI subjects released the .. 
dart at significantly different heights and DPA'H'S among the three 

targelr conditions. Only subjeet one's FPATH was virtually the same as 

DPATH, indicating ,the use of the '~i~gers to guide the dart prior te 

release. AlI subjeèts' standard, deyiations were smallér for DPATH than 

FPATH, ~hich signifies th~t the fingers must aet to 'smooth' any 
- u 

trajectory noise pereeived by the subjects a~ the musc~lar level. 

5.5 Comparison of Expert and Novice Strategies 

The expert subteets lowered DPATH with decreases in \arget height. 

, The novice ~layers, however, used difÎerent strategies involving the 
~ 

manipulation of dart veloeity and angle of proj~ction to launch the dart 

, at the various targets. ~ubjeet 3 used the same angle of projection 

eombined 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 
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proj ection to" hi t the bullseye (combined wi th 

than for the doub,le three (target 
" 

3). In 

a ~i~er release velo~ity) 

fact,~he novice subjects 
o 

performed kinematically different throws to the three· targets'. The 

expert players alterated the dart's angle of path beg±nni~g by 

adjustments at the wrist, constraining the hand complex (wrist and 
o 

finger markers) to act as a uni b thereby reducing the potential 

musculoskeletal degrees 'of f~eedom. 

~ltho~gh the novice ~lâyers did not significantly alter the path,of 
c;J 

)the wris't (~xcept subject th~ee) or 

path was significantly different 

finger markers, the'dart's angle of 

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 Othe mean ~r~or.reported in 

Table 2. The coordination of t'he pxpert players i5 eviqenced by their 

constraint of the hand and fin~ to act as a unit, a tighter 

elbow-wrist synergy and a smaller trial to trial standard deviation. 
, ~ 

The much larger standard deviations of the novice player's segment 
• 1 

and ~arker variables when compared to those of, the experts reflects a 

less repeatable selection of segment\~orientation and trajectory. These 

two components forrn the movement goal o~ the inves,t.igation 'ànd along 

with the mean error at the target (Table 2), delirnit the level of skill 

between the ability levels. 
• 1 D 

~he results of the rnarker and dart velocities and pat~s indicate that 

the trajectory of the rnovernent is indeed one of the Planded 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 

\ 

.. 
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segment paths are altered witn ~~rget height. Also, the subject's 

strategies for con~acting the tprgets ~an .he discriminated through a 

trajectory analysis . 

... 

" .. 

.. 

, 
l , 

, , 

'Go 
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°CBÂPTER VI 

SUMMARY AND CONCLUSIONS 
l __ 

, 
\ 

The purpose of this study was to investigate the kinèmatic variables 

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 ~he kinematic variables 

which differentiated the level of skill of the subjects participating in 

the experiment. 1 The hypotheses of the study were designed to compare 

" "-the"movement kinematics of a dart ,throw to three different targets. 

Hypotheses concerned: l) the trajectory (angle of path and veloci ty) of c: the wrist and dart and 2) segment orientation (release height) at 

- , 

1 

C 

release. 

!_! Methodo1ogy 

Two pairs of two novice and expert dart players were select~d as 

subjects. The task consisted of a series of eight dart throws to 

targets situated at three different heights on~ a regulation size 

dartboard. 

at 150 fps. 

A Locam camera filmed the throwers from the sagittal plane 

Targ,et height, the independan~ variable, was d(vided into 

three levels: double twenty (top),' bullseye (center) and double three 

(bottom). Following an adequate warmup period, eight throws at each 

target were recorded cinematographically. AlI landrnarks we~e digitized 

and analyzed using the 'McGill Biomec~nics Laboratory's analysis 

programs. The hypotheses were evaluated for each subject through 

analyses of variance (alpha was set at 0.01) comparing the dependant 
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variables across the three levels of target. 

6.2 Findings 
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Dat~ analysis and statistical testing of the hypothes,es "revealed the 

fOllowing,results: 

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

'levels of ta~get and aIl throwers released the dart at a constant wrist 

resultant velocity. 

velocity at release 

one through three., ' 

Th1re was a trend for decreasing wrist resultant 

(WRV, with decreases in target height fOf subjects 

2) AlI subjects exhibited a trend for reducing RH with decreases in 
ot 

, 

target heigh-l:. ,Release height was altered through increases in the 
1 

angle of trunk lean and a lowering of the shoulder complexe Rel-ease 

height was statistically different across levels, of tar~et for aIl 

subjects. 

