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INTRODUCTION

The human potential for movement is a function of the neural and mus-
culoskeletal systems of the body and the physical laws and principles o
motion which govern all aspects d motion. Given this complex environ-
ment, theories which indicate how movement is controlled are many and
varied and depend on thefield of study aswel as the perspectived the
investigator. M ost theorieswhichindi cate how movementiscontrolled are
concerned with thetiming d actionssincecoordinated movement may be
considered as a correctly timed sequence of actions.

Biomechanists have made numerous statements about timing and se-
guencing of segment actionin movement. Bunn (1955) stated that strong
muscles should begin actionswhere maximal forcesare required with the
weaker muscles continuing the motion. Bum aso gives principlesrelated
to timing o actions, each force should be started at the point of greatest
velocity but least acceleration o the preceding force...successive move-
ment would start when the movement of the preceding member was ap-
proximately at the end of extension. Dyson (1973) stated that for move
ments to maximiseimpulse, al parts of the body should commence their
accel erationssimultaneously.H eobservedthat in practi ce thestronger but
dower musclesinitiate the movement with the weaker, lighter and faster
extremities completing the movement, ideally with all forces acting
together.

A number or authors advocate a summation of speed principle when
describing the movement pattern o thebody segments. Bum (1972) states
that when the movement of several segments d the body are involvedin
developing maxima speed, the speed of each segment should be faster
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fthan that of its predecessor and in the same dircction, and should start af
themoment of thegreatest speed of the preceding segment. Putnam (1980)
stated that the summation of speed principle was supported by studies of
the punt kick but did not hold for the data of agymnasticdismount.In the
|atter study thesummationaf speed principlemay havebeeninappropriate
because the movement was not to generate maximum speed.

A summation of force principle has also been proposedin an attempt
to explain movement patterns. Bunn (1972) stated that the total effective
force will be the sum of theforcesof each member of the body if applied
inasingledirection and in a proper sequence. Hopper (1973) presented
a theoretical model based on springs of varying stiffness representing
musclesto support hisargument for musclegroups producinglargeforces
acting FHrgt with smaller groups adding their contribution later in the mo-
tion. Implicitin both thesummationof speed and summeation of force prin-
ciplesisappropriatetiming of the segment actions.

Becausethe purpose of a movement task appearsto dictate the manner
of the movement, theories of movement have been put forwardfor several
fundamental classesof movement (Bunn 1955, Hochmuth, and Marhold
1978). Hochmuth describes the development o his biomechanical prin-
ciples as occurring in the early 1960’s. These are described as useful for
assessing the efficiency of sports motor dynamics. Hochmuth and Mar-
hold, (1978) on the basis o a theoretical model suggests patterns o ac-
celeration forces which may be labelled simultaneousfor motionswhere
the path of the acceleration is constrained, and sequential for when the
greatest final velocity shall be reached.

A unifying concept was provided by Kreighbaum and Barthels, whoin
1981 presented the Kinetic Link Theory, a description and explanation of
segment timing for movementswhere the goa is maximum velocity. This
theory postulates that such movements exhibit a proxima to distal se-
guence of timingof segment actions. Their explanationisin termsaf prin-
ciples of summation of velocity and momentumtransfer. They also postu-
late a continuum in the timing pattern for movement for speed. The
continuum proposed rangesfrom sequencingd proximal to distal ssgment
actions, to simultaneous actions as theload and/or accuracy requirement
isincreased. Whileintuitively appealing due to itssimplicity, Kreighbaum
and Barthels (1981) presentation o the Kinetic Link Theory is not con-
vincing due to the imprecise use d mechanical terms, and the loose ap-
plication of mechanical principlessuch asmomentum conservationto sys-
tems which cannot be considered to be conservative.
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Very few experimental studies have been designed to test the Kinetic
Link Theory. Several investigators have studied segment timing and inter-
actions without testing the theory (Neal and Wilson 1985, Putnam 1988).
Other authors have made use of the theory in interpreting the results of
their research (Milburn 1982, Hudson 1986). Studies have shown sequen-
tial timing patterns in high speed, low |oad tasks such asthrowing, kicking
(Putnam, 1983) and striking (Milburn 1982), and simultaneous patternsin
high load, low speed tasks such as jumping (Hudson, 1986). Neal (1988)
concluded that subjects exhibit different patterns and do not change their
movement pattern in response to increased load in an overarm throwing
task.

