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ABSTRACT

was done on 44 volleyb-1il spike
jumps perfcrmed by 22 elite female volleyball players. The variables
examined were: the norizontzl Kﬁlocity of the center of mass, the

vertical velocity-of the center cf mrass, thé angular velocity of the

arm, tne angular wvelocity at the knee, and thz conteci tin:z -with the
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The results of thic study =dicate that only contact time had
zzicuaship te the keight jumped. Thz sactzrn of armsing was

identif’ zd and fovad t: be biomechenicaily sound and had a temporal

relationship o the angular velocity at the knee joint., Two patterns
of leg extencior ~warz four. when studying the angular velocity at the

snee for the step-close approach. The close leg apraor:inily demor~ i

strated the ability to utilize the leg extension muscle’ - zIovad

elastic energy Le:iiar thar T LTl ieg. “
., Li.xzates the need for more biomechan’cal research

into the volleyball spike jump.
\d
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CHAPTER I
STATEMENT OF THE PROBLEM

~ Introduction.

-~

The height to which a volleyball player is able junip when
attacking the ball is of great concern to the coach. The higher
a player is able to jump the more likely is success in attack

because increasing the jump (a) increases the area of opposition ~

court open to the attacker (Enoka, 1973) and (b) increases the time

during which attack is possible.

The reasons for one athlete's ability to perfoip a vdlleybail
; SN

v

spike jump more successfully thap another are not éénerally obvious.
The complexiéy of this gkill demands the .isolation of compoﬁeﬁt:
-variables which must then be evaluated as to (a) their contribution
_to the.resulting jump and (b) ;hé importaﬁce of this cpﬁtribution.

The lack of duantitative knowledge about thisnskiil revealﬁ a need

o

for biomechanical research into the topic. This study has %ot

| ) { :
attempted to examine all of the va&iables influencing the height of
‘ : P

N ¢ Ea . *
the volleyball spike jump, bus has concentrated on selected kinematic

. \ <
- factors. ;

4

furﬁose of the Stuay.
The purposevof this,stﬁdy wgs to determine the_inf%?encé of
selected kinematic variables on tﬁ% height of a volleyball'spiée
&

jump. The vatiabies studietiwere:\\(a)\Hotizontal velocity of the -

center of mass, (b) Vertical velocitﬁ\of'th center of TR

N\

(c) Angular ﬁelocity of the right arm éﬁqut the shoulder, (@) Angular
_ AN , .

-

velocity at the knee, and (e) Contagt timé with the floor.
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T

. Approach phase - last step immediately prior to the Jump phase.

Lefinition of Terms.

Volleyball spike jump - a vertical jump utildizing a two or three

step running approach and jumping off two feet.

Horizontal velocity - the horizontal velocity of the center of mass

A

) . . .
of the suh%ect during the volleyball spike jump. )

Vertical velocity - the vertical velocity of the center of mass of p
the subject during the volleyball spike jump.
Angular velocity of, arm - the angular veloc1ty of the right arm

about the shoulder Joint of the subJect during the volleyball

spike Jump. A B
Angular veiocity‘at knee ~ the angular velocity -at the knee of the - " : ’
ﬁsubject during the volleyball spilke, jump. . : A\Q

Contact time - the time period in nhich there is foot-COntact with
the floor durlng the jump phase of ‘the Volleyball spike jump.
Contact - the moment when the foot first makes contact with the
flopr at the end of the approach phase. .
Jump phaseu— the period during which-alilvert;cal.velocity is i - -
developed for the jump. , -
Height of jump - the difference between the height from the floor<:2?_ - .
’ the center of,mass whenwthe subject is standing and when-the . b

highest point of the.jump is reached. - N . | I v

k]

Step~close- approach - a volleyball spike jump approach in which the

¢ -

athlete steps out and brakes her approach momentum with one leg.
R
R .

The other leg then closes to the first and a;ds in the ensuing

jump. ' .




Hop approach ~ a volleyball spike jump approach in which the athlete

drives out with the last step and while airborne brings both

» legs togethex. Both feet tien contact the floor at the same
time to brake the approach momentum in preparation for the
ensuing jump,

Brake ieg ~ that leg of the s;ep-close approach which céntacts the
floor first at the end of the aﬁproach phase and brakes the-
athlete in preparation for the jump.

Close leg -~ that leg of the step-close'approach which closeé to the

brake leg to aid in the jump.



/ CHAPTER 1T
REVIEW OF LITERATURE

The lack of literature directly related‘to the volleyball
" spike jump reflects the smallrrole played by biomechanical
re;earch in thié sport thus far.

"The effect of horizontal velocity on the height jumped, when
perform}ng running vertical jumps has been examined by several
researchers.' Kinpara et al (1966) report velocities fanging frém
2.4 m/sec. for a one (l)'step approach‘to 6.1 m/sec. for a seven (7)
step approach in the straddle‘high jump. In this instance the
increase in horizontal velocify was accompanied by z corresponding
increase in the height jumped. Chistyakov (1966) reports thé approaéh
velocity of former worid record holder Valery Brummel at 7.5 m/sec..
Wasser and Nigg (1973) sﬂow a range of horizontal veloc;ties from
3.9 to 7.1 m/seq, for a group of straddle andvflop high jumpers.
in thié study no correlation was shown between the horizéntal
approach veldcity and the height jumped. Hay (1973) believes tﬁat

~ _it is the athletes abilify to utilize a horizontal spped iﬁcrease;
not the increase itself, which is of prime imﬁortance in increasing
. .

the height jumped. This concept is supported by the findings of

.'Chistyakov’(l966).' Two studies report on horizontal velocities in ™

'

the volleyball spike jgmp.' Samson and Roy (1976) illustrate the .
horizontal veloéity curve of the center of mass of the athlete
during the approach and jump;phases. A mean horizomtal velocity
of 2.%8 m/sec. for twenty-two (22) ﬁale volleyball pi;yers is

reported by Samson et al (1978). In neither of these studies



was a relationship described between the horizontal velocity and

height jumped. ¢

The athletes verticai velocity at touch down, though deemed
important to success in the high jump byuHay (1973), has not been
examined in either the high jemp or the volléeyball ébike jump.

The angular veloeity of the afms about the shoulder has been
examined by Samson et al (1978). They report a mean absolute angular
velocity for the afms of 489 deg/sec.. In addition, they found
a Pearson's product moment correlation of .617 betwegn the maximum
angular.veloeity of the arms and tne height jumped.

