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- . ABSTRACT

R

Nt
+

~

-

The purpose of.this<%tudy was to~devélop_a valid and re-

- -

liable, portable electrogoniomstric sys%em. ' The subproblen

was o apply <k portable system 3in the investigatica of

knee flexiom-extension during tha toe back- and- toe front wa-

- ¢
. -
.

ter ski figus?s. - . . : -
Simpl2 elgon cons*ruction was chosen for the study and

-
-

portability of the system was accemplishad thrcugh the use
L] ' .

of the Teledyna 9400 elactronic ckip as the'baéis for volt-

age-to~freguency conversion. RTeliability of the system was,

determined through. multiple calibraiions bf th2 componants
and the tas:-retest correlations ware 0.99. Validity of the
Portable elgons was established :n the laboratory through

the correlaticn ;f 2lgen and'fiiﬁ analysis of. a controlled

planar movament. Bicycle ergometer, pedalling at threa 4if-

&

‘ferent sp2eds was conductad withk five subjects.contributing
to a tctal of 36 =rials. Lag and thigh angles of inclina-

tion were obtained':rom Zilm analysis uvsing a-Vanguard_film
analyser ﬁnd computar éﬁalysis ctf th%ﬁ data indicat2d real
t?me and knee angles. Elgon output was recorded on céssatte
tape, processed through a frquency~to-voigégg éonve:taf and

hard copy goniographs wera prpduéed through é'cheywell vis

.

—— e e e



Hd » - - -
-ficorda:.' A computer p:og:ém ¥as written tc analyse .the di=-

gital elgon da%=a; The real :imahand knee énglas vera then

-matched with the output Zrom the film da*ta and co;re;aiicnsl
* betwean tha fila and 2lgon data fér Zq‘ﬁziaIé vers complated
‘using the CORMaAT CORpUter program. ' T
, . ‘

- .
- DR . -

The left =lgon-film correlatipns weze 0,98, 0.99 and
.99 fcr speads one, *two and three respactively. . Eight al-

gen~film correiations were 0.96€, C.97 and C.9€ for speeds

one tQ@ thres and thsse values reflect the validity of the

portable eleétrogonicmetric syStem’'as defined by high posi-
tive relationship with plamar film-analysis. .

. . . .

Throughdu« ths or-water sessicns, knee anglé was moni-

tored during thew performance of *he toe back and *oe front

water ski figures. Tour qujects participat2d in the study
. - ™ ...‘.. .‘ . .

and data from three subjects .were available for arfalysis.
Coniographs-uefe produced, iIn the same-manner -gé thosa from
+t¥e laboratory <+ests -and analyéis vas conducted ky hand.
Correlations betwa2n movemer* time and knee angle indicated
the following: mov;ment time of the toe back-toe front ge-
quenca was'inversely p:cpo:tionél to the {énge c¢f knee angle
of- the support.leg r= ~0.7€6); novement time was Ipvarsely
'.reiated.to flexion of the Tope leg (r= =9.77 and -0.55};'and
- .

range of knee angla oI +the rope leq was poiitively relatad

tc mcvement time during +he figures (r= 0.8€).

~
-
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And. syck confidence “we kave through Christ tewards God. Not

that ve are adeguate In ourszlves to consider anythirg as

ccmirg from oursalves, but our adegquacy is £frem God, who

also made us adequate as sarvants of a no2v covanant,’ not of
‘ - = o

the letter, but of the Spirit; for the lattar kills, but the

Spizit gives life, .

‘ * ' . >

2 Corinthians 3:4-6
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Chapter I

o . THE, PROBLEN .

1.1  INTRODUCTION

b -
For years, kinesiologists kave studied +he kinematics of

a wide variety of sport skills. - An understanding of the
movemant patterns ba;;d on scientific.hnalysis is now recog-
nized as a Zoundation Zfor coaching (ﬁay, 1973). Many sgports
have no* had the advaﬁtages of’this scienfific base howvever,
since the athletes mﬁgl perfornm i; a specific environment
' - -

nct conducive to investigation.
Some outdoor spoIts Lave benefited through ke applica-

tion of film tecaniquegj— The, method is most sqccessful with
SPCrt events in which the athlate's pmovements are conf%ped
hjégﬁ; kncwn area' of small dimensions., Other research methods
such as electrogoniometry have traditionally been limited to
use ir a laborato:} getting (tdriarc and Karpovich, 1964 ;
?inlsy and ,Kérpovich, 1@6&].‘ Development of a portable
electrogecniometer systen ﬁould_allow the application of this
resa@arch method +c¢ outdoor spor*s and ceculd then be used
. even- in situationé not conducive to filnm Snalysis of” sport

kinematics,
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- Water skiing is an ocutdoor sport involving complex.mo-

-

- *ion.and has ther=fcre not benafit2d from rigorcus movament
analysis. Popular atticles and bcoks on water ski coachinyg

. - ' N - . - -
refer only im a general uiy to the movemants 3invelvad in

T each @vent (Apdresen, 1960; Iyll,” 19é6: Stephens, 1974;

i
™ Ry
‘ .

- Athaié and Ward, 1975:; ©Nations and Desmond, 1977; Barnes

at.él;, 1978; Krupa, Snow and Méleod, 1€78.) . These coack-

ing directives ars based on simpl2 cbsarvation of athletes

or film sequences ra*hker than any quantitative biomechanical

}e
(W)

studies. - Ccmpetitive water sk ing is therefore in need of
scientifically based coaching paterial similar t0 <that of

~ cther =srorts,

Because of th: naturze of the sport, ccmpetiti;e WataT
skiing is not.easily adapted to laboratory testing. A few
indoor pully systems have been dasignad for use in a swim-

e’ ming pcol (Oskogin, 1875), amnd watef jet tanks have also
been developad for skiing (Hardman (=d), 1975a; Hardman (24),

1975b) . Since almost all competitive training is done on
hi
the open water however, <there is a n2ed <«¢ monitcr parfora-

ance variables ip this cutdcor setting.

. L3
» S

Film analysis is a very popular research tool im the.
- - . % L

o

study of sport kinematics. In the tudy of a ccamplax non-
planar movement Sych as wa%er skiing, £ilm from three camer-
as would be neaded for analysis (Miller and Xelson, 1873 .

The envircnment of water skiing imposed severe limitations
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-
F

- on its utilization however. ?rcblams related to the use of
film in this setting included cagara positioning, synchroni=-

zation of cameras, control of the subject's planar mthon

-

through <he £izld of view, and ke measurement cf all fac- .

ters related to camera-subjact distarnce.

™~ ' Stationary camera placemean+ reguired <ha+ *he testing

- -
]

area have switatle skorelina posiztions surrcunding, and in
. \
reasonabla proximity to th2 boat path. Cameras needed to be

Fositioned so that the joints +o be analysed were always in
* view ef at least two of tha thres cameras, and bacause of
thg rotaticnal natuce of the skier's movements, camaras
L3 ¢ .

weuld have had +¢ be placed on orposite shorelines in order

<o fulfill %heses criteria,

Shapiro (1978) tated that *h2 main protlem with multi-

M - L3 L]
camera filming was <he ne2d to measura all factors related

to external camera orientatien and fal+t +hat a* least six

ncn-cofplanar control points were needad to control for the
sources of error-. van Gheluwe (1975) alsc mentionad the
need to take several measurements of tanget points. Tha
difficul;y of acquiring *hese m2asures in the given environ-
ment was a definite drawback to the use cf filp.

-

» -
Rnother 2ifificulty with tha use o0f film was the syn-
chronization of film views. Laboratory filming is usually

synchronized +*hrough the use cf twe or ‘threz dimensional

timing devices which are situvated within camera views
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. " : - g

(Blievernickt, 1967; Eiller and Nelson, 1973). ~ These clocks

vere designad for use witk/altarpating currant pcwer sgurces

and wvere .pot easily adapted to a marine environment..