Inspite of these studies, the question remainsastowhether theKinetic
Link Theoryisvaidasan explanation of segment timingand coordination.
A further limitation of the Kinetic Link Theory isthat it does not appear
toprovidean explanation of order effects which appear in thewhiplike ac-
tion in throwing and kicking for maximal speed ordistance.

The timing patternsof movement have been studied in detail within the
field of motor control. Timing has been operationally defied asexternal
timing, the time relationship between the movement of some external ob-
ject and themovement of the body, and relative or internal timing, thetime
in which various phases o the movement arecompleted by the body or its
segments. Invariant relative timingisbelieved tobeafeature exhibited by
movements which have an underlying motor program (Schmidt, 1975). In
amovement exhibiting variant relative timing the topology isscaled asre-
quired by the particular task by varying such parametersasthe amplitudes
of muscleforcesand torquesrequired. Evidencefor aconcept of invariant
relative timing iswidespread. That isnot so clear is the task definition and
constraints of movements which do and do not exhibit invariant relative
timing.

Bernstein (1967) proposed a concept of motor equivalence, withgroups
o different muscles supposedly capable of producing the same topology
of a movement. Kelso's work in the 1980's can be considered to support
this notion. Kelso refers to ensembles of loosely coupled non-linear limit
cycleoscillators. Suchensemblesareconstrained to movewith set frequen-
ciesdetermined by theinertial characteristics of thecomponentsof theen-
semble. Saltzman and Kelso (1987) present ‘action units defined in terms
of atask dynamicframework. Task dynamicsimplies aninvariant control
structure that is specified according to the dynamic requirements of a
movement task. Coordinated structures or ‘action units are controlled by
rel ationships among the systemsdynamic variables. Variabl essuch asstiff-
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ness damping, mass and inertia. This approach considers the spatio-tem-
poral structure to arise in a saf organized way from interactions among
thedynamicsdf thesystem supporting movement, external objectsandfor-
ces, and the task objective (Higgins, 1985; Kelso, and Schoner 1988).
Statement of Purpose

The purpose d this study wasto investigate segment timing and sequenc-
ing, thebasisaof coordination and movement. Specificallytoinvestigatethe
validity of theKineticLink Theory asan explanationof segment timingin
throwing movementsat varying speeds and with different masses.

The first and second experiments were designed to determine if in- !
creased inertial loading changed the timing of segment action towards
simultaneous action on the sequential - simultaneous timing continuum.
The second experiment was designed to determineif increasingspeed of
movement was associated with segment timing on the sequential side o
the sequential -simultaneousti ming continuum.

METHODOLOGY
Subjects

Seven volunteer subjectswere used in the studies. The nature o the ex-
perimental procedure and the aims of the experiment were explained to
each subject, and all subjectssigned aformal consent document. The sub-
jectsused were physical educationfaculty studentsor technical staff. Each
subject participated in at least one and no more than three experimental
sessions o approximately 10 minutes duration.

Apparatus

A Flextrac/ExpertVision (FEV) video motion anaysis syssem (Motion
AnalysisCorporation, Santa Rosa, California), was used to obtain a two
dimensional kinematicdescriptionin the horizontal movement plane. The
system consists of a high speed video camera, video recording and
playback apparatus, and a computer system which digitises thevideo data
and allowsawidevariety of further processing. Thevideo cameraused was
a NAC (NAC Inc., Minato-ku, Tokyo, Japan), high speed video camera
(model V-14B), equipped with Angeniux 12-120mm zoom lens set at
17mm. The vaidity of linear measurements provided by the FEV system
has been shown to be equal to that provided by more traditiona
cinematographic techniques (Smith, Dillman, and Risenhoover, 1988).
Subjectswereseated at ahorizontal bench over which movementswere
performed. The bench top consisted of smooth varnished chipboard, and
was 0.93 metres above thefloor. The chair seat was0.45 metresabovethe

i



pe

floor. Thisresulted in the bench surfacebeing just below the armpit height
of thesubjects.

Experiment one

Movements were performed with different masses (0.026, 0.998, 1.999,
2889 and 3998 kg.), held in the hand with the massin contact, with the
table top. The masseswere nylon covered bags, cylindrical in shape, 7 om
in diameter and 18 cm in length. The coefficient of static friction between
the table and masseswas measured to be about 0.2.