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

subjects ~cross levels of target. Owing to t~e contribution of vertical 
1 

and horizontal velocities, aIl subjects 'rel~as~d the dart at 

.' significantly different resultant velocities across ievels of target, 

with the exception of subject two. '. 
\ 

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

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

contributed to the angle of path at r~lease. Differences were 

statistically significant for aIl subjects. 
, 1 , 
AlI subjects exhi~ited no significant 

: 
1 

horizontal velocity (WVH) at release. 0nly 

the dart at significantly different wrist 

\ 
difference~ in the wrist 

th'e expert \players relea'g-ea 

vertical velocities, which 
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contributed to the significances in ·wrist path. The novice playe~s 

WVY' à 'were too inconsistent to allow f~r ~ statistical significaJ;lce, yet 

they followed a similar trend to the experts. In the case of the expert 

players the trend of altering WPATH endured at FPATH and DPATH, whereas 

no such tre~à exi$ted for the novice players. 

6.3 Conclusions 

The limitations, delimitations and methodology of the ptudy.must be 
. . 

kept in mind when , interpreting the results. Based upon the results, 
o 

o 

evidence has been presented supporting the following conclusions: 
1 

1) The subjects recognized the task related degrees of freedom and aIl 

subjects cognitively.perceived the task in a similar fashion. o 

2) Joint musculoskeletal degrees of 'freedorn were reduced in an attempt 

( to constrain joint mot,ion and increase trial to trial cqnsistency. 

3) Movement ini.tiation segment orientations were more consistently 
'0 • 

attained than release orientations by aIl subjects. 

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

independant of target location existed for aIl subjects. 

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

breaking action for aIl subjects. 

6) The dart was released ~t significantly different vertical 

for each target for aIl subjects. 

l, / 
/ 

coordina~es 

/ 
/ 

7) The dart was released at a constant "WHV and WRV, while alterat~ons in 

WPATH were performed via changes in WVV for eJdh .level of the 

independant variaple., / 
.' 

/ 

8) The standard deviations of the measured variables dellmits the ~evel 

of skill of the subjects. 

/ 



o .. 
9) Joint velocity and path,. the cçmponènts compr~sing trajec~ory~ can be 

regulated simultaneously anq independantly. 

6,4 Implications of ~ Study , 

o The precise role of higher drder cent~rs in the production and 

ongoing control of hurnan movement.~has not yet been firmly ~stablished . 
. 

Evidence from the fields of motor control ànd robotics' research has , 

demonstrated the ,limitation of the brain as the ~ole controller of 

coordinated movement, given the sheer ,~umber of computations necessary 
J 

to Pfoduce even a simple two joint movement (Raibert~ 1978; ~linton, 

"" 1984). One question deemed tantamount in ~he realm of motor control 
./ 

research is, "How: doep the effector or musculoskeletal sy~em diminish 
\> '~o -;:/ (,. 

the degrees of freèdom .(~ndependant ways of moving) to a level·which can 

o be more easily handled by the cbntrqller' or l1igher ~~térs?". ',1 
Movement consistency and repeatability is a cr{tical element.of dart 

• 1 

1 

throwing. Evidence presented in t,his study suggests that dart,e :players, 

regardless of their knowledge of . the physical laws governing projectile e, 
,~ (J 

flight, follow a very simple strategy toP launch the dart at the' 
, , 

different targets on the board. The basic strategy involves the 
" 

manipulation of rel~ase height and the dart's angle Of epath at release 
, 

with changes in target height., The trajectory of the dart is governed 

by the the trajectories of the wrist and finger joint markers as weIl as' 

the action of 
J~ '" 

the fingers themselv~s. ~ Joint marker velocity and path, .. 
the components forming trajectory, can be r~gulated simultaneously and 

independantly. 

rhe s~ill of the players who participated in the'study combined with 

o the we1-1 defined task related degrëes of freedom to produce low standard 
" 

) 
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deviations for al·l measured' ,variables. This made possibl,e the 

delimitation of ~kill level through the examination of Mean error at the 
" f 

target as weIl as The findings ' the amount of trial to trial noise. 
~ 

indicate that success iD dart throwing is not a matter'pf c~ance, a 
1 

great amount of practise and control are required 1 to precisel~ control 
~ 

the trajectory of the segments comprising the arm and hand. 