‘Film was glso not a practical testiﬁg-ltééhniqua in
1ight of the fact that the movement +3 be analysed was pla-
nar.‘ Knee flexion-extension is tvo dimensiohal by defini-
tion and iIs the cnly major _action of the kmee, sinca it is a
condylar kinge join+ (Antﬁony and Kclthof?, 1977) . Using a
three dimensional £ilming metiod to analyse ©planar mction
was not practical when elec%:ogoniometry was available to
isolate +ke knee flexion-extension. Electrogcnionetfy

avoid2d the difficulties inh®rent in +*ri-dimensional film-

.

-

ing, provided data which was simple *o r=duce, ané also sup-
pli2ad a permanant record for later study and analysis.
Tlectrecgonicmetry was therefore chosen for +ke s+udy of knesz

flexion-axtension during two s2lected water ski fieures.

The +wo watar ski figu:es chesen for study were tha toe
back and toe front., These are the basic toe *turns performed
in tha figures ecvent of watar skiing and their perfermance
fcrms the basis for advancad figurés necassary in ?pp level
competition. During performanca of the figures; +*he pulling
force og' the boat is transmitted to the skier <*hrough the
ski rope and rope leg. It is +hrough proper control of this
force by <the rope leg that <+h2 skier rotates his body and

turns the ski from a front o back position, There is both
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. . . .

a strength and flexibility component 3involved in the knee

flexion-extension in the rope leg as the skier centrols the
rate of ski rotation through manipulation of the pniling -

- forca. “
: =3

Al
e

. «
LR

e

1]

ROBLEN

1.2  STAPEEENT OF TE

:The problagm was tO"evélop and establish +he validity
and tsliability of a porzablz electrogonicmetric Eecording -

systém. A sub-problem was to apply *the system in the analj-

el

sis of water skiing; sggcgfically, to investigate <he knae
flexion-extension present throughout +he ™toe back™ and "toe

front" water ski figures. .

}  r§J/P:\ S
\\M/A(Jj - 1.3\ gypoTHESIS

The hypothesis 1is tkat +h portable 2lgon system will

10

provide valid ard reliable ma2asures of knee angle during thé

cerfcrmance of selected water ski figures,

The study was designad to deal with the develorment and
application of portable electfogoniometry in the figures
2vent of competitive water skiing. Perscral communication
with international skiers and coaches (Messner and Messner,
1978; Stiffler, 1975) indicat2d that knee angle ducing the

salected figures would not exczed the range of zero to 90
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) ( . TN R 1
flexion. ingular limitations of-zéro to S0 de-‘

degrees o

.Y

.

greas wera théreforedacqeptad for. the validity and réliahil?

ity tegting. }?rsonal communication with coaches (Messner

and Messner, 1978) also led the investigator *o estimate the

frequancy of knees movement as beslow the 0.5 Hertz level.:

For this reason, the elgons were +tested wi+hin £Ra~0.25 to -
. —

0.67 Hertz £requency range. . e .

Por reasons .previously stated, .ths toe Lack and toe

front were chosen for iInclusion in the study and only the

angles of knes flexion-extansion were umenitored throughout

the perfcrpance of these fiqures. Three subjects of inr-
mediate and national calibre contributad <o the analysed
data of the toe.back-tce fronz. The results of tkis portion

» .
of the study ace therefore applicable to the performance of

‘the toe back~toe front by competitive athletes of similar

skill level,

: }ith regard to the portable electrogopicmet:y, sevaral
r2stric«ions ware inhesant, Since the elgons were of rigid
rather thar hinged design, +h3y wer: mos*t suitad to sub jacts
having medz2rate musculaturz abou*t *he knee joint. The need
for shieldad cables connecting +he elgens and tecgrding
equipment 2dded to the weight of the ski rore. While tﬁis
variable did not cause sericus“problems‘for ;he athletes,

it's 2ffect on thz performancsz of the figures is not known.

-
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1.5 -.DEFIFITION OF TERAS . .~ =« ° gl

‘The é;ectroqonioﬁgtég (2lgon) is a davice wkich provides

2 direct and continuous. electrical cumput prcportional to . - -

angiilar joint displacements. The functional unit of the el-
»
gon is a potentiometer whick variesWka resistance to the
. ' o 1)
voltage 'input as ‘the shaf:t of the potentiometer is rotated

by the elgen arms, thu causiﬁq a2 variable vcltage output.
g, ge outpu

The Teledyne 3400 V/F circpit is an elzctronic chip

vhich perferms a voltage-to-frequéhcy conversion of an input

sigpal.

The Teledyna 2400 F/V circuit is anp electronic chip

~

which perfecrms a frequency-to-vcltaaee conversion of an input

signal. _ ¢

Zero degrees of knee flexion is defined as full exten-
sion of the knee joint, at which positicn tle thigh and leg

segrments ferm a straight line.

Binety degrees of knae flexion is defined as the positicn
at whichk the thigh and leg segments are at right angles to

sach 6ther.

The toe back (TB) water ski figure consists cf a 180 de-
grae rotation of the ski from a front to back positionm. It
pust be performed on one sSki with +he ncg-suﬁporting foot

harnessed to the ski rope via a *oe strap.
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The toe front (IF) vater ski figure consSists of a 180

degree rotation of the ski from a back to front position,

vith the criteria for fcot positicn ‘similar to that of the
b : ' '
toe back. ' - :

. -

The support leg is defined as. the lag to - which tha ski
. is attach2d. Weight bearing is its pain function.

.

+ -—— The zops la2g is defin2d as *he leg which is connected to

U]

- 5
the ski rope by the toe strap. Its main’ function is to con-

trol +the pull from the btoat and help maintain balance.

- *



- " 'Chapter II
EEVIEW OF THE LITERATOURE

- £
2.1 INTRODUCTION : .

The areas to be covered vrolate directly to ske choice
and design of the electrogoniomaetric equirment, its validi-
ty, zeliability, and use in monitoring knee angle during two

L]

selected watar ski fiqures.
1

A review of the electrogoniometryk literature gave an
overview of this device's uss in spcrt research, .The liter-
ature also de=alt with tke variety of elgon construction and
waterprcofing m=2thods, tke validity and reliability of el=-
gons as a measuriﬁg device, ‘and the rortability of the re-
cerding system., The wake: ski cecaching materigl reflected
the lack of scientific researck in +his spert and iliuminat-

ed +the areaxof concern to which the sub-problem of this +he-

sis was direc+ad.
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2.2 - ELECTROGONIOMETRY
g7

The electrogoniometer or elgcen is h; device similaf to a
protractor which measu:::es' changes in join;; ang¥e, As tE'A
arms of the elgon move ir a planar motién, 'they rbtaté tke
- shaft of a potentiometer causing variabla resistance to a§f
input ve¢ltage, The reéulting output is a voltage which va-

Ties direcfly as the angular positicn of tte elgcn'EXEE:

Elgons haye been used 2xtensively in research on joint
aéticns including: flexion=2xtension of tﬁe Xnee, ankle,
wrist, elbow, hip, fimger, big toa:; and preraticn-supination
of the fecrearm and foot (Adfian; 1€8). They have been used
in +he s+tudy of joint action during such activities as walk-
ing, running, somersaulting, swimming; l¢eng jumeing, high
jumping, and triple jumping (Gellamick and Karpevich, 1964:
Adrian and Karpovich, 1966; Klissouras and Karpo#ich; 19%7;

%inger and 3Adrian, 19€69). -

2.2.1 construction and Waterproofing

Several methods have been usad in the cons*ruction of
aelgons. Some ressarchers designed a separaée chassis to
which the‘pétentiqmeter was attached with snap ﬁuttoﬂg (Pin=-
ley and Karpovich, 19&3). ‘Others (Adriapn and Karpovich,
19€4; Kettelkamp et.al., 1970}, used a hinged chassis design
which allow23d for 1lateral movement of the _potentiometer.
The angular position of thes elgon was therefore unaffected

by varied amounts of musculaturs around a joint, Peat
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et.al. (1976) also desighéd'a grafity reference eléén for

. use in‘ measuaring si;gle plane arm movements, As the arm
ﬁeglent moved, a weighted éendulun would réiéin vertical and

rotate the shaft of the potentiometer.