Contact tiﬁe with the ground during the jump phase has Eeen
discussed and studied by a number of researchers. It is only when the
feet afe in contact with the ground>that vertieal forces can be
genereled‘byfthe athlete. "The time of vertical force application
“has a direct influence on the vertical impulse and thus the vertical
velocity at takeoff. Kinpara et al (1966) report decreases in contact
‘time for the height Jumped vKuhlow (1573) found that the eontact
time did increase forvthe height jumped in the straddle high jump but
decreased for the height_jumped in the flop. Hay (1974) reports
‘contact timee of .13 endj15 seconds for ehe flop and 118 and .22
seconds fqr'the straddle. He believes that somehow floppers are
able te generaee greater veftical ferces than the etraddle jumpe;s
thereby compenéating‘for the decrease in time of force application.
In a study of'the volleybell spike jump Samson et al (1978) report
a Pearson's product moment correlation of ~.269 between the contact

time and the height jumped. For his twenty-two (22) male subjects

an average contact time of .35 seconds was - found.,

-



The increase in fcrce output with shorter contact time may .
result from the storagé of elastic energy in muscle during its'
performance of negative work. This topic has been reported on by

é number of researchers (Cavagna et al (1971), Asmussen and Bonde
Petersen (1974)). Decreaéing the amplitude and time of negative
work apéears to increage the elastic property ir muscles, decreasing
the time of positive work, and increase the force output (Cavagna

1977). The result is an increase in vertical impulse despite a loss

in timz of force application.



CHAPTER III

METHODS AND PROCEDURES .

Twenty-two players from ;he Canadian and Dutch Jnior National
women's volleyball teams acted_gs subjects for ;he'étudy pfior to
a‘normal corning training session. All wore standard volleyﬁélla
shoes, shorés and tops. To ensure maximum visibiiify of the Soints
‘those wiﬁh long sleeves were instructed to roll them up past the
elbow. . L

First, the purpose of the study and fhen the testiné procedure
were explained to the entire -group of subjects. All were familiar

with this type of test as it is commonly used by volleyball coaches

for evaluation. The only difference}for this study was the use of

-

cinematography for.data collection.. Warm ups, with the same foqgs;
were next dirécfed-by“the subjects respective coaching staffé. Each
subject was then inaividually tested.

PléceméGEfbf the equipment and the movement path of the subjects
are shown in Figure 1.. fhe subject was first difected to stand at
pointﬁ(A) facing the camera with her dominant hand fully extended
overhead and the other resting at her side. While in this position
she was filmed by the camera. Next, the subjéct was instructed to
perform two vblle?ball spike jumps and touch as high as possible on
the baskeegill backboard with the dominant hand. Each jump began.
when the iegéa{gher gave an audible command of "g&" to the subject.
The approach to the jump was along a designated path marked on the
floor to ensure that the action remained,tas much as poss}ble; in

the plane perpendicular to the optical-.axis of the camera. The

approaéh in a volleyball spike jumpvis generally straight so this

.
E N

7 ' : &



Figure 1 ‘

Superior View of Equipment Layout and Approach Path

Basketball Backboard

Reference Tree ety

30 cm:I
Approach Path

o U
A i)
| y

»

40 m

I
ﬁ
!
ﬂ

Optical Axis a

S AL
- camefaa

I
!
|
|




o

i

restriction presented no problem to any of the subjects. The starting
poinﬁ for each jump was not controlled bmt left to the individual
sgbject's discretion. A reference tree placed 30 cm beyond this

path was visible throughout the filming session.
Xll trials were filmed withva Pho;oFSonics 1 PL:l6mm camera
equipped with a PhotofSonécs timing iight generator set at 10 Hz.
The camera was operated at 93,458 framed per second with a shutter
angle of 140 degrees regulting in an -exposure time of .00416 seconds.
The f-stop was set at 2.2 _and the camera was situated 40 meters
from the path of each approach ané jump. Ectochromev7250 film
(400 ASA) was used for zll shots andwpushed one full f-stop in
developing.(i

v‘ The datafilm was projected onto a Bendix digitizing board by
a TRIAD VR;lOO filmianalyzer. It was then analyzed using an HP
9825A computer hardwired to an HP 98é4A digitizer and the Bendix
digitizing board. This system allows fér the determination of
cartesiaﬁ coordinate points with an internal accuracy of ,0056 cm.
The resolution of the film and the skill of the operator determined

the overall accuracy of the analysis. Relative errors of + .05 cm

were produced when repeated analyéis was made by the researcher.
The ratio of the»real image to the image projected onto the digi-
tizipg board was 6.20 to 1.
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The following twenty~two (22) points were digitized in each

frame of film analyzed:

1.

2.

10.
11.
12.

13.

Proximal head and neck-(midline hetween shoqlder,points).
Distal head and neck (top of head). ; o <
Proximal trunk (midline ®etween hip joints). ..

Distal trunk (midliné between shoulder jointss.

Shoulder joints (right and left).

Elbow joints (fight and left).

Wrist joints (right and left).

End of hand (right and left).

Hip joints (right and left).

Knee joints (right and left)

Ankle joints (right‘and léft).

Proximal end of fegt (heels, right and left).

Distal end of feet (toes, right and left).

The determination of these points results in a deéree of subjective

error dependent upon researchers knowledge of anatomy and the

movement being analyzed.

The twenty frames analyzed for each jump performed are outlined

below:

Frame 1. The subject when standing and reaching up with

Frames 2-~16. Every fifth frame (.0536 seconds apart) thrbughout

Frame 17. The tenth frame (.10% seconds) prior to the highest

one arm,

the last step of the approach and jump, up to anq ’
including the takeoff frame (the last frame where

contact with the ‘ground is observed).