6.5 Suggestions for Further Research 

An inspection of the results of the present i,nvestigation reveals 
, 

various future research possibilities. A replication of this dtudy, 

including the collection Df electromyographical dat~ could permit an 

examination of the 

the arm 1 and hand. 

timing of the agonist a~d antagonist musculature of 

A similar experimental paradigm designed to assess 

~ the action of the fingers in three dimensions' prior to and at release 

o 

could shed light on the mechanies of the finqers at release. A third 

'study could involve ,the physical restriction of the thrower' s 
1 

<;!~rees ~qf n 
"" 

to 

• " adjuS±ments in the subject's strategy . Finally, an 

investigate the 
o· 

expe~imental setup 

examining 
.. 

~he decrease in trial to trial noise' associated with fhe 

puch a simple, weIl defined task ~ c~u1d prov:/de 

pertinent to motor skill l~arning. ~( 
valuable learning of 

information 
-1 , 

In the various fields co~prising ,motor c~ntrol, there is a need to 
. { 

task more precisely in terms of tbe 'levels of degrees of define the 

freedom expanded upon in this study. 
. 
The rèlationship between, the 

-
subject's perception of the task related degrees bf freedom and the 

subject's cOQstraint of the musculoskeletal and neuromuscular degrees of 

freedom is import~nt and should also be examined . This relationship 

... 

o , 
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must affeét 
1 

the motor cont$ol strategy sé~ected by tne particular subject. 
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, . '~DDIX A 

',' 'iNFOg)CONSENT 
1 \ 

NAME 1 (pleas~ ,print..) : .. 
• 

. -~ . 
The study th~t you have been asked to participate in ~s 

de~gned to compare the strategies YOJ.l temploy whi~ thro,wing '"0 

darts at selected targets on the board. You will be ask~ to 
wear a pair of shorts ' and, will consent to . the placement. oJ,. 
markers over three bony landmarks. You will be asked to perform 
24 throws whj;~~ being filmed by a high' speed camera, so that l' 
may later analyze' your performance and compare i t wi th other 
players of your calib+e. 

, 

At any t(me during the filming session, you may decide to 
discontinue h'~ticipa~ing.in the study bi asking to do so. Opce 
the study is concluded, ybu .may a9k to see the high s~eed 
recordings of your performance. All data collected 'today is the 
property of the Mc~ill University Departrnent. of Physical', 
Education and will'- be' used for research . and instructional· 
purposes only.·' fi 

~ , J 
. In signing ·.~él~W, you are indi~ating. your con.ient to 

pa~icipate in this study, y~ur awareness of the, nature of the 
,research, and t~at .you have read and underst~od this informed 
consent forro. 

Date: 
" t Signat)lre: 
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Table B3 
. . 

• Variable: WR~ST VERTICAL VELOCITY 

SUBJECT 1 . 
Source 

Between 
Within' 
Total 

SUBJECT 2 

Source 

Between 
Withtn 
Total 

SUBJECT 3 

, ~Source 

-Be'!:ween 
Within 
Total 

. D. F. 

2 
, , 21 

~ 23 

D.F. 

2 
20 
22 

D.F. 

'2 • 
20 
22 

. . 

• 
Sum of 
Squares 

0.7818 
0.6188 
1.4006 

Sum of 
Squa.re~' 

0.7343 
0.4375 
1.1718 

Sum of 
Squares 

0.7176 
1. 2659 
1. 9835 

.. 

.. 

Mean 
Squares 

0.3909 
ç 0.0295 

" ! 
Mean 
Squares 

0.3672 
0.-0219 

_ ,f. 

Mean· 
Squares 

" , 

0.3588 
0.0633 

o , 

F 
Ratio 

13.2653 

-~ 
F 

Ratip 

17.6861 

.. 

F 
~Ratio 

5.6690 

0 

93 

. ' 

p, 
'F 

Prob 

0.0002 * . . 

F 
prob 

0.0001 * 

\ 
\ 

'- F 
Prob. 

O. 01~2 



( 

c 

SUBJÈ"CT 1 

\ 
" ' 

Source 

oo....-i3etween 
Within 
Tdtal 

SUBJECT 2 l. 
Source 

Between 
Within 
Total 

SUBJECT 3 

o 

Source 

Between 
Within 
Total. 