In the simple elgon coastruction, 'the chassis. vas ai-
tached directly to the potentiometer, and the arms were rig-
id rather than hinged (Humtinger, 1971:"Siﬁ§h and Ashton,

.1970). » exanple of this type of construction is shown in
Figure 1. i variation of this design was also us2d by

qQHcLeod et.al. (1975) in which the rigid arms vere construct-

ad of wires.

<
rotating shaft

I

2
Ay

moveable arm potentiometer o fixed arm

Figure 1: Simple Elgon Construction

Two.methoas have been used for the vatérproofing of el-
gons. | Binggr and Adrian (1969) enclosed the pctentiomster
within a rubbar h’§100n, sealing the ends of the balloon
witk a silicome rubber adhesive, and Gollnick and‘Karpoviéh

(1964) covered the potentiometer witk epoxy, previding a wa-

ter tight seal. Since neither article mentioned any prob-
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lems witk water leakage into .the potentiometer, it can be
assumed that both . metheds provided a suitable waterproof

" seal. . : .

-

2.2.2 Elgon Alignment 3

Mos+ reséarchgss\‘agreed on the aiignmen¢ JP' the =21gon
for accuraze recordiné cf koea angle. The pctentiometar vas
plaéed on the lateral epicondyle of +the femur witk its agms
on a line c¢onnacting th2 lateral epicondyle with the mid-
.point ‘of the greater trockanter and the mid-point of the
lateral malleolus (Gollnick, Tigpten and Ka;pcvich, 1964 ;
Tiptcn and Karpovick, 19€5). Kattelkamp ot.al. (1970) were
the only researchers +o.position the potentiometer at a
vcint midway betueen ;he'lgte:a} epicondyle of the femur énd
Epe joint line. i diagram of the kn2e joint by Clanser
BcConville and Young (1969) can be foﬁnd'in Appendix 3.1 on
page 54 and shows the bony structure of tke knee joint and

the axis of rotation.

Belateé to the gquestion of elgorn plaéeﬁsht was that of
measurément-validity from a j9int which does not have a sta-
tionary axis of rotation (Teager and SOQerset, 197%). Korb
-(1970) stated tkat since clgons move about a »d gle axis_of
roﬁétion, they "do mot accounrt for the fact that thk axis of
rota 'on"a‘ a4 bony joint is not fixed, tut travels within

the joint @s it moves" (Rorb, 1970, p.205).
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Altkon the axis of rotation tends to migrate, this oc-
ég;s wvithin a relatively small arsa. The area is so small

'in fact, that Blackarski and Somerset (1975) .conélddedwfron

‘“their kinematic‘study of the knee that "the joint could be

)

replaced with-a Tosthesis taving a thkree Jdimensional axis
p : P

¢f rotation with a fixed . centra.”™ (Blactkarski anad Socmarset,

L

19 §{38§). Hhiléiagntion is mnade of tka sacendary joint
: -actions of the knee, the rsuitability of a fixed rotational

ot

~ >\, centre Supports the contention that elgons are valid in the
study of knse flexiop-ex ntion. - 2An example of .the elgon

L o

alignment usad 4in this study car be fcurd in ippendix_n.z

E c¢n page S5, . '
;;> g -

2.2.3 ° validity and Reliability

Kettelkamp et.al. (1970) valiﬁated the elgon measures by ]
rcentgenographic examination, Tﬂé calculation of the errofg/’ﬂl
related to the position of tha elgons indicated that an q&-
ceptable degree of accﬁracy was achievei. Since the migra-
tion of <the joint centre occurred withir a 25 pillimeter
*sphere, the magniﬁude;;f correcticn for flexich and'exten-
sion did not exceed two degrees. This study by Ketig;}anp

LT

: . . . A '
revealed that the goniome+ric technique was valid for ap- N

Eroximating knee motion.

The elgor validation technique of Karpovich, Herden and

Asa (1960) was baséﬁfan a comrarison of the elgén with a
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- . .

T;wmmanqdl-goni;méteF aﬁ&“;EE;:é.fgrmedby intersecfing rods at-
) ﬁtéc@g& tb‘%he'limb-éégments.  subjects were seated on a ta-
.ble ﬁaviﬁg'a éoniodétef sécuraﬁ-iﬁ-the'saggital Elane. The
knee ‘vas a;i??ga with thé cen;re of the goniometer and both
_alectr;chi and manuai _Feadings vara tgken for a variety of

angles. - - . ’ T o

- . -

Metal rods ere'a;saéh;tached to the thigh and lég seg=-
}ﬁénts, and their angle cf i%tersectieh at-tke knee joint was
measured and cbmp?red‘§d§5he eIgcn.output. ’The validity of
this latter technigue was‘ﬁopr howsver, 'when'usad_with ca-
daver segments and subjected to roenégenographic \éxamina-
Eion; The investigators cencluded that +he recds did not
give an exact Indication of knee angles. Tke Qetho? wvas not
precise in estimating knee angls and therefore not suitable

for use as an accurate validation method fecr electrogonionme-

try.

Film analysis- hgs_béen used as a validation techknique
{adrian, 1971 and vas most beneficial wkten used with a
controlled planar- movement; Although f£filr apalysis is a
videly accapted vélidation fechnique, there is a conspicuous
lack of quantitative material in the literature %o indicate
the walidity of eiectrogoniometry as &cmpared to film.
While researchers have spent gonsiderable time constructing
and qalibrating elgons, there were few ;rticles dealing with

the validation techniques of this research tccl.
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Reliability of the elect:ogoniometricé nethdd'waé'inyes-

tigated by Johnston amd Smidt - (1969) and the test-retest

differences were within +he zero to four degrée range. Ket-
telkamp.et.al.. (19?0) teporfea testhetest differences of
zero to 8.5 degraes. None of the differences .in-eitherﬂ
study were significan® at the .05 level. -

S

2.2.8  Portability

~

Witk the exceppion of the study by HcLéod et.al. (19%5),
portabiligy of electrogoniometry has no£ been documented.
One ‘fesearcher relied on lead vires and a pully systen! when
nz2eded, to control excessive lengtks of the wire and prevent

its interference with venenrt (Adrian, 1971). -

Mcleod ot,al. (1975) addressed +the problem of elgon
portabili+y and desigred a systam to deal with this problen.
The recording electronic circuits consistad of a voltage
ccntrolleé oscillator and a reference oscillator. The cir-
cuit-recorder unit was very small aﬁd attached directly to
the subjact "while the elgon recordings were made (Mcleod
et.al., 1975). The signals were tken electricaily addad and

r2corded on tape.

In the playback circuits, tke, frequencieé fror tha two
oscillatecrs were separated by phaseriocked loops. These
loops mconitored the changes in phase angle resulting from a
change in frequency ané'produéed an output voltage corre-

sponding to +the change. The pkase-lockad 1locps therefore
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acted as frequency-to-voltage converters (Malmstadt, Enke

{ V4
and Crouch, 1974).

2.3  HAIER SKIING

The water ski coaching informaticn available was guali-
tative in its description of the toe back and - *oe front.
Coacﬁing directives. acknowiege the importance pf leg move-
ments in cohtrolling the pezformance of.the figures, and re=
£ar to the knee acﬁion in genaral terms.  Due t¢ the tight
neoprene and <rTubbar bindihgs on +trick skis, tke- rangas of
movement of the ankle is minimized. The power to unweight
the ski during a turn is producad mainly by the hip and knae
extension which act simultanzously. BAuthors agreed on basic
knee acticn,of both the rope 1=2g and support leqg, but ware
not specific as to the angle or range c¢f angles ©presernt
(Athans and wWard, 1975; Stephens,' 19743 RKrupa,Sanow and

' ]

Mcleod, 1978).