point reached by the subject..
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highest point reached by the sué@%ct.
Frame 18, The. £ifth frame (.0536 seconds> prior to the
highest point reached by the subject.
Frame 19. The frame where the subject reached her highesﬁ
point.
Frame 20. The fifth frame (.05§6 seconds) afterbthe highestr
point reached by the subject.
Programs fgr the HP 9825A comfuter stAred the data points for
all frames and é;léulated the following quantities fgg/gaeh trial
for each subject: 5(a) The horizontél velocityiof the center of mass
_from frames 2 to 16 determined by dividing horizontai displaCemgnt '
of the center of mass bétween adjacent digitized frames by the time
period bégween frames of ;0536 seconds, (b) The vertiééi velocity of
the center bé mass from_ffamés 2 to 16 détermined by-aividing vertical
displécement of the center of mass—between‘the §dj§cent_frames by the
;ime pefiod between of .0536 seéoﬁés, (é) The aﬂgular velocity"of
the right arm about the. right shoulder from f;ames 2 to 16 determined
dividing éngular displacement of Fhe right arm between adjacéht
digitized frames by the time periodvbefween fraﬁes of .0536 seconds,
(d) The éngular vélocity at the knee joint_from frames 2 to 16 |
determined by dividing the chanéerin knee angle (given by the thigh
and.leg) between adjacent digitized frames by the time period between
frames of .0536 seconds, (e) The contact time with the floor during

the jump phase, and (f) The height jumped determined by the sub-

tractive difference between.the highest of the points reached by the

2

center of mass from the ffbpr in frames 17 to 20 and the height of

-
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the center of mass'in frame 1. For each of frames 2 to 16 the
velocitiesjfor all trials were averaged to produce a curve for:

. (a) The horizontal velocity of the center of mass, (b) The vertical
velocity of the center of mass, (c) The angular velocity of the
right arm about the right shoulder 'and (d) The angular velocity at
the :;ght knee. 'The total decrease in the angle at the knee aftef
.congact was measured for each trial.

Limitations of the Study.

Cinematographical analysis using one camera makes it impossgible
to make the measurements in more than the one plane filmed. Every

attempt was made to take measurements only of motions which occur

in that plane. Despite this, there is little doubt that a sﬁall
amounf of motion‘analyzed did ﬁot take place cdﬁpletely within the
film plane resulting in some data error. : . .

This study:made no attempt to examine the possible affects
psychologiéal variables had on/the results of this studyr It can
only be’assumed that such variables were constant throughout the
testing since.the testiﬁg enviroﬁment was no;'altered.

The use of select females as subjects for this study makes it

impossible to draw conclusions which may be applied to the general

volleyball playing population.



CHAPTER 1V

RESULTS AND PISCUSSION -

This chapter will report and discuss the results under seven
major headings:A Height of jump, Horizontal velocity of the center
of mass, Vertical velocity of the center of mass, Contact time,
Angular velocity of the arm, Angular Velocity'at‘the;knee, and General
discussion.

Height of Jump.

The range, mean, and standard deviation of height jumped are
reported in Table 1. The mean value found fpy the twenty-two (22)
female subjects is 8.48 cm lower and 10.98 cm lower/respectively than

that reported by Samson and Roy (1976) 71.5 cm and Samson et al

(1978) 74 cm. for male subjects.

Horizontal Velocity of the Center of Mass.

The mean horizon;al velocity curve of the center of mass through
the approach and jump phaseé for th;\volleyball spike jump for all
triais is illustrated in‘Figure 2. The velocity remains constant
until initial contact with the floor,'beginniﬁg the jump phase, takeé
place. At this time the horizontal veioéity starts a deceleration
which continues until the momeng of takeoff. Samson and Roy (1976)
reported similar findings for eleven (11) male subjects, The range,
mean, s;andard deviation, ahd~corre1ation with height jumped for
_ the horizontal velocity at contact are shown in)Table l.. ?he mean
value obtgined in thié stud§ is only .25 m/seé. higher than the
- 2.88 m/;ec. value reported by Samson et al (1978). The low correlation

found between this horizontal velocity and.height jumped #indigates

13



TABLE 1

14

Range, Mean, Standard Deviation, and Lorrelation to Height Jumped for
‘Selected Kinemati¢ Variables.

(N=44)
RANGE

HEIGHT JUMPED 50.81-70.82
HORIZONTAL VELOCITY 2.33-3.80
AT CONTACT m/sec.
VERTICAL VELOCITY , 2.48-4,09
AT CONTACT m/sec.
MAXTMUM ANGULAR VELOCITY 751.09-1493 .69

OF UPPER RIGHT ARM deg/sec.

MAXIMUM ANGULAR VELOCITY 259-1023
AT BRAKE KNEE deg/sec.

MAXIMUM ANGULAR VELOCITY  345-978
AT CLOSE KNEE deg/sec.

CONTACT TIME sec. .246~.492

63.02

3.13

3.37

975.99

702

666

.376 -

S.D.

5.09

.391

404

155.78

158

157

.059

r. TO

JUMP

.132

.243

.388

.298

.115

-.520
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that horizontal approach veloc1ty is-not highly related to the
height of the splke Jump for thege subJects

Vertical Veloc1ty of thé Center of Mass. - ' -

Illustrated in Figure 3 is the mean vertical velocity‘curve of-

the center of mass through the approach and jump phasesvof the

~ K
&)

Volleyball spike jumpyfor‘all trials. This,curve is typefied by

an initial fncrease in positive'velocity caused by the upward

drive during the last step. }At the end of the thrust the, body goes
into a free fall Situation affected only by'gravitational forces.C(
This is illustrated in the curve by a deceleratlon of posi ve
vertlcai veloc1ty This acceleratlon in turn‘stops when contact is
‘made with the floor .at the beginglng of the jump phase. A rapid
deceleratloniof negative vertical Nelocity can now, be seen preceedlng
a large acceleratlon in the p081tive velocity which continues until
takeoff This flndlng agrees with that of Samson and Roy g1976)

The range, mean, standard deviatlon, and correlation of vertical

- velocity at contact to height jumped is reported in Table 1. The
-correlation'of .239 appears to indicate that within the range of
ve}ocities found,rn thishstudy the vertical velocity at contact is
not hignly related to the height jumped, This finding does not
support tne theory put forth by Hay (1974) for high Jumping in which
he suggests that minimum negatlve vertical velocities at contact

will result in hlgher takeofﬁ ﬁelocities. ' : 7

r

Contact Time.

b3

The range, mean, standard deviatlon, and correlation of contact

time with the height jumped are reported in Table 1, The mean contact ™

time found is in close agréeement with that given by Samson and Roy

.
M
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g 18
(1976) of .371 seconds for eleven (11) male subjécts and .350'Sec0nds
reported by'Samson et al (1978) for twenty—two (22) méle~subjects.

Values for high jump reported by Hay (1974) and Kuhlow (1973) were
considerably lower.  The value of -.520 found for'co:relation‘of
contaét'timevto ﬁeight jumped was conSid;rably Hiéher than the

~.269 value reported by Samson et al tl978). In this study, coptéct

time accounted for 27 percent of the variance in height jumped.