Experimentstwo and three:

M odificationswere made to the apparatus and task requirements to
remove the effect o friction between the mass and bench, and to avoid
having to decelerate the rapidly moving mass. Masses were suspended 2
cm above the table by an overhead cord of length 3.7 m The suspension
point was directly above the mid range d the movement. The task was
changed to one of throwing the suspended mass at atarget zone of width
053 mat thefar end of thebench. Thetarget apparatus prevented the mass
swinging back and hitting the subject.

In al experiments video data was collected at 200 frames/sec usng the
video cameraplaced vertically3.4 metresabovethe table. Retro-reflective
markers on the shoulder, elbow, wrigt joints, and the third knuckle of the
hand defined segment endpoints. A light placed behind the camera and
adjustment o the cameraaperture was used to obtaina high contrast be-
tween the markers and the dark background of the video image.
Procedure

The subject was seated at the table, and the retro-reflectivemarkers were
afixed to the arm at segment endpoints. The subject was then given ver-
bd instructionsabout the movementsto be performed. The starting posi-
tioninvolved the subject being seated a the bench, with t} cir chest against
itsfront edge. Theleft arm held theside d the bench with sufficient force
to hold the chest against thebench and thus restrict shoul der movement.
The masswas held in the right hand and subjectswere instructed to start
each movement with the mass touchinga marker placed on the bench ad-
jacent to the left shoulder.

Experiment one:

The task was described as having to move the massas fast as possiblein
thedirection o the experimenter (i.e. along the bench) immediately after
thesound o thebuzzer. The subjectswere d soinstructed to keep the mass
in contact with the bench and maintain hold of it throughout the move-
ment. Several practice trialswere given prior to recording, usng the 1 kg
mass until the above requirementswerefulfilled. Fivetrialsat each of the
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five mass conditions-were then recorded, with a short rest between each
condition. Thefivemassconditionswere presented in the order: 1, 4,0, 3,
2 kg. Data were collected for three subjects.

Experiment two:

The procedure in experiment two was identical to that followed in ex-
periment one except for the changed task requirement and apparatus. The
task wasdescribed as throwing the suspended massat thetarget asfast as
possible. Data were collected for one subject.

Experiment three:

Experiment three involved the subject voluntarily producing the range
o different speeds while throwing a constant mass of 2 kg. In order to
produce this range o speeds, four different speed conditions were
adopted. These were described to the subject as (1) "An easy swing (one
guarter maximum)" (2)"Medium speed (one haf maximum)" (3) "A hard
swing (three quarter maximum)" (4) "As hard as possible (maximum
speed)”. Prior to recording, two trialsat each speed condition were given
intheorder (2), (3), (4), (1), to providepracticeand warm up. Twenty four
trials (9x at each speed condition) were then recorded. These were
presented in arandom order. Data were collected for four subjects.

Immediately subsequent to each testing session, the required subject
anthropometric data for predicting the segment inertial characteristics
was obtained using an anthropometer and tape measure. Segment masses
and principle moments of inertia were predicted usng Hanavan
anthropometric variables(Hanavan, 1964, Jensen and Wilson, 1988).
Data Reduction and Dependent Measures

The data analysis consisted of four stages:

(1) Automated digitisation d segment endpoint markers on the video
imageand calcul ationof marker paths. Followingthe experimental ses-
sions, 1 second o video data from each trial was digitised at 200
samples/second. This sampling rate was chosen as optimal for the
digitising system and speed of movement being digitised (itisdesirable
that objects move between 2 and 15 pixels per digitised frame, FEV
reference manual, 1986, p1#:}. An event marking tone placed on the
video tape coincidental with the buzzer soundwasusedtostart the FEV
digitisation process. FEV user programmeswere devel opedto analyze
the data and provide descriptive statistics o the desired dependent
measures.

(2) Calculationd angularand linear kinematics. Theangular kinematicsdf
the three segmentswere calculated. Vel ocitiesand accelerationswere
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calculated by differentiation of smoothed angular displacement data.
TheFEYV "Tukey Window" digital smoothing routine with a window of
11 data pointswasused. In addition, certainlinear kinematicswere cal-
culated. These consisted of the resultant hand linear speed, and the
magnitudeof the resultant hand linear acceleration. These were calcu-
lated from path data which had been smoothed with a Tukey Window
of 11 data points.