. :

In reference to the support leg, Tyll (19€6) said to
bounce up and down, implying at least some unveighting an@
range'of knee flexion of thz support leg tﬁroughout tha fig-
ures. Athans and ®Rard (1975) and Barnes et.al. (1978) also
instructed the skier <o bounc2 .anq unveight <the ski, al-
thoﬁgh again, +the specific range ¢*€ knée angle was not giv=-
en. Stephens (197¢) mentioned a hop in ;he unweighting pro-

cess and Andresen (1960) rafered to this action as rising up
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.1

on the sugport leg. Krupa, Snow and Mcleod (1978) instruct-

ed the skier to initiate the +urn witk a slight hop and then

keep the support leqg bert throughout the turn.

¥one of the iastruction gave a guantitative description
of the knee movement throughout the figures. Bouncing.up and
dewn may be tﬁe same action as weighting and umweighting,
but since ¢hey were both subjective statemerts, the knee ac-
tions carnot be coméared. - What is naeded is a quantitatiye

description\_of the knee flexion-extensicn of the support

leg, te provide a gésis for specific coachking directives.
While the conmplete rope leg position was mentionad by
all the authors, ‘only Athans and Ward (1975) énd Stephens
(1974) descfﬁbed tke knes angle of this leg. Both authors
§poke of the rope leg knei as ben+, b;t neitﬁé; commeﬁted on
whetﬁer this angle was static or- dynanmic. Nations and Des-
mond (1977) said that the foot holding tﬁe Icre must be held
close to the support leg throughou+t the figures. Andresen
(1960) instructed the skier to pull in the rope with his leg
so that the knees were close together, but the actions of
the:knee wvere not mentiorned. Erupa, Snow and Mcleod (1978)
mentioned that a fall could be caused by straightening the
knee of the rope lsg, thus implying that inee flexion in the
rope leg should be maintainzd throughout the performance of

the figures.

L]
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The descriptions of knee angle of botk the suppor: leg

and cope leg were ipadequat® since they were not specific 1n

2 guantitative manner. No mention was made as tc the angle

OTr raage- of angles through thCh the knee moved 3ip flexlonv :
o which tha sub- ¢

extensicn, and these are the amhiguities o .

Froblem of this thesis was directed.

2.4 SOEMARY

The material presented in this chapter fcrme@ tha his-
torical background and raticnale for the elgon construction,
waterproofing, and validation testing in this research. ‘It

of voltage-to-freguency c
and \the need

also outlined the method version

previously utilized@ for portable recording ,

for kinematic research in figures event of ccmpetitive watar

skiing.

{1971) was

* The simple elgon construction of Huntinger

useful fcr memitoring joint acticn of athletes. Literature

also indicated that waterproofing witk a flexible sealant
tected +he electrical equipment from water damage. Since
migrated witkin a very

the centre of knee Joirt rotation

small area, elgons were capable of gi#ing a valid indication

'qf joint angle. Thke elgon alignment most ccazmenly used was

that of Gellnick, Tipton and Karpovich (1c€4) .,

Film analysis of planar movement was one of the bes+

methods for the validity testing of the elgons.
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Chapter IXIX

[

" BETHODOLOGY

-

3.1 ELGON §ONSTRUCTION AND WATERPROOFING .

The simple <clgon construction of Huptinger (1971) was
fcllowed. The potentiometers usad were & watt, 250 ohm
tyﬁe, and the potentiometer shafis were machined (threaded)
so that the alupinum elgon arms could be fastened securely
with lock washers and nuts. Excess shaft léngth was then
removed to preven*t possible injury cr.inccnvenience in han-
dling. Having securad the alurinum arms to the potentiome-
ters, the elgons were wired to 50 fcct tri-axial cables withk
grouné mesh shield. When connected to a $ volt power
-source, the voltage drop across the length of cable was 0.0u4

velts.

A“flexible seal of silicorne rubbé; was applied to the
potentipmete: and shaft area of +he elgons. PRctation of the
elgcn arms was not restricted by the sealant a;d calibratioﬁ
of the elgcns from zero to 90 degrees of flexion was com-
rleted. :ilthough rotation of the eigon arms through less
than zero degrees was possible, this angular range was not
calibra+ted since the likelihood of this range of knea fjoirnt

mcvement during the skiing was considerad to be nil.



3.2 RECOBRDING SYSTEM

.

In order to recosd the data on cas§ette'tape as ffequen-

€y modulating signals, voltage +o frequency ccnversion was

necessary. This was accemplished througk ttke use of the Tel-

edyne 9400 electronic ctip. Teledyne Co. {1977) designed a
: 2

convertar which performs the same function as the equirment

¢f Mclecd et.al. (1975). N

The Teladyne 9400 is a circuit chip capable of voltage=-
+o-frequancy conversion whick "accepts a variatle ahalog ip-
Fut signal and generates as output pulse train whoée fre-
gquency 3is 1linearly propértional. “0 the input voltagan®
(Teledyne Semiconductor'Quoo, p-1). The Teledyne 9400 can
alsc form the fouﬁdation fSr a2 fraquency-+o-vcltage convert-
ar caéabla of accepting "virtually any input freguency wave-
form and providing ‘a linearly propoftional voltage output"

(Teledyne Semiconductor 9400, p.1).

Sincz coﬁStruction‘of a couplete converter requirad only
the addition of resistors, capacitors, anpd a réference volt-
age to <he Teladyne 9400 chip, the converter was simple to
construct, inexpensive, and highly reliable. TFor these rea-
sons, thé Teledyne 2400 was chosen as the foundation for the
portaﬁla electrogoniometric systen of this research. ‘The
requiréd Circuitry was assembled in duplicate on a fibre-
glass electronics board and housed in a mini-box. (2 cir-

cuit diagram of the conplete voltage~to-frequency convertar
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nay be found in ippendix B.1 on page 56.) The connectors

used vere BRC jacks and plugs.

The recording system for the portable electrogoniomatry
consisted of saveral componants; battery power source, volt-
age regulator, input resistors, 2lgons and cables, voltage

to frequency circuits, and a portable cassette recorder. i

. flow chart of the recording system components is shown in

Figure 2. Voltage output of <the baétery was approximatelyf
12 volts and <the voltage regulator was adjusted to provide

9.0 volts output for ttre recording circuits,

input '
s —> elgon
/;1 resistor . :
power ; voltage ' k{////’ portable
source regulator recorder
\ V/F
converter

Pigure 2: PFecording System Comgronents - \
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were housed in a mini-

box. Telephone jaﬁés wvere us2d to tonrect @ tri-arial ca-

bles with these {nput resistors, )"The circuit could be
his point when necessary. Thoughout éhe

there was a possibility of sukjects fall-

ing, in whi;h the elgon~cabla=ski ropa uni+ wculd nead
to be released from tke boat so as not fo-drag the skier,
Ielerkone jacks cculd be fépidly pullad frem +ke nini-box
without causing any damaga to the box E: connectors, and

therefore reduyced the possibilities of equipment danage.

3.3 CALIBRATION

. S — ———

Calikbraticn of tke V/F and F/V circuits was ccmpleted in
the lakoratory witk the use of a variable voltage power
source, a Fluke 1900& digi<al frequency ccunter, a Wavatak

182 function generator, and a Balantine 30302 mbltimeter.

. ‘Initial calibration of the elgens was cemplated in the
laboratory using a 9.0 vols: power sourc2. One elgon arm was
secured t0 a large board upom which was drawn a 90 degrasz
range of protractad angles. Each elgor was calitrated at
five degree intervals . from zerc to 90 degrees, since thkis
was the maximum range of anglzs cxpected to occur during the
water ski monitoring. Calibration was repeated before the

o ¢n-water monitoring sessicr,
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Pach compbnént in the recoréing s&sten providéd linear
woutput. . ARlthough the,dutput from the analygis Components
vas not linear fromr 0 <o 90 degrees, linearity Eetuaen 3ach
o0f the five degree caiibration in+tervals was assumed. Accu-
racy of the elgons was therafora not limited by the calibra=-
tion irnterval valunes. Elgon' output was analysed to the
nearest (0.5 degreas. Figurz2 3 shows a graph of the calibra-

tion curve for the analysis systenm. ‘



defleotion in yisicorder Eracing (mm. )

2

0 10 20 30 40 50 60 70 80 90
flexion (deg.)