Angular Velocity of the Arm.

The mean velocity curve for the right arm is illustrated in

Figure 4. The negative velbciﬁieé found during the initial period of

the approach phase“indicate.the movement of the arms to a ,
hyper—-extended pééition. Immediately prior to and after cogkac a ©
smooth acceleration in this"velocity is'observed~up_to a maximum
velocity~which 1s immediately followed by deceleration until tgkeééf.
The shape of this curve, although previoqsly unreported, ﬁas a

" sound biomechanical_B;se. The éngulaf“acceleration of the arms
:fésultS'in the applic;tion'bf a positiVe verﬁical force at amy . ‘
insta;t of (mrey) cos@ where; m = mass_of the arm, ri= distance from
thejshoulder to the center of‘maés of the arm, & = angular
acceieration of the arm, -and-® = angle éf thé arm;with respeét to»
the hofiéontal.“ Tﬁié reduces the forces required to decelérate the
.centér of mass of the subject to a zero negatiggLvertical velocity.
The subsequent deceleration of éhe,arms up-to‘takeoff results.in a
similar positive vertical force application thereby'decreasing the
negative forces against which the leg straightening taﬁes place.

The result should be a higher vertical veloclty at takeoff. This

acceleration-deceleration concept of the arm swing is in agreement
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with that put forth by Plagenhoef (1971) \‘4

The range, mean, standard deviation, and correlatioo of maximum
angular velocity of the arm with the height jumped are reported
in Table 1. The mean value fouod Qas 486.9§ degrees per secood
higher than‘che 489 degrees per second reported by Samson etval
(1978) for male subjects. In the same study a correlation of .617
was found between the maximim angular’velocity’and the height jumped

which is considerably higher than that found in bhe present study.

.Angular Velocity at the Knee.

Examination of the éngular velocity patterns at the knee was
confined to those nineteen subjects which used a step-close approach.
No study was done of these velocity patterns for the other three (3)
subjects-who.used é hop approach because of insufficieot data.

Eight (8) of the subjeets performed their jumps using a right brake - ¥
leg, ten (105 eubjects oseﬁ a leftibrake leg aod one (1) subject 5
used a left brake leg on he; first jump énd a right brake leg on

her second Jump. |

An examination of the angular velocity curves for the knees
(Appendix C) revealed the ‘existance of two distinctly different
curves. The curve for the mean angular velocity at the knee of the «
breke leg is" 11lustrated in Figure 5. This curve exhibits an

increasing negative angular velocity of this knee immediately prior

to contact. There ic now a deceleration in the negative angular
velocity followed by an’ acceleration in the positive velocity up to -

the moment of takeoff. Also seen in Figure B is the mean angular

s it Ty e s e

velocity curve for the knee of the close leg. It shows positive
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angular velocity prior to its' contact with the floor. This positive
angular velocity decreases after coniact and is then followed by an
increase in negatiye angular velocity up to a maximum. A deceleration
of neg;tive aﬁgular velocity is’now observed followed by an acceleration
in poéitive angular veloéity up to takeoff,

The shape of the angular velocity curve at the knee fo the brake

o

reviewed reports on an angular velocity curve for the knee shaped

like that of the close leg.

///f. The ra;ge, mean, standard deviation, and correlation fo’beight
juméed of‘mgximum-angular velocity of the knee for botﬁ the brake
and close leg4is shown in Table ll For this group‘of subjects it

- would aﬁpear that maxi;um angular Qelocity at the knee for both thé
brake and close leg is not highly related to height jumped.

General Discussion.

The results iﬂdicage the‘existance of a tgmporal félationship
between the velocity of the érmswing and the velocity Qf leg extension.
The velocity curves for arm;swing'and both knee extensions have two
?eaks of vértical force output as intgrpreted from observed maximum
accelerations (poéitive or negative), As can be seen in Figures 4
and 5 these maximums are found after contact of the brake leg is made
and just prior to ta?eof;. This allows for the summation of positive
vertical forces at the two critical pe;iods'of the jump phage: (1) Dur#
ing the absorbtion of the body's free fall momentum created in thé ' |
appfogch; and. (2) During the.propulsion of}tﬁé,bédy ﬁé'to,takeoff.

i closer examination-of~the,éifferentiknée velocity patterﬁs‘for--

e e e et

e et

EE==. TN
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the brake and close legs may reveal that the close leg better utilizes
the siorage of elastic energy for jumping than does the brake leg.

Cavagna (1977) reported that decreaéing the amplitude of negative work

L~

ypcréases the utilization of stored elastic energy in positive work -~
which immediateiy followé‘and decreases the time of this positive work.
Table 2 shows a mean negative angular displacement, at the knee of the
close leg, after contact which was 36.46 degrees less than that found
for the brake leg. A‘further examination of-the»curves in Figure 5
shows that the time spent doing positive wofk is .OZS_seconds less for
the close leg than for the brake leg. During this period of positive
work the angular acceleration is greater for the ciose leg indicating
a gréater force output of the close leg's eﬁtension muscles. In this
study, for the step-close approach, it would therefore appear tbat the

close leg better utilizes the stofage of elastic energy for jumﬁing

than does the brake leg.
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o TABLE 2
Total Negative Displacement at the Knee After Contact

During Step-Close Approaches for the Brake and Close Leg.

i)

BRAKE LEG " CLOSE LEG
Total Negative '~ Total Negative
Knee Displacement Knee Digplacement
Trial # After Contact (deg) After Contact (deg)
1 60.33 . K 18.22
2 59.74 "17.01 ’
3 62.64 ' 15.56
4 50,60 21.11
5 - 29.99 17.45
6 34.75 v 7.98
9 34,70 - 17.69
10 .. 4%,90 o .29.82
it 65.03 23.98
12 59.22 8.46
15 49,79 4,98
16 =~ 50.35 ' 0.00
17 49.46 v 33.86
18 61.63 14,41
19 46.45 5.76
20 50.00 - . 6.34
23 61,35 .53
24 61.16 - 23.87
25 40.13 ‘ 60.88
26 38.21 5.62
27 . 44,83 , 14.51
28 52.12 - , 13.62
29 50.77 : ‘ 20.55
30 54,98 : 23.46
31 76.89 ‘ 12,22
32 71.88 23,20
33 49.17 ' 22.07
34 43.78 ' 14,22
35 67.18 32.53
© 36 67.84 o 20.46
37 62.43 - . ‘ 11.39
38 66,30 B R 17.48
39 . 35.82 2032
40 ' 48.13 » ‘ ‘ 14.24
41 - -71.36 . , 29.52
S 42 74,15 - . 34.508
43 00 .0 71,37 . 20.03.
44 62.22 o - 25,19

X=54.72 . % %=18.26,
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CHAPTER V

SUMMARY AND RECOMMENDATIONS

Summagz.