(3) Extraction of the dependent measures of the movements

a.  Timing. Thetime of thestart of the movement was defined asthe
time at which the magnitude of the hand linear acceleration reached
one metre/sec?. This appeared to pick a time close to the start of
movement with a good degree o consistency and accuracy. The
timing of the actions of the three segmentswas measured by picking
thetimeof their peak angular velocities (PAV) inrelation to thestart
of the movement. Thetimeof achievement of thetask goal (maximum
linear hand speed) relative to the start of the movement was
measured. Thetimefrom thestart of the movement to thisevent was
taken as the'movement time' for the purposes of calculating therela-
tivetiming of the other events.

b. Magnitudes of segment actions and task achievement. The mag-
nitude of the PAV for the three segments and the peak linear hand
velocity achieved were calculated.

c, Spatial characteristics: The length of path traversed by the hand
from the start of the movement to the time of achievement of peak
linear hand speed was also calcul ated.

(4) Data Analysis. Descriptive statistics were calculated within the FEV
system. | n order to calculate inferential statisticsfor thedata, the data
for al dependent measureswas transferred to aMicrovax system, and
BMDP 2V softwarewas used to carry out repeated measures analyses
of variance (ANOVAs). Use was also made of Macintosh Statworks
512" softwareto do regression analysis for some variables.

RESULTSAND DISCUSSION

Times to peak angular velocity for the upper arm, forearm and hand as
functions of massin the hand are shown for threesubjectsin Figurel. Time
to PAV for the upper arm was achieved beforethe PAV for theforearm
which in turn occurred before the PAV for the hand except under the
lightest mass condition. Thisillustrates that the timing of segment actions
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conformed to thegeneral principled proximal todistal timingof segment
action in movement for maximal speed.

Timeto reach peak hand speed and thetimes toPAVsfor thehand and
forearm increased markedly asthe massin the hand wasincreased. Time
to reach PAV for the upper arm wasrelatively unchanged as the massin
the hand wasincreased. L oading the distal segment had the most marked
influenceon thetimeto PAV of thedistal segments. Thetimingdifference
between the PAV for the upper arm and forearm and hand became more
accentuated with increasing the massin the hand. Thus, contrary to the
Kinetic Link Theory, there was evidence of a shift from simultaneousto
sequential timing asload wasincreased in movement for maximal speed.

The second study determined that using aload that wasreleased at the
end of the movement did not influencethe timeto PAV in the movement
beingstudied. (Figurel: a, band c werederived from experiment one data
and Figure 1 d wasderived from experiment 2 data).

Inthethird study thetarget speed of thethrowingtask wasvaried. Times
to PAV relative to total movement timefor the upper arm, forearm and
hand asfunctions of movement speed achievedare shownin Figure2for
four subjects. When movement kinematics (target movement speed), was
increased with massin the hand a constant, peak hand speed increased
and total movement timedecreased. These curvestend todivergein rela-
tivetime at increasing movement speeds. Thus, the hypothesisthat move-
ment at maximal speed would exhibit moresequential timingthan the low
speed movement was supported for this median load condition. Further
datais being collected for other load conditions.

The data from experiment 1 were then expressed in the same form as
that of experiment 3, as shown in Figure 3. With movement kinematics
dynamically constrained hy increasing the mass held in the hand, peak
hand speed was decreased and total movement time increased. Linear
regressionlinesareshownfor relativetimeversuspeak speed for each seg-
ment. In 6 o the 12 curvesPAVsoccur later in relativetimeat increasing
movement speeds with no significant slopefor the 4 curvesand negative
slopes for two curves. Thus, movement at the high speed exhibits more
simultaneous timing than the low speed movement when the kinematics
are dynamically constrained, the opposite effect wasillustrated when the
movement speed was under volitional control.

Thos aa all t::p::r":ml;'.llls relafive l-lming Wik Shovwn 10 chungl_'. with in-
-EIE.'E!’;'Il'liI; move ment ﬂ]'le:l:il. There wis no evidence of 3 shill [rom SEqUEn-
tial to simultaneous timing as load increased, Movement at maximal speed
wasmore sequential in timingthan movement at low speed whichsupports
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the KineticLink Theory of atimingcontinuum. However, when the move-
ment was dynamically constrained by |oad, high speed movementsbecame
more simultaneousthan low speed movementswhich does not support the
Kinetic Link Theory.

The date, conditionsof speed and load have been varied for the throw-
ing task while spatial constraints on the movement have been held con-
stant. The influence of spatial constraints on the movement, such as start
and end position or accuracy o the task, on segment timing and sequenc-
ing have yet to be investigated
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