Figure 3: Zpalysis System Calibration Curve

3.3 YALIDITY AND RELTABILITY TESTING

Film apalysis was the toechnique used tc evaluate validi-
ty of the portable elgon system. Bicycle‘ergometér pedall-
ing was chosen as the uni-planar movement tc Ee.pe:formed
since the range of kaee angles throughout tke pedalling was
sufficiently large to correspsnd to those mcnitored during

‘the on-vater sessions.

LN
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‘Five snﬁjects pactici téd in the. testing and eack pér-
Zcrmed three comsacutive trials- cn a Monarck bicycle argome-
ter. The speed of pedalling was ipdicated Hf 2 metronome,
with the subject; instructed fo matck tha ﬁeaE witk the al-
ternating full eitension of 2achk leg, = Trial one vas per-
fcrmed at €0. beats per mihute and this cerresponded *o0 a
rate of a half cycle per second. Trial twc was perform=d at
120 beats per minute €T ore cyclz par second, and +rial
three was ccmpleted at 160 bea*s per minute or 1.33 cycles
Fer second, During omne cycle of pedalliﬁg, the elgoh would
move through an optimal range of 0 *c 90 te O éegrees. or a
total of 180 degrees of motion. Therefore, at bicycling
rates of 0.5, 1.6 and 1.33 cycles per s2cond, the average

elgon frequency was 0.25, 0.5 and 0.€7 cycles par sacond

(HZ.-_) .

Illumination of the sudbjects was previded by £hree 1000
vatt Ianabean qué:ti lamps. The bicycle argcmeter was posi-
tioned perpandicularly to <he optical axis of tte camera at
a distanca of 24 feet from the camera.: Th2 camera used was
a Bolex H1€ spring driveny,raflex model with a two factor
shutte{ and had a Berthiot lans witﬁ a2 focal length of 35mm.
The film was 16 am T¥2 with an AS2 rating of 160 tungsten.
Frame rate was set at 64 frames per second and the calculat-
ed f-stop was 8, Synchronization of film and electrical
signals was accomplished through ¢he use of a.microsuitch

which was located on the sprocket of the ergome+er, Black
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narkers.wers placed behind the crank and aligned so tha* a

nar&er.cn thke crank would inifcate the positior at which <he

3.5 EATER SKI TESTING . /

Monitering of knee angla during thke two selectad water

microsvitch engaged.

4

’§5i figures was completed with the use of a Ski Nautique

competition water ski boat and a Cassaé trick release. Tha

monitoring equipment was s2t up in the boat, with the mini-
* Y
box of input resistors secur=d <o the boat's pylon directly

below the trick release.

The 50 £foot cables wers attached to +he ski rope and
trick handle wizk achesive tap;. Several large icops of ca-
ble were secured <o +the ski rope with surgicdl <ubing.
Since tte tubing&could stretch and allow the algons to move
awaj frem the <rick handla and to2 harness, this.gava the
skier mcre freedom +0 .manosuvra withou* pulling the cables
away frem the elgons. The cables were also ex*ended threa
feet past the hand;e to provide for the appropriate distance

between the toe harness and “he skier's knees.

L timing mark was included on a sepacate channel of the
tape recorder <o indicate <he tipme during which subjacts
vere performing the toe back and toe front figures. A con-
tinuous signal wvas recordad from the onéat of tte to2 back
to the comple*ion of the <oe front. 1A Bolex H16 reflex cam-

era was also used during the on-water sessions as a source
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of qualitaé;ve information about: thefuovéments‘ cccurring
during the figures performance, . <+kus pfoviding information
rglatéd to the movement time of each figure. The camera vas

hand-kteld in thé boat approximately 45 feet from tlte skier,

and the film speed was 18 <rames per_second.

Four subjects ranging in  2xpertise €rcam intermediata to

internaticnal calibre, pacticipated in +h2 on-wa*er session.

Unintended damage =to the elgons and failure of +he water-

~ -

proof seal +*c¢ protact <he po;eﬁt;omexers resu}ted'in the
loss of data for the fourth subject, however, flgon output

from three subjects was therefors available for analysis.,

Skiefs were briazfed befors the trials as +to the nature
& tte testing and the boat*to-skigr signals which would be
used tc ipdicata the dnset of _ the mcnitcring rprocedures.
The Jateral epicondyles of both +he right and 1left famurs
~were locateé and marked and: the potentigmeters wére posi-
tioned according to <+ke alignmen* suggested bty Gollnick,
Tiptcn and Karpovick (19¢64). A picture sheowing this align—-
ment can be found in Appendix A.2 on page 55. The arms of
the elgons were then secured “o +he calf ard thighk with sev-
eral strips of adhesive taps., The subject was askad to flex
and extend e;;h knee to assure adequate range cf mction and
investi&ate"possible shifting of +he potentiome+er dﬁring

mCcvement.,
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A Vanguard Motion lnalyser vith pin registration 'yas
‘used to- obtain 1nfornation from’ the laboratory test film.
Throughout eack trial, the anglos of lnclination of- the
.thagh and leg .wvere estinated and racordgd along with the
ccrresponding frame number.uh‘These values vere then usad as

input data for a computer analyszs progran whlch calculated

the real knee angle and tkhs time. of eack measure.

The elgon freguency output on cassette tape vas replayed‘
through the Teledyne 9400 freguency-to-voltage converter and"
anplifier circuit. (A circuit diagram of the ccnplete fre-
quency-to-voltage converter may be found in Appendlx B.2 on
page 57.); The volrage was recorded on t ight sensitive paper
by a Honeywell 15088 vlsicorder and the graphs were convert~
ed from analog signal to dlgztal data by a Gardicon dlgltlz-
2r. -A flov chart of the analysas systen ccmpcnents is shown

ir Figure 4. -

ortable ' F ' ;
P — /v > | amplifier —> visicorder

recorder converter L ,

‘Figure -4: Analysis Systen.Coiponents
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The»digital data vas then used as input. for conputer
ahalysis. . The program vas de31§nea to read the callbratlon
values and sest data ard calcula*q the raal knee anglas and
the real tzme at which they occurred. Data from the fllm
analys;s-and analog signals ware then paired by maﬁch*ng the
real time values. Thase comparison values were submitted to
the Correlaticon Ma+rix (COEHAT)' InstapackAccmputer program.
The input vériables fer this prcgram were knee angle from
£ilm and slgon, ard the cutput-ind;cateﬁ.the correlation bé:
tween these, Correlation valuss were then used as a‘repre-
sentatioﬁ of the validity of the portable elgctrcéeniometric

systen.

Elgon recordings £from the. on-water sessions were con-
verted tc vecltage modulated sigpals and transfarred to -light
sensitive, paper in .the Sam=2 way as those of the laboratory
seséiohs. The calibration scale was thean added to each
graph and tke fcllowing informaticn calculated: maximum kpee
aﬁgle, minimum knee angle, <range of kn=e angle and movemant
time of the to: back-to2 fromt. Statist ically, *+ke data was
analysed by +he Correlation Matrix (CGRXATY gémputér pro-
gram. The following correlations were noted for both the
‘rope leg and Support leg; movemant *ime and maximum knea an-
gle, movement tim2 and minimum kne= angle, movement time and
range of knee angle. Sincz spaz=d of movement is most impor;

tant to ccmpetitive figures performance, the time variable

vas correlatad wvith knee angls. Mirimum, maximum and range
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of knze angle were the factors chosen as best indicators of

- -

knee flexion—extension presen+ tkrougheout the €igures.



Chgpter IV

RESULTS
8.1 EQUIPMENT CALIBRATION °

-

With a 9 volt power source, the 1afs elgon output varied
from 0.985 *o 1.597 volzs and +he éutput frcm the zight eol-
gon varied between-1.28C and 1.810 vol+s. Qutput from the
l=2ft elgén was processed'by channel cre of the V/F converter
and' resulted‘in an ouiput <range of J3.9C3 +c 1.313 kHz.
VEltage cutput <from the =cight elgon was processad by V/F -
channel two withk a resulting output rapga of 0.891 to 1.255°
‘kHzZ. These frguency signals wars then recorded and stored

cn cassette tape.

g&

The frquency modulating sigrals from beth lef<« algcn~-
channel cne and right elgon~ckannel two ware processad
thrcugh one F/V circuit.and amplifier, For the range of
1.891 to 1.3173 kHz. inpet, the output of the F/V circuit va-
ried betwean 5.uu6 volt; and 5.595 vclts. The amplifier was
adjusted +o give the .bes: amplificaticn of this vcltage
range for sigmal processing through the visicorder. 2 #1650

galvonometer was used in the salected recording channz2l to

minimize attenuation of +h2 sigmnal.