~ The purpose of this study was to determine bhe effect of selected -
kinematic variables on the height of a volleyball spike 'jump.
The relatioﬁship of the selected variables (horizontal velocity

of the center of mass, §erticai velocity of the center of mass,

angular velocity of the arm, angular velocity at the knee, and contact

.time)‘to'the height jumped was studied. Contact time, with a correlation

to height jumped of -.520, qccountéd for. 27 pér;ent of the variance in

the height jumped in this study. The other variables did not appear to

have a high relationship to the height jumped. .
A close examination of the variables aiddreveal some patterns not

discussed in previous research. The‘angular yélocity«patterp-of/éhe ’

armé was féund to be bioaechhnicélly sound and had a tempo?al'rglatibnship“

to the angular velocity at the knee for the elite female athletes used

as subjects; Patterns of angular velocity at the knee %ére identified

- for (1) The brake leg and (2) The close leg in a spep—cldg; approach.

It'would appear thet the close leg is better able to utilize the stored

elastic energy of the leg extension muscles than is the brake leg.

,

Findings.

Within its' 1imitations, this study resulted in the following
findiﬁgé for the volléyba;l spike Jump: ’
1. éontact time‘had‘é cérrelation to height jumped of ~.520.
C 2. the velocitfrpattérﬁ of.érﬁswing was biomééhapically souqd:'

- and had a temporal relationship to leg.extensién. ‘ ,

- 25
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3. The brake and close legs exhibited different patterns of
extension for the step-close approach.

Recommendations for Future Studies.

The variables in this study were examined in an intef—individual

manner. As no large relationships to height Jumped were found here
a study‘should be done a;proaching the question from an intra-individual
direction.

Future research should further examiﬁe'the different patterns of
leg extension as identified here. Should an athlete break With the
right leg or the left lég when using'the step-close approach? 1Is this
chqice,natural or learned? Is one way superior? In addition, a study

should be done examining only the hop style of approach.

Recommendations to Coaches and Teachers in Volleyball.

Results of this study would suggest that coaches and teachers
should emphasize decreasing contact-time'of.the'jump when teaching the

volleyball spike jump.

The concept of maximum acceleratlon.and deceleratlon of the
‘armsw1ng during the Jump phase of the skill must be’ thoroughly
understood by all teachers and coaches. Instructlonal literature on
the subject of volleyball (eg. Slaymaker and Brown (1970), Keller (1971),
Seatea (1972)) does not discuss this concept, oﬁitting in partieular

 the importance of arm deceleration prior to takeoff.
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TABLE 3

RAW DATA: Horizontal Velocities for Center of Mass (m/secz)

Subject 1 " Subject 2 Subject 3 - Subject 4

VoINS WN

Between Trial Trial Trial Trial Trial Trial Trial Trial
Frames’ 1 2 3 4 5 6 7 8
2 and 3 3.12 3.36 3.01 3.11 2.4¢4 4.58 2,61 2,97
3 and 4 2.76 3.40 2.86 3.14 2.47 3.76 2.25 2.72
4 and 5 2.76 3.07 3.29 3.20 2.81 3.58 2.53 2.78
5 and 6 2.92 3.24 3.18 3.18 2,70 3,23 42.25 2,75
6 and 7 2.71 3.70 3.13 3.15 3.02 3.30 2.46 2.63
7 and 8 3.06 3.39 3.23 3.29 3.06 3.26 2.43 2.63
8 and 9 3.31 3.80 3.20 3.08 . 3.37 3.12 3.74 2.81
9 and 10 3.11  3.52 3.05 3.07 2.79 2.82 2.08- 2.38
10 and 11 3.38 3.51 3.09 2.85 2.54 2,72 1,96 ., 2.31
11 and 12 3.05 3,20 - 2.52 2.38 2.38 2,23 1.57 1.82
12 and 13 2.95 2.33 2.09 1.85 1.87 1.89 1.23 1.76
13 and 14 2.19 1.73 1.47 1,28 1.65J; 1.57 1.08 0.98
14 and 15 1.55 1.34 -0.97 0.75 1.407 1.43 0.57 1.01
15 and 16 1.03 1.12 0.68 0.95 0.98 1.15 0.52 0.79
: Subject 5 Subject 6  Subject 7 Subject 8
Between = Trial Trial Trial Trial Trial Trial Trial Trial
Frames 9 10 11 12 13 14 15 16
and 3 3.43 3.09 2.97 2.81 2.53 3.01 2.65 2.71
and 4 “"2.37 3.55 3.31 3.03 2.91 2.63 2.59 2.85
and 5 - '3.56 3.16  3.43° 3.13 ~ 2.83 2.78 2.46 2,36
and 6 3.38 . 3.60 3.24 3.04 2,57 3.03 2,58 2.59
and 7 3.45 3.84 .3.33 3.32 2,74 2.72 2,68 2.96
and 8. 3.66 3.46 3.52 3.22 2:76 3.14 2.80 2.97
and 9 3.41 3.76 3.36 3.30 2.91 2,69 2,70 2.89
and 10 2.63 2.89 3.03 2.76 3.18 3.05 2.81 2.97
10 and 11 2.46 2,65 - 2.75 2,44 2.37 2,957 2.69 ., 2,71
11 and 12 2.23 2.54 2.10 2.42 2.81 2.89 2.32 2.53
‘12 and 13 1.80 1.91 1.98 1.81 1.82 2.78 1.63 2.34 .
13 and 14 1.28 1.54 1.46 1.26 1,60 1.84 - 1.12 1.55¢
14 and 15 0.95 1.00 1.06 0.94 0.98 1.21 0.63, . 'I.11
15 and 16" (.82 0.90 0.89 0.79 0.46 1.04 0.58 1.16
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TABLE 3 continued:

Subject 9 Subject 10 Subject 11 Subject 12
Between Trial Trial Trial Trial Trial Trial Trial Trial
. Frames 17 18 19 20 21 22 23 24
2 and 3 5.40 3.50 2.48 2.31 .4,27 3.48 2.91 3.15
3 and 4 4,47 3.92 2.41 2.64 3.99 3.22 3.32 3.26
4 and 5 4,40 3.57 2,28 2.47 3.62 3.26 3.19 3.14
5 and 6 4,35 3.49 2.74 2,85 3.51 3.63  3.47 3.08
6.and 7 4,21 3.63 3.05 -3.11 3.55 '3.31 3.25 3.55
7 and 8 3.92 3.60 3.05 2.88 3.55 3.35 2.97 . 2.70
8 and 9 3.65 3.57  2.91 3.00 3.67 3.94 2.61 3.14
9 and 10 3.54 3.54 2.79  3.09 3.66 3.74 2.00 2,27
10 and 11 3.24 3.000 2.78 2.47 3.65 3.32 1.86 1.73
11 and 12 2.99  2.61 2.07 2.09 3.41 3.42 1.41 1.79
12 and 13 2,41 2.24 2.04 1.65 3.32 3.09 1.23 1.36
13 and 14 2,02 1.79 1,56 1.63 2,01 "~ 2.22- 1,28 0.89
14 and 15 1.60 1.66 0.96 1.22 1.24 1.33 0.71 0.67
Subject 13 Subject 14 Subject 15 Subject 16
Between Trial Trial Trdal Trial Trial Trial Trial Trial
Frames 25 26 27 28 29 30 31 32
1 and 2 3.06 3.05, 2,37 1.89 2.43 2.55 3.08 3.01
3 and 4 2.76 2.54.  2.33 2.40 2.62 -2.72 2.88 3.41
4 and 5 3.14 2.68 2.43 2.31 2,65 2.75 3.19 3.08
5 and 6 2.78  2.90° 2.74 2.75 2.68 2.52 3.02 3.13
6 and 7 3.17 2.95 2.69 2.88 2.61  2.90 - 3,19 3.41
7 and 8 3.04 3.35 3.00 2.78 2.64 2.78 ¥ 19 3.20
8 and 9 3.10  2.99° 2.73 2.89 2,48 2.57 3.27 3.40
9 and 10 3.29 3.11 2.48 2.49 2.73 2.54 3i40 3430
10 and 11 2.77 3.08 2,43  2.18 2,18 2.18 3.22 3.11
11 and 12 2.44 2.11 1.82 1.87 2.09 2.05 - 2.76 2.72
.12 and 13 - 2,19 2.56 1.73 1.60 1.61 1.82 1.88 2.06
"13 and 14 1.70 1.91 1.30 1.12 1.11  1.55 1.57 1.75
14 and 15 1.66 1,63+ 1.11 0.91 1.69 1.97 1.12 1.14
16 1.68 1.21 0.76 0 0.51 1.23 0.69 0.86

15 and .34



TABLE 3 continued:

Subject 17 Subject 18 Subject 19

Between Trial Trial Trial Trial Trial Trial
Frames 33 34 35 36 37 38

2 and 3 2.89 2.89 3.48 3.43 2.59 2.50

3 and 4 2.62 2.52 3.08 3.41 2.51 2.67

4 and 5 2.95 2.87 3.24 3,32 2.93 2,51
5 and 6 2.80 2.88 .98  3.29 2.65 2.55

6 and 7 3.09 Z.18 14 3,04 2,67  2.66

7 and 8 3.13 3.09 96 3.39 2.73  2.43

8 and 9 3.21 3.12 .05 3.55 2,76 2,34

9 and 10 3.13 3,09

.50 3,56 2.58 1.97

- 3.06  2.17 1,72
.39 2.87 1.64 1.60
.85 2.47 1.79. 1.68
.38 1.77 1.00 1Y16 -
.28 1.45 1.10 0.96
.21° 0.70  0.50 0.93

10 and 11 3.00 3.05
11 and 12 2.64 2.60
12 and 13 2.07 2.42
13 and 14 l1.46 1.75
14 and 15 1.16 0.74
15 and 16 0.88 0.78

OHFHRPRNNWWN W
!
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Subject 20  Subject 51 Subject 22

Between " Trial Trial Trial Trial Trial Trial
Frames 39 40 41 42 43 44
2 and 3 2.32° 1,92« 2.44 3,00 2.71 3.00,
3 and 4 2.24 2,07 2,98 2.79 3.08 2.86
4 and -5 1.99 1.92 3.10 3,25 3.02. 2,76
5 and 6 2.61 2.29 2.8 3,07 3,00 3,05
6 and 7 2.47 2,09 3.33 3,37 3.02 2.90
7 and 3 2.50 2.43 2,96 3.31 2.77 3.19
8 and 9 - 2,31 2.33 2.98 3.13 © 2.46 2,48
9 and 10 2.90 2.19 2.94 3,06 2.22 2,50
10 and 11- 2.24 2.06 - 2.63 2.87  2.24 2.30
11 and 12 2.08 1.78 = 2.36 2,03 2.69 2.00
12 and 13 1.79 1.99 1.90 2.10 1.88 1.66
13 and 14 1.22 1.03 1.48 1.49 1.12 1.13
14 and 15 0.99  1.09, 0.51 0.72 1.10 1.16
0.96 0.95

15 and 16 1.28 0.83 1.05. 0.65



RAW DATA:

J
/

Between
Frames

2 and
3 and
4 and
5 and
6 and
7 and
8 and
9 and
10 and
‘11 and
12 and
13 and
14 and
15 and

}—‘kOOOI\lO\UI-L\U)

bS

Between
Frames

2 ~and
3 and
4 . and
5 and
6 and
7 and
8 and
9 and
10 and
11 and
12 and
13 and
14 and
15 and.