SUBJECT 4 

Source' 

Between 
Within 
Total 

* p < .01 

1 

• 

., 

,J!; 

" . ~ 

" 

o Variable: 

'\' 
.:; 

SUffi of 
D.F. Squares . ~ 

2 261.5910 
21 165.8673 
23 427 . 4583~ 

/) 

jI 
SUffi of 

D.F. Squares 
. 

267 . 42~2' 2 
20 .173.3687 
22 440.7889 

SUffi of 
D.F. Sq,lfa'res 

2 0 344.250'1 
20 571.5343 
22 915.784'4 

SUffi of· 
D.F. Squares 

o " 

2 73.,9672 
'21 377.2154 
23 451.1826 

.' ' 

, . 
1 

.: 

:. If' 

,. .. 
( . 

~ . 
"II 

• 
Table B4 ( 

WRIST ANGLE OF j'ATH , / . . , 

Mean F • F ... 

Squares Rati,o Prob 
," 

130.7955 16.5597 0.0000 *' 
7.898'4 , 

~b .; 
, .. ,-\ 

l 

f>. 

Megn F 
. Squares .., Ratio' " . .. 
133.~ï 

, 
0 15.4249 . ' 

8.6684 

-"::: ... --::: 

Mean ~ F F 
Squares Ratio 0 .Prob 

172.1251 6.0233 0.0090 * 
28.5767 

.,. 
, 

Ra~io \ 

, 
Mean F 
Squares' prob 

13.9836 v'" 2.0589 0.1526 
17.9626 

\ 

Q 

r'1 
" 

.' It 
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;: <4 ' \ .. ~ r Table B5 
" ,~~---"- " 

.. 
J Il 

l' 
Variable: 

J 

FINGER RESULTANT VELÔCITY 
1 

.D~SUBJECT l' 
,1P o • ,. 

b 

" . Sum of Mean F - F ,. 
Source D.F. Squares Squares Ratio probf 

Between 2 0.1329 O. 0~6S. 2.2616
1 

6.1~90 
• Within 2L 0.6171 ~. 0294 

Total 23 Q.7500 
< 

" 

SUBJECT 2 
~ 

Sll;m of M~an F , F' 
Source D.F. Sq1,lgres Squares 

fi 
Ratio prob 

l' • 
Bet'Ween 2 0.2599 0.1299 .e.8283 ~ 0~0011 * 
Wi1;.hin . 20 0.2644 0.0132 ... 
Total 22 0.5243 " -.ç~~ 1 J, , 

) 

.~ 

0 SUBJECT 3 .\ . l 
.. um of l'Mean_, F F 

4 
Source D. F., quares ~quares Ratio prob 

, . 
Between 2 1.0807 0.5404 • 3'._ 9298- 0.0364 
'Wi'thin .20 2:7502 0.1375 
Total' f2 3.8309 

SUBJECT 4~ J 

'," -
Sum of Mean 'F F 

.-J / 

Squares ltâi:.io 'prob Source 1 D.F. Squares' 
\ • t . 

BetMeen 1 2 0.7195, 0.3597 3.841>8' 0;0377 
Within 21 " 1. 9638 .. 0.0935 

1 

Total -,b ,23 2.6833 \ 
- - 0 

,Q \ 
~ "' * p <~ .01 '0 

~ 
Q>~ 

~ 

.!if. Cl 

9 (} 

0 (. 

.. ) ~" 
~ 

. ' 
~ 

" 
,().l 
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TaQle B6 

Variable: FINGER HORIZONTAL VELOCITY 

St1BJECT 1 
.... 

F~I 
~ 

Sum of Mean F 
Source D.F. Squares Squares Ratio • f?rob 

~etween 2 0.1085 0.0542 1. 2942 0.2951 
Within 21 :1 0.8800 0.0419 
Total 23 o . -9885 

" 

SUBJECT 2 

Sum of Mean F F 
Source D.F. Squares Squares Ratio prob 

\ Betwee'n 2 0.2682 0.1341 8.1541 0.0026 * Within 20 0.3289 0.0164 . 
Total 22 , 0.5971 

( SUBJEC'+ :3 

" 
,-

Sum of Mean F F 
Source D.F. Squares Squares Ratio prob 

Between 2 1.0946 O. 54q~ 3.9055 0.0370 
Within 20 2.8028 o . ~401 
Total 22 3.8974- \ \ 