- 31 -
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8.2  BELIABILITY OF THE PORTABLF ELGOE EQUIPNENT

The left elgon calibration data were most ccmplete and
used as input data for the CORMAT rrogranm. Correlation of
the test-retest calibration values was 0.99, indicatiag an

extremely bigh reliability for the slgons.

Both channels of the V/F circuit were calitrated thresa
tipes, Calitratior values for bo*h V/F circﬁits wers an-
tared into the COEMAT precgram and the rasulting correlations
vere 0.99 for both charnnsls one and.two. This indicates a
very high reliability for these circuits. The EEV circuit
calirration also resulted 3in correla*ions of 0.9§ and
showed high reliability for <=hie frequency-tc-vcltags con~-

verter.

8.3 ESTIMATE OF MEASUKEMENT EREOP

P — . —

Yeasurement error in digitizing was estima*ed by reﬁaat-
ed measure cf an arbitrary l2ngth of one second, with the
origin (9,9) reset bafore each of the 10 zmeasurements. The
raw digital output values rangz¢é from 4952 to U4%6 machine

units (m.u.), with a mean of 4957 apd a standard deviation
A

"ef 4.4 m.u. Since +the spallest 0.5 degree calibration

range was mcre thanm 20 m.u. in lengtk, an average error of 5

units weculd haves arn insignificant =ffect on *he calculation

of knee angle from *the electrogoniographs. DPuring one trial

¢ there was a range of over 9000 m.u. during the flexion- ex-



33
tension of tke elgons. Measurement error of five m.u. woulad

therefofe result in less than a 0.1 percent ervor.

aAn arfo: of 4,64 m.u. could affect the calculation of
Teal time by as much as 0.0009 seconds for each of the tri-
als however. ' From digitizad data, itluas estimated that as
little as 0.C004 secords ¢laps2d b2tween 0.5 angle chanée,
and an arror of 0.0009 seconds could *herefore affect the
calculaticn ¢f knee éngle by 1.0 degrea when th2 digitized
data were paired with the data frém film. This could cause
a slighkt phase shift in the data and result inm a discrepency

betvween film and alqon resilts.

In crder to estimate the measurement reliability of di=-
gitizing <he electrogoniographs, one +rial was digitized
three timesg, with +te crigin (0,0} reset before 2ack curve
tracing was performed. 4 computer program .was written to
analyse the data and‘the r2sulting "real knee angles" were
matched according +to the second output variakble of  "real
timem, Enee angle values ware then entereé into CCEMAT and
the resulting correlation values of 0.99 reflect the high

reliability with whichk the elgon data was digitized.

Neasurement reliability in film analysis was estipated
by repeated measure of bo+h +higk and leg segment anglas of
inclination and subsequent calculation of knee angle. The
10 estipates of knee angle rangad frem 56.0 to 59.0 degrees,
¥ith an average of 57.5 and a standard deviation of 1.09 de-

grees.
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3.4 VALIDITY OF TEE PORTABLE EIGON SYSTEN

Validity of <he portable elgon system was established
thcoﬁgh the analysis of 23 wrials., One cycle per trial was
chosen for analysis. Th{s choice was tasead bc;h ‘on the
clarity of the film and the completeness of the ° ¢ycles aé
they appeared in the eslectrical recording. Since the first
and last cycles were usually incomplete, one of +he middle
w0 cycles was~ us2d for analysis. The ‘chosen sections of
ke goniograph were marked appropriately tefore digitizing
and were then analysed uithin tke zero to 90 degree angie
range. A cdmputer analysis, program was Qritten with a ceil-
ing value of 99 degrees sc that all values greater than this

" would be autcmatically assigned@ the real value of 90.

Thigh and leg inclination values from film were analysed
2very other frama for the trials performed at a half cycle
rer second. The same values were recorded for every frame
of the one and.1.33 cycle ar second trials, Cr ttke aver-
ag=s, this resulted in the recording of 49 frames per cycle.
In order to pair the elgon and film data, <+he time duration
of each trial was taken from the electrical tracings and the
appropriate time scale factor was +then used in +he computer

programs for the apalysis of f£ilm data.
) i

Within the zero to 90 degree range of real values, he
time and knee angle of every seccnd score was noted from/the

£ilm analysis progranm. These real tim2 values® were then
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paired with identical time vaiues in the electrical data and -
the corEesponding knee angles:were recorded. The data for
each *rial vas therefore‘reduced *o real tire and real knee
angle frpm botk £ilm and electregeniometry. An example of

this pairad data canr be found in Table 1

TABLE 1

Film and Zlgon Data for Subject 1 Trial 1 During Bicycle
P2dalling in the Laboratory

Time (sec) Pilm (degrees) Elgon (degrees)
- 52
0.2328 89.0 g4.5
0.3123 g1.0 7€.5
0.3857 72.0 - €9.5
0.4592 €4.5 €1.5
0.5327 57.0 £3.0
0.€062 50.0 4€.5
0.6796 43.5 1.0
0.7531 41.0 38.0
0.8266 42.0 39.0
0.9001 4€.5 ) 42,0
0.9735 53.5 T S0.0
1.0470 .. . 60.5 57.5
1.1205 67.0 61.5
1. 1940 75.0 €E.0
1.2674 83.5 75.0
1.3409 90.0 81.0

These threz scores were 2atered into CCEMAT for 2ack el-
gon at =2ach of the three <test speeds and correlations be-

tveen filp and elgcn analysis were very kigh for both the
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right and the lef= elqogé.' The laft elgon-film correlations
vere 0.98, 0.%9 and 0.99 for speeds one, two aﬁé +hree re-
spectively., The right'élgcn-film correldtions were 0.96,
N.97 and 0.§é for sp2eds one <o tkree and indicate the high

validity of the_po:téyle electrdgoniometric systen -as de=-
fin2d by high pesitive relationsﬁip with planar film analy-
sis, - . ' ’“\\‘;/

As can be seen fronm th; values present2d in Table 1, the
raw scores aé 2ach ;ime pcint are not identical. Tke dif-
ferznce betwsen the film and .elgon measures varied both bed.

tweer elgons and subjects. The average 2rrors fer the left

and right elgons were 3.3 and 10.2 degrees respectively.

8.5 ABALYSIS OF WATER SKI FIGORES

Data from thr2e of the four subjects monitecred-during
water ski figures was used ia +he apalysis. Damage to tha2

elgons during the on-water s2ssions b:gziyked adequate data
s
collection from thke fourth subjzc= and thersfore reduced th2

number of trials to nine Zor 2ach of the +oe back and toe

frogt.

Time estimates for the figures were taken frcom the event
markers racorded, ir the slectrical data. The calibration
\f A .
scale was transfersd to +hs graph of each %rial and thz fol-

loving valuas were recordad; movement +ime for the tos

back-toz frcnt seguence, minimum knee angle and maximum knee

f .
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angle.  Range of knee angle was then calculatad for each

trial from tke minimum and naxiaum knes angles.