=W ooo~NOYW W

11
12
13
14
15
16

0

11

12

13

14
15
16

Ve. .ical Veloctties fSor Ce: :ér

Subject 1
Trial Trial
1 2
0.06 0.20
-0.01 0.52
1.23  1.07
0.72 1.10
1.00 0.50
0.65 0.61
0.15 -0.74
-0.35 -0.74
-0.75 -1.45
-0.88 -1.03
-1.30 -0.01
0.28 1.54
1.44 2.61
2.96 3.55

~ Subject 5
" Trial Trial
9 10
0.27 0.48
0.49 ~ 0.95
0.84 0.49
~-0.11 0.01
-0.42 0.22
-0.51 -0.59
-1.14 ~1.35
-1.37 -1.08-
-0.15 -0.61
1,38 0.06
1.08 1.20
1.87 2.10
2.64 2.91
3.10

3.34

TABLE

2.84

Subject 2 Subject 3
Trial Trial Trial Trial
3 4 5 6
0.70 0.62 0.04 -1.14
1.05 1.19 -0.24 -0.01
1,17 1.26 0.85 0.37
0.61 0.08  0.63 0.80
0.22 -0.24 0.25 0.30
-0.36 -~0.06 =-0.28 -0.31
~-1.23 -1.44 -0.62 -~0.99
~1.47 -1.82 -0.76 -0.43
~1.93 -1.39 -0.75 ~-0.86
-0.61 -0.18 -0.08 ~0.18
0.85 0.97 0.63 0.44
1.80 2.47 1.49 1.82
2.69 3.07 2.81 2.77
3.08 3.21 3,37 3.10
e
Subject 6 Subject 7
Trial Trial Trial Trial
11 12 i3 14
0.89 0.82 0.10 0.07
1.09 : 1,21 0,26 =~0.07
- 0.88 0.67 0.71 0.28
0.06 0.43 0.39 0.44
-0.46 0,04 0.94 0.89
~-0.96 -0.90 0.61 1.24
-1.77 -1.61 -0.28 =-0.10
-0.87 -1.08 -0.42 -0.47
-1.08 -~0.72 -1.34 -0.99
0.18 -0.13  -1.82 -1.13
0.91 0.52 -0.08 ~1.19
1.84 1.89 1.23 0.36
2.65 2,71 2.60 2,59

3.28 3.29 3.21

.£7Mass (m/sec)

Subject 4
Trial Trial
7 8
0.83 0.82
1.21 0.80
0.61 0.70
0.22 2.70
~0.08 0.09
-0.86 -0.89
-1.49 -1.22
-1.71 -1.46
-0,98 -~1.52
0.00 0.12
1.03 1.16
2.25 2.29
2.67 3.06
3.19 3.39
Subject 8
Trial Trial
15 16
-0.09 -0.32

0.01  0.35.
0.32 02144
0.71 0.13

6.82 0.72 -
0.02 - 0.45
0.06 0.04
-0.70 -0.84
-0.68 -0.48
-0,16 =0.73
0.62 ~ 0.53
1.18 1.49
2.54 2.77
3.08

3.04

34



Between
Frames

2 and
3 and
4 and
5 and
6 and
7 and
8 and
9 and 10
10 and 11
.11 and 12
12 and 13
13 and 14
14 and 15
15 and 16

HWOW oSOy W

Between
Frames

and
and
and
and
and
and
gﬁand

and 1
10 and 11
11 and 12

Novun s
HOooNeTun W

o]

12 and 13

~ 13 and 14
14 and 15
15 and 16

TABLE 4 continued:

- Subject 9

Trial Trial
17 18
0.45 0.04

-0.08 0.94
0.65 0.75
0.93 0.24
0.21 -0.40

~-0.23 -0.43

~-0.85 ~0.95

-1,10 -1,18

~0.85 -0.92

-0.22 0.01
0.71 1.17
1.73 1.74
2.56 2,61
2.99 3.03
Subject 13

Trial Trial
25 26

-0.54 -0.63

-0.21 -0.29
0.30 0.48
.0.32 0.57
0.63 0.62
0.20 0.18

-0.93 -0.80

~-0.80 -1.16

-0.80 -0.85
0.09 -0.16
0.32 0.47
1.36 0.84.
2.67 2.63
3.37 3.34

Subject 10
Trial Trial
19 20
0.15 0.07
0.45 0.56
0.21 0.86
0.86 0.54
0.43 0.03
-0.30 -0.30
-1.14 -=1,11
-1,35 ~1.21
~-0.68 ~0,56
-0.01 -0.18
0.60 0.60
2,22 1,90
2.48 3.09
3.08 3.14
Subject 14
Trial Trial
27 28
-0.27 -0.14
0.25 0.61
0.21 .0.25
0.76 0.39
~0.13 0.15
-0.45 -0.51
-1.05 -1.01
-0.73 ~-1.17
-0.39 -0.14
-0.32 -0.43
0.78 0.59
1,93 1.45
3.14 3.03

3.15 3.02

1.80
2.55
3.46

.70
.63
.83

Subject 11
Trial Trial
21 22
-0.27 0.17
0.36 -0.22
0.65 0.73
1.20 1.04
1,29 1.03
-0.07 0.65
-0.50 «~0.53
-0.78 -0.81
~1,18 -0,83
-1.69 -2,23
-0.54 ~0.96
0.67 1.18
2.88 2,63
3.76 3.71
Subject 15.
Trial Trial
29 30
1.24 0.79
1.40 1.44
0.40 0.56
-0.06 -0.88
-0,70 -0.48
-0.77 -1.04
-1.82 -1.47
-1.35 -~1.66
-1.25 -1.04
~0.06 -~-0.51
0.62 0.90
1
2
2

Subject 12

Trial Trial
23 24
1.02 0.66
8.54 0.84
0.14 0.13

-0.51 -0.39

-1,05 ~0.83

-1.,11 ~-1.64

-0+95 -0,89

-0.75 ~0.,64

~0.25 -0.46
0.43 ~0.27
1.06 1.44
2,33 1.79

- 2,57 2.48
2,89 3.12
Subject 16

Trial Trial
31 - 32
0.44- 0.79
0.68 0.95
0.89 0.99
0.84 0.64
0.69 0.24

-0,31 -0.58

-0.92 -1.12

~1.45 -1,78

-1,13 -1.64

-1.43 -1,13
0.43 0.58
1.28 1.80
3.17 2.53
3.04 2.86



TABLE 4 continued:

. : .Subject 17° Subject 18  Subject 19
Between Trial Trial Trial Trial Trial Trial
Frames 33 34 35 36 37 38 -
2 and 3 0.17 -0.05 0.03 ~0.31 0.02 0,22
3and 4 _-- 0.67 0.22 -0.13 0.24 0.17 0.59
4 and 5~ 1.25 0.78 0.22 0.00 0.51 0.17