SUBJECT 4 
it ,~ 

Sum of Mean F F 
" Source D.F. Squares Squares Ra~ 

, 
prob 

Between 2 0.8446 0.4223 4.8292 0.0188 
Within 21 1.8364 0.0874 
Total 0 23 2.6810 , 

* P < .01 
~~ 

c, 
o 

o 
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Table B7 

Variable: FINGER VERTICAL VELOCITY 

1 
~ 

SUBJECT 

Sum of Mean F F 
Source D.F. Squares Squares Ratio prob , , 

[l; 

Between 2 1. 8184 0.9092 9. 1669 0.0014 * Within 21 2.0828 0.0992 
Total 23 3.9012 

0 

" 
SUBJECT 2 .. 

Sum of Mean F F 
Source D.F. Squares Squares Ratio Prob 

Between 2 1. 33 86 0.6693 7.5698 0.0036,)\* 
Within 20 1. 7683 0.0884 
Total 22 3.1069 • Q 

\ . 

0 SUBJECT 3 

Sum of Mean F F 
Source _;>'D. F. 'Squares Squares Ratio Prob D 

a 
Between 2 2.4343 1. 2172 3.4751 0.0507 
Within 20 7.0050 0.3503 
Total 22 9.4393 

.... 

SUBJECT 4 

Surn of Mean F F 
Source D.F. Squares Sqijares Ratio Prob-

c.,.~ 

Between 2 0'.5314 0.2657 1.5938 O. 2268 
Within 21 3.5009 0.1667 '" 

(/ 
Total 23 4.0323 

* P < .01 i 

" 1 .. 
i 

- • 

0 .J ,/ 

0 

/1. 

\}. 
'IJI -'\ 

0 , 0 It~ 
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Table B8 

.. Variable: FINGER' ANGLE OF. PATH 

SUBJECT 1 .. ~ 
) .. 

Sum of Mean F F 
Source D.F. Squares Squares Ratio prob 

Between 2 300.5450 150.2725 f,I,8.1718 0.0024- * 
within 21 386.1730' 18.3892 
Total 23 686.7180 

-SUBJECT 2 \ 

"\. Sum of Mean F ~' 

Source D.F. Squares Squares Ratio prob 

Between " 2 258.1950 129.0975 7.9538 0.0029 * 
• Within 20 324.6174 16.2309 

J Total 22 582.8124 

( SUBJECT 3 
--

"\ ~ 1 

Sum of Mean F F 
Source D.F. Squares Squares Ratio prob 

1 

Between, 2 644.0314 322.0157 3.3273 0.0566 
Within 20 1935.5970 "96.7798 
Total - --22 2579.6280 

, 

"\ SUBJECT 4 
, 

::-P' 

,----

Sum of Meân. '1 F F 
Source D.F. Square.P Squares Ràtio 

"'" 
Prob .. 

Between 2 • 204 .. 9-647 102.4823 2.8999 0.0773 
Within 21 742.1302 .35.3395 

0 

~I 
, 

Total 23 947.0>949 

( " " .6 

-, * p' < ; 01 • ~' « 

" ~ c .. -

, \. 
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Table B9 , \ , 

- ~ 

Variable: DART RESULT~NT VELOCITY 

SUBJECT 1 

Sum of Mean' F ~ 
Sçmrce 4 D. F. Squares Squares. Ratio prob 

Between ~ -2 0.4039 0.2020 5.7895 0.0099 * 
~ W:ithin f1 0.7326 0.0349 

Total 23 1.1365 

. SUBJECT 2 

Sum of Mean .. F F 
Source D.F. s~uares Squares Ratio prob 

l 
Betw-een 2 .1098 . 0.0549 ". 4 ,10829 0.0326 
Withln 20 0.2689 0.0134 
Total 22 0.3787 

~ 
'\ 

SUBJECT 3 

Sum of Mean F 0 F 
" -Squares Squar4s Source D·. F. Ratio Prob 

Between 2 0.7134 0.3567 6.3069 0.0075 * 
Within 20 1.1311 0.0566 
Total 2~ 1.8445 

. SUBJECT 4 
J 

Sum of Mean F F 
Sou.rce D.F. Squares Squares Ratio prob 

" 

Be~ween 2 1.5701 0.7850 -6.4605 0.0065 11 

Withil'l 21 2.5518 0.1215 
Total ' 23 4.1219 

* p' < .01 

J 

o 
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" Table B10 

varia~e: DART HORIZONTAL VELOCITY ~ 

"" . , , 't~~)/ 

,'. " 
" "SUBJECT 1. 