-

The movament *ime for +ha +c2 back-toe front varied be-
tween subjects but conmsistently decreased frem +rials one to
three for cach of tkie subjects. fhe average movemsnt times
ware 1372, 1.29 and- 1.58 s2cords respectively for subjec;s
cn=, ﬁvo'and thre2. Tcr <he support leg, mirimur knee angle
varied between 2.5 degrea2s for subject twec and 36.5 degrees
for subject %hree and +ke avarage zinipum angle-fcr all sﬁb-
jects was 19.5 deéreesQ Tée zaxicun knee angle varisd ba-
tween 27.5 degr2es for subject one and 57 degrees for sub-
ject <three with <he avarage for all subjects being 40.5 -
degreas. Tha ra#ga of_knee angle fer the support leg variagd
from 10.5 to 32.5 d=grees with an avarage value of 21 de-

grees. These data are summarizzad in Table 2

For the rope leg, variation 4in knee angle Lotwaen sub-
jects was much more noticeable. while angle varied guite
consistently from 0 <o 58.5 degress for subject one, both
subjects twc and tkree had a maximum kne= angle in excess of
90 degrees. The minipum knee angle of subjects +*wo and
three variad batwzen 40 degress for subjec£ tkree and 82.5
degrees for subject two, with an averags of>39.8 degrees.
The variation in range of knee angle for all *+hree gubjacts
was 7.5 to 59 degrees and Fhe averége éngle range was 39.5

degrees. These data for the rope leg are summarized in Ta-
' :

ble 3
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TABLZ 2

uévament Factors of the Support leg During Toe Rack-To2

\

Fron+
”
sabj. ZIrial Iime ®in. Angle Bax. Angla Ean
1 1 1.90 17.0 27.5 " 10.5
2 1.65 18.0 37.5 19.5
3 1.60 22.0 32.0 10.0
2 1 1.50 £.0 32.0 26.0
2 1.28 5.0 33.0 . O
3 1.08 2.5 35,0 32.5
3 1 1.80 - 33.0 55.0 22.0
2 1.55 36.0 57.0 21.0
3 1.40 36.5 56.0 19.5

Sgbj. Trial  Time  Min. ingla  Hax. Fngls  Ramgs
1 1 1.90 0 i 58.5 58.5
2 1.£€5 v 59.0 59.0
3 1. 60 0 58.0 - 58.0
2 1. 1. 50 59.0 90.0 31.0
2 1.28 68.5 9C.0Q 21.5
3 1.08 B2.5 90.0 7.5
3 1 1.80 7.9 90.0 43.0
2 1. 55 40.0 90.0 50.0
3 1.40 62.0 90.0 28.0



ﬁovemeﬁt time, minimum angle, maximum angle and range of
kn2e angle were the.fou: valu2s por leg whick were submitted
to CCRMAT. For tke suppor+ leg, correlaticn tetwveen move-
ment time and range of knee argl: was -0.76, while peither
correlation betwaen time and minizum or maximum knee ;ngle
ware hettar than}:= 0.50. The value of -0.7€ indiqated that
thére wvas an inverse relationship betw2en movement time and
zange of knee angle of <ha suppért leg. Fcr the rop2 lag,
correlaticn between movement *ime and minimum kopze angle waé
~C.77 and correlation betwean movement *ime and maximum knee
angle was ~0.5€. These results skowed an inverse relation-
ship.between mevement time and £lexion of the ropé leg. The
cofrelafion tetween povement time and'range cf 'knee angle of

the rope leg was 0.86-apd this shcow2d a vary pesitive rala-

tionship between <hese <wo factors.
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Chapter Vv

. DZSCOSSION

Sippla2 élgou cqnstructioﬂ was tsed 3in *his rescarch and
providad valid esticates of knes angle. * The silicome water-
proofing material tand2d <o lzak during tée on-water ses-
‘sicns and was not suitable as a s3alapt. 22ltkougk +he 2xace
lccation of the lecak was unknown, it may have occurrad ei-
ther drcund the potentiometer shaft or in tke cable attach-
mant'area. Rotation of +ha skaf+ .through mcTe +han 90 de-
grees during <the on-water sessions may also be "ralatad to
the failure bf the silicone gel,to maintain a proper s=al,
This £inding does cot Support =he literatura indicating that
a direct arrlication of sealént would provide a water resis-~

tant seal for the potentiometers (Gollnick and Karpovich,

196 4) .

Bigh reliability of the aquipment components (r= 0.99)
suppor+ed the-assumption <hat the Teladyne 94C0 wculd pro-
vide an efcellent basis for high quality veltage-to-£frequen-
€y and fregquency-to-voltage convérsion. 2lthough the volt-
age output of the analysis system was nct linear, this
lipitation was overcom2 through sligh% modificaton of <+he
computer analysis programs for the goniographs. . Calibration
of the elgons in the zero to 90 degre« range proved to be
less than ideal for the purposes of +his study. Knee flex-

- 40 - -
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a1
icn in excéss of eg;ees'uas':ecorded freom ihe ropé leg.
in tvd of the_thrae- bjécﬁs but could no%t be estimated due
to the calitration res;ric:ions and the lack ¢f iinearity in
the output of thke analysis systaa. Thesa daé; contradicted
thé'parsonal.communication with international calibre coach-
eé (Messner and Messnaer, 1978: S+iffler, ';975) wvhich sug-
_gested that knes angle would not axceed 90 degrees of flex-
ion. ‘ o
Bicycle ergoﬁeter pedalling provided ‘am excellent planar

ecvement for the validation testing"and range of knee angle

during the sessions was as graat as 10-100 degrees of flax-

-

ion.” The paximunm frequency of knee flexion-extension ob-,

served during the performance of the tos quE.an& toa front

10

S€ Hz. Since +*he <£fraguency of +ha elgopn floxiop-ex-

tension Nhroughout the lab testing was (.25, .5 and 0.€7

Bz., “he frequency range was well chosen.

M3asuremert error in digitizing was sufficient to causa
a 0.CC09 secend phase shif« in the elgon Jata and as nuch as
a éne dagree change in knee angle values, The phése shift
wvas not evident however, in =he analysis of data. The dis-
crepency between paired glgon aad film data was more likely
*o have resulted from measuramen+ 2rror ip the €film analy~-
sis, errer in the placement of <he 2lgons, or slippage of

the elgons during thas monitoring sessicns.
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The aierage.erzgr‘ for the left elgon was approximately
‘thrae-degrees and of this, one .degfeé ﬁan te accountad for
Ly eack of tte digitiziﬁg- and fi{y an&l}sis meaégreheﬁt er=
TOrs. Th reméining degree of errcr .is'mcst iikeiy dus to.
the error in plaéemeht of‘the elgén.' The average erro:r Qé-
_ tween tke film and right elgon data vas apprexipately 10 de-
grees. While two degress can again be accphnted for by maas-
uremen+ 8IIorT in film aﬁalxsiné_ and gonibgréph
éigitizing,tﬁe femaining eight degrees errer are mess proba-
bly ﬁue to slippaga.of the 2lgon. Six of ,[the nine‘triﬁis

usad for analysis were recorded after the subject bhagd al-

a4

ready completed the mbgi:oring of .+he lef elgcn. The fact

that the subjects haéd already been pedalling intermittantly
for five oc . “en minutes and kal moved abcut betwaen trials
may have accounted £or some loosening-of the adhesive/{ape

wkich securazd the elgon aras 0 the leg and thigh segments.

Ttis arror is not surprising HKowever, when compared *o the

8.5 degree differspce in <“eost-retest elgon outputs reported

by Kettelkamp 2%. ;1. {(1870) .

The values of ge of knee anéle

used were chos=an factors,An tke analysis of water ski
da;a since they relatad to thz ths coaching directives. The
unuéighting_of +he 'ski by *ka2 suppéft 129 would have in-
volved a range of knee flexion, while the suggestion 0 k=ep
the rope 1leg close *o the supper+ leg'uodld pcssibly have
indicated alstatiC‘knee'angle.fo: +hé rope leg.

" 4

. : L%
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‘The_inve:se ralationsh;p (r= =0.76) - betwear moveaeat
time of}the water sﬁi figures and range of angle of fﬁé sup-
port l;g meant that a larger cangs of knee angie vas related
*o fastar perfo:manée-of thef figures. This fact supported
" the view that skiers unweight <=he ski (Athans and Ward,
1975; =Rarnes é:.al.,-1978y and tha+% tkey de in fact "hounce
ué and down"‘o: "hop" (Tyll, 1966; Krupa, Sncw ard Mclaod,
1978). The greatest‘range of flexion~-extansion Tecordsd for.
the éuppcrt leg was 32.5 dagr-zes and occurred during the
trial having <+he fastest mOVEmILT time  (1.C8 seconds).