Sum of Mean' F 
\ 

iF 

Source D.F. Squares Squares, . Ratio prob 

Between 2 0.4053 0.2027 3.7328 0.0410 1 
Within 21 ,"" 1.1401 J 0.0543 
Total 23 ,1.5454 

... , 

SUBJECT :? 
, 

Sum of Mean (F F 
Source D.F. Squares Squares Ratio prob 

Bet-yreen 2 0.0070 0.0035 0.1877 . 0.8303 
Within 20 0.3726 0.0186 
Total 22 0.3796 

C SUBJECT 3 
t 

Sum of Mean F "pr~ Source D.F. "" sq~res Squares Ratio 

Between 2 0.4967 0.2484 3.7288 0.0420 
~ithin 20 1.3321 0.09 66 
Total 22 1. 8288 

.. . " SUBJECT 4 

Sum of J -Mean F F 
~'Source D.F. Squares , Squares· Ratio prob 

Between 2 1.87.18 -0.9359 6.3277' 0.0011 * Within 21 3.1060 0.1479 
Total 23 ~ 4.9778 

* P < .01 

~ 

~ p 

1 

~t> f 
"\ \ " h.i~ . .,. . ~ 
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SUBJECT 1 

fi 

Source , 

Between 
Within 
Total 

9 

SUBJECT 2 

Source 

Between 
Within 
Total 

SUBJECT 3 

Source 

Between 
Within 
Total 

SUBJECT 4 

Source 

Between 
Withfn 
Total 

* P < .01 

\ . .., 
_ ... ..e •• 

..... ltt", t ' 
~ 

, ... 
""" " "" "/' ,\ ~,.. . 

~ 

.. 
i01 

~ 

Table 1!11 

Variab~e; DART VERTICAL VE~bCITY' -, 
<c. 

FI' 

• " ) 

fi>. t 
Sum of Mean FI -- , F 

D.F . Squares ' .Squares Ratio Prob 

-"2 1. 8743 0.9372 -- 35.9239 .0.0000 '" 21 0.5478 0.0261 
23 2.4221 

\@ 

, Sum of Mean F F 
D.F. Squares Squares Ratio prob 

2 2.149~ 1. 07.48 < 63.3444 0.0000 "'-
20 0.3394 0.0170 
22 2.4890 -.: 

f' 

"10 

Sum IVf Mean F F 
D.F. Squares Squares Ratio Prob 

2 ,0.9804 0.4902 - -18.3226 0.0000 '" 20 0.5351 0.0268 
22 .. 1.5155 

" 

Sum of Mean F F 
D.F. Squares Squares Ratio - prob 

'2 1.9526 0.9763 18.7458 0.0000 '" 
21 0 1. 0937 0.0521 
23 3.0463 

, . , 
" , 

, . 
, l' 

: . 



• 

c 
SUBJECT 1 

Source D.F. 

2-
21 
23 

Source D.F. 

Between' 2_ 
within 20 
Total' 22 

C SUBJECT 3 

\j 

Source D.F: 

Between 2' 
Within 20 
Total 22 

1 ( ~p13JECT 4 

Source D.F. 

Between 2 
Within -21 
TOtal 23 

* P < • 01 

. . 
) 

",.. ~j C· 

Table B12 

Vë;lriab1e: "DART ANGLE O~~!PATH 
./ 

, 
Sum of Mean 
Squares Squares 

231. 4599 115.7299 
113.6311 ' 5.4110 
345.0910 

.. 
Sum of Mean 
Squares ;squares 

, 

F 
Ratio -

21.3879 

F ';6 

~atio 

293.4115 146.7058 46.99702 
62.4317 3.1216 

355.8432 

S~m of Mean' F--
Squares Squares Ratio 

1 

121.1056 60.5078 } 10.7974' 
112.0788 5.6039 

\ 233.1844 

"-

Sum of Mean 'F 
Squares Squares Ratio 

3'27.8588 163.9294 13.9751 
246.3317 11. 7301 
574.1905 

,... 

.. ', .-., ... 

F 
prob 

0.0000 * 

F 
prob 

. O. 0000 * 

" prob 

0.0007 * 

F P:C 
0.0 0,1 * 
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'\ Taqle B13 

Variable: DART RELEASE HEIGHT f} \ 
0 

SUBJECT. l 
\" 

su, of Mean F F 
Source D.F. Squares Squares Rat:io prob ,. . 

/. Between 2 0.0358 ~.0179 124.1365' 0.0000 * Within 21 0.0030 0.0001 
Total 23 1 ,0.0388 

~ 

" SUBJECT 2 .. 
'. --Surn of Mean F F 

Source D.F. Squares Squares Ràt.io ·Prob 

Between't 2 0.0369 0.0184 .99.9293 0.0000 * -~- Within 20 0:0037 0.0002 ~ 
! Total 22 0.0406 

.0 'SUBJECr3 . 
. , . 

Surn of Mean F F 
Source D"F. Squares Sqll;ares Ratio prob 

Between 2 . 0.0481 0.0241 3B.63io 0.0000 * 
Wlthin 20 - 0.0125 0.0006 
Total 22 0.'0606' 

SUBJECT 4 
f' 

~ 

{ 
D.~ 

Surn (Df Mean F F 
j Source Squares Squares Ratio prob 

'\\ 
Between 2 0.0441 0.0221 58.5949 0.0000 * 0 -

f Within 21 0.001-9 0.0004 
Tota~ - 23 0.0520 

-,~- .. *. p < .01 -. 
~ 

.-
\. 

>,'0· '~ ":"'"(-

• 
,l 

\ j?' 
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APPERDIX..,C 
~ 1 

~ Complete Tables for Tukey Post Hoc Comparison Tests 
aï Ii~-A 

Tables are ~nc~d~d for 

• " Dart height of r.elease , 
Dart resultant velocity 
Dart anq,le of pat~ 

r • 

" 

the, fotlowing measures: 

c ., 

\ , 

1 

> L 
c 

, " 

" 
) 

~. .-.. .... f· , . 
f . . 

• li 
. , 

- . .' " 
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Table 8 Results of T~key Post Hoc Comparisons of Dart Height 
of Release ' 

Subject 1 -'~_. Subje~t 2 . 
-------------;:----~;::4---;-J--------;:--~--;----~;--------.--~--

, "" --------------------------- ----------------------------------
2 * 2 ~ , . 
3 * . * 3 * * 

--------------------------------------~-----------------------

Subject 3 Subject 4 
---------------------~-----------------~---------------------", 

1 2 3 l 3 . . 
-----~-----~--------------------------------------------------" . , 

2 * * 
} * ~* > ~ * * 

--~-----------------~-~--------------------------~-~----------'" l' 

* ~ignificant at 0.05 level 
n ·non-significant 

• 
1 

-
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Table 9 

- , 

Jtesul ts of Tukey' ',post, Hoc Comparisons of Dart 
'Resultant Velocity at-Release J, 

~ 

, Subject" 1 Subject 2 
; ~ --------------------------------------------------------------

1 2 3 1 2 3 
----------------~---------------------------------------------. ' 

2 n n 

3 n * n If\, '.. 
----~----------------~--------------------~------------------, 

. . Subject '3 . SuJjjeét.4 '. _______________________________ ~~-------L----------~--_______ _ 
1 2'·3 '. 1 ~ __ 3 

2 * 
, 

2 n 
• 

3 * n 3 .' n * 
-------------------------~------------------------------~-----

* 
n 

-' ... 
significant at p.05 level 
pon-sigijificant ~/ 

, . , 

, 

~ . 
.. Ct • . 

f, 

\ 

. ' 
:~" 

, \ 
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Table 10 JResults of Tukey Post Hoc.~omparisons of Dart Angie 
of'Path at Relea~e 1 ' 

Subject ~ Subject 2 . ' 

J-----~-------~~----;-----;----------î~---;-----;------:------
< " 

------------------------------------~- -----------------____ ~_I " , 

, , 

2 * 2 * 

f. 
3 n 3 * * * 

-~~-----------------------------------------------------------. . 
Subject 3· Subject 4 , 

-------~---------------------------------------------~--~-----

------------_:_----~----~~---------~:_----~-----~~~-----------
2 n 2 * .. 
3 3, ' * * * n 

, . 
--------------------~------------~----------------------------. " 

* significant at 0.05 leve! 
n non-significant 

. .,. 
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