Within the limita<ions if/zﬁ?F study therafore, <+he optimal

range was 32.S5 degrses. .

I 4

Correlaticns of 0.46 and 0.084 Eo*ween mcvement tim= and
pinisum and wmaximum knea angle respectively indicatzd <hat
neither of these factors were relatzd to the performance

spazd of the toe back’toe front. Specific knee angle of the

- support leg was not mentioned im any of +he coaching materi-

> -

al, and therefore these data did not sugpcrt cne coaching

methed above any other. ‘ .
' WO

‘The correlations'(r= -0.77, r= =3.56) between movament
time and winimum and maximuw knee £lexion ¢f +he rope leg
indiéated tﬁgl faster movepant time is telated to greater
€lexion of the rope legq. This means that the speed with
wvhick the figures were performei was directly related to

knee flexion of the rope lag. Correlation Lb=tween maximunm
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angla and moveﬁent time (= -0.56) .UéS;lOHer than expected
and may havs resulted fﬁom the calibration ceiling of 90 de~-

grees which was exceeded during six cf tke nine trials.

The correlation relating spzed ¢ movemen*t to flexion of
fﬁé rope leg sapported the litgrature which inpstructed the
skier to bend tke rope leg (Athans and Warzd, 197%5; $£ephéns,
1¢74) . The extgnt'of +his flexion was in excess o£.90 de=
grzes and ths ainimum kree floxion associateé withk

est povement time in this study was 82.5 degrees,

dicated that the rope 1leg kne2 sheuld remain in .a flexed
positicn throughout <he toe back-toe~ front sequence in or-

der to facilitate movement spe=i8. \. -

The positive relationshkip (r= 0.86) betﬁeen movament
time and range of knee angle indicat=d that a faster coople-
tion of the figu:es was r=lat2d +c a constant knee angle as
orposad to a widelyaziatioq in angls of +the rope lég. This
tended to support the coacking directives - of Nations and
Casmond (1977) who said that the rope leg must te held close
to tha support leg. It also indicated that static knee angle
in doing ss wvas advantageous. Within the 1limitations of
+his research, a smgll range of knee £lexion of +ke rope leg
vas shown to facilitats spaad of mcvement in the +wo salect-

ed figures.

r

Knee flexion of the zope leg in excess of 90 degrsas in-

dicatad that pational and ' :intarrational calibre coaches ara



ot capable of correctly estimating the kree actions which
occur during figures performance. This fact reinforces the
importance of guantitative research in the figures event of

competitive water skiing.

&5
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Chapter VI
SONMARY, COHCLUSIOHS_&RD DISCUSSIOR -

e

6.1 SDMMARY 3 -

Tﬁis thesis resecanck was directed toward the problem of
developing a valid and rgliable por*able electrogoniometric
system, The subproblem was to'apply the pecrtable system in.
wcnitoring knes angle during th2 +oe back and toe front com-

petitive water ski figures. N

-

Simple zlgon constructiﬁn was chosern for tke study and
Fortability of the svstenm was acccecplishad through <hz use
of the.:eledyne 9400 =lectzonic chip as thé basis for vol:-
age-~to-ZIraquency and frequency-to~voltage conversion. Va-
- 1lidity of the System was established through thigh positi#e
relationskip betwzan elgon ;ecordings and film analysis of a
contrclled planar novement. - 3icycle zrgometer pedalling a+
three different spe2ds was conducsed with five énbjecfs con-

tzibuting to a total of 30 +rials.

Multipls calibrations of 2ach ccmpcnent cf the systen
and the subsequent correlations of 0.99 indicated the high
reliability of +the eguipment. lnalysis of 23 trials and

correlations batwaen fillm and algon data raesulted in P.P.M.

-~ 46 -
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values greater than 0.98 and 0.96 for the left anéd rzght al-
gons respec _valy and reflected the high valldxty of the

gportable elgon systen,

Four subjects vere useé in the meritering cf knee angle
during the se2lected water ski figures., Of the 15 trials re-
¢orded, nine wera suitable for apalysis, ané correiations
botwaen movement ;ime ard kn22 apgle indicated <+he follow-
ing: movament“tiﬁe 6f the _te= back-toe front sequence was
inversely proportional to tha range of knee angla. of the
SUPLQrt l2g (r= -0.7€): movemant time was inversely related
to minimum and maximum angles of flexicn of the icpé'leg (c=
=0.77 and r= -0.56); and range of knee argla of tke rops lag
wvas positively relatad +to movement tinme duriﬁg the figures

(r= 0.86).

6.2 CONCLUSTONS

Within the limitations of +his thesis, tke following

conclusions can be made:

1. Validity of the portable elgon system was high, as

r2flected by the elgon-film correlaticn values.

-
~

2. High reliability of the portakls electrogenionm2try

vas indicated by the test-retest calibration values.

3. Movement speed of the figures was asscciated with in-

creasad range of knee flexion-axtansion of =he support l°g.
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4. Movement speed of the £figures was associated witk

great2r knee flexion of the rope 1legq as well as a decreased

.

range of flexion-aex+ension in this kpee.

6.3 RECOMMENDATIONS POR FUTURE STODY

. The recommendations ouslina2d here are. related to the

‘ J
ckoica and design of monitoring compeonents, the calibration
procadures, selsction of a validation technique, and the
choic2 of subjacts, Their implamentation would imprové bozh
the quality ¢f <the research itself and the axtent to which

the rasults would be applicable to the spcrt cf water ski-

ing.

Although the use of simpls e&gon~constructicn""waS“va;y'
effective in this study, <+h2 use of hing2d elgons would al-
low for monitoring of subjects having greater amouﬁts of
musculatq:e around the knee joint, Male athletes of national

*eam calibre could then be inclnded in the on-water sessions

and their con*ribption tc the data would ke bkerificial.

’

The usa of ligkter weigh+ cable connecting <+he elgons
and raco:ﬁing squipment is also recommanded since it wounld
have pinimal eff2ct on the subsequent weight of the ski rope
and the performance of the figures. — Thel use cf telamatry

for the transmission of data would alse decrease any move-

ment restrictions caused by cables.
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Calibration of the elgons should exceed ;he zZ2ro to S0
degree range used in ;his s+udy. Although the neéqssary‘
calibration rangé is not known, the eigons should possibly
be calihratad to as much as 135 dagrees of flexioﬁ. This
would allow for accurate calculation of knée angle thoughout
*he range mos* likely to occur during tha parfcrmance of <he

selected watar ski figures.

The range of knee anglg occurring- during ergometsr pay
daliing would no%t ba adeéuéte for propar vq}idation of a
greatsr range in elgon flexion. -nstead, it is recommended
that éimple knae flexicn be wutilized during which tha lag
sagment move 135 degrees beﬁgeén “vwc padded stops or bhbars.

A metronom2 could still be us2d +to help centrol angular ve-

.lecity and a microswiteck could b2 securad +*o‘eack bar to
Frovide for synchronization of film and electrical.record-

ings. This <est method would allow for validation of a

|4+

greater flexion =mange and yo+ maintain the simplicity of
necessary laboratory equipment. It is alsc reccmmendad that
a2 lcop of adhesive tape be szcured %o the elgon arms before

+hey are attacked to the leg and <high sagments <o reduce

slippage of the elgons.

It would bz advantageous if the number of sukjects could
be incr2ased for the on-wa<er sessions. The results of the
wvater ski sessions would then have mora application to the

coaching direcrives in the figurces avent, since the sampling
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‘ cculd include a vider ‘'range of skiing 2xpertise froa tkhe
popu;aticn. The use of.national teém_calibfe atkletes inp
the ﬁ;%ér ski sessions vould also be benificial since knee
anéie durinngptimal‘perfo:maﬁce of the figures could be ac~

complished. : . .
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Appendix B

" PBLECTRONIC COMPONENTS AND CIRCUITRY -
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