5 and 6 0.86 1,01 0.21 0.75 0.52 -0.02

.- 6 and 7 0.36 0,72 -0.51 0.50 -0.25 -0.91
7 and 8  -0.27 0.23 .-0.08 0.02 -0.68 ~1,14
8 and 9 -0.83 "-0.45 -0.77 -0.5% -1,02 -1.27
9 and 10  -1.24 -1.06 =-1,51 =-1.20 -1.09 "-0.73
10 and 11 #1.55. -1.50 -+1.62 -1,40 -0.50 -0.64
11 and 12- -0.58 -0.80 -0.27 -0.63 -~0.04 " 0.24
12 and 13 0.06 ,-0.47 0.99 0.47 0.71 1.44
13 and 14 1.25 1.33 2.26 1.59 1.75 1.86
14 and 15 2,99 2.88 2.76 2.91 2.50 2.61
15 ‘and 16 3.46  3.70 3.10 3.16 3.17 2.82

. Subject 20 Subject 21 Subject 22

Between Trial Trial Trial Trial Trial Trial
Frames 39 40 41 42 43 - 44
2 and 3 -0.20 0.02 0.33 0.23 0.73  1.10
3 and 4 0.46 0.74 0.89 0.89 0.11 0.65
4 and .5 1.03 1.01 0.74 0.58 '~0.45 0.11
5 and 6 0.61 0.92 0.30 0.66 =-0u56- -0.66
6 and 7 0.70 0.21 -0.06 0.19 -1.72 -1.28
7 and 8 -0.10 -0.45 -0.49 -0.86 -1.46 =-1,16
8 and 9 #0.61 -0.86 -1.29 -0.76 -0.83 -1.33
9 and 10 . ~-1.34 -1,10 -0.83 -1.60 -0.93 -1.07
10 and 11 -0.95 -0.87 -0.84 ~-0.05 -0.38 -0.23
11 and 12 0.13 -0.19 0.41 -0.30 0.32 -0.36
12 and 13 0.26 ©6.65 0.65 0.30 0.97 1.00
13 and 14 1.33  1.60 1,40 1.71 1.61 1.51 -
14 and 15 2.46 2,55 3,10 2.90 2.68 2.62
15 and 16 3.28  3.01 -3.14 3,32 3

2.88

A7



TABLE 5

RAW DATA:

Angular Velocities of the Right Arm about the Shoulder
\
. Subject J fi) Subject 2 \\*”<Sgbject 300
Between Trial Aoy’ Trial = Trial Trial Trial
Frames 1 ' gy -3 4 5 6
2 and 3 281.86 569.48 ~-48.14 -153.12 -395.07 -~465.44
3 and 4°  290.69 608.52 ~368.61 -284.76 -503.14 -723.86
4 and 5 - 445.03  520.83 -411.26 -424.26 -439.63 -671.79
5 and 6 495.31  674.83 -571.44 -724,23 -417.96 ~421.57
6 and 7 - 1071.48 980.42 -410.40 -533.79 -276.95 -313.04
7 and 8 - 1436.31 958.94 -175.15 -142.65 -255.66 -245,75
8. and 9 667.40  546.64 108.98 226.29 -31.7 22,15
97and 10 329,74 . 405.85 213.78 197.86 528.57 £57.92
.10 and 11 - "285.37 - 431.94 674.41 741.14 -540.11  427.29
11 and 12 342,56  602.30 706.96 911.84, 595,17 555.50
12 and 13° 590,10 '3013.607. 780.527 ~ 896.78 . 678.33 ~711.22
13 and 145+ 766.13 - 763.39  745.24 860.67 928.91  726.43
14 and 15 = 902.74 . 645.43 713.60° 638.60 978.82 1079.80
15 and 16 635.45 ‘473253 551.19 443,41 422,14 243,88
‘ Subject 4 Subject 5 Subject 6
Between Trial Trial" Trial - Trial Trial Trial
Frames -7 8 9 " 10 11 12
& Q) . : At . -
2 and .3 -101.54 -121.72 500.54 206.42 ~494.56 ~417.40
3 and 4 -248.31 -98.95 244.24 315.82 -~393.35 -448.11
4 and 5 ~336.60 -214.68 ~ 349.68 184.31 -470.15 -375.90
5and 6 .° -272,92. -294.83  167.73  340.85 -201.01 -365.99
6 and 7 ~244.47 -333,50 543.08 . 426,64 ~26.29 -206.80
7'and 8 © -152.03 -108.85 -944.87 ~1471.45  69.47 8.78
8 and 9 86.41 - 1.47 385.25 577.68 228,78 81.22
9 and 10 296.58 194.87 _447.86  639.27 516.76  473.37
10 and 117 704.96. 558,03 © 516.06 521,89 835,30 757.04
11 and 12 801.18 854.72 589.28 533.57 648.09 795.08
12 and 13 748,41 780.31° .723.69 869.17 765.33 887.40
13.and 14 689.90 842,52 '568.39 651.51 1097.13 862.24
0 14 and 15 503.29 - 430.50 413.68 421.47 453.18 712.31
15 and 16 217.54 ~5.45

281.34

256.28 266.04

- 188.62



Between
Frames

2 and 3
3 and 4
4 and 5
5 and 6
8 and 9
9 and 10
10 and 11
11 and 12
12 and 13

" 13 and 14

14 and 15
15 and 16

Between
Frames

2 and
3 and
4 and
5 and
6 and
7 and
8 and
9 and 10
10 and 11
11 and 12
12 and 13
13 and 14

P WO~V & W

14 and 15..

15 and 16

TABLE 5 continued:

Subject 7
Trial Trial
13 14.
240,48 195.15
271.99 85.38
245,02 ©132.31
~-1195.11 1589,77
540,84 -484,10
247.85 315.09
521.03 311.56
553.13 549,02
828130 929.14
713.87 614.20
517.26 260.03
699.25 559.46
- Subject 10
Trial Trial
19 20
-166.10 21.98
~194.49 3.22
.~1366.62" 335.35
- =~119.58 438.19
197.30 282.54
"216.04  320.22
322.33 278.14
© 688.27 364.37
887.39 660.57
1099.34 930.50

774.15 1039.25

562.62 612.18
283.08 597.25
36.14

393.84

Subject 8
Trial Trial
15 16
~450.11 -370.17
-422.46 -536.15
-606.83 -496.33
-85.07 -223.45
164 .85 132.67
431.12 248,25
583.89 493,95
873.90 847.14
920.54 933.39
770=30 888, 80
572.25 585.64
268.95 494.49
Subject 11
Trial Trial
21 22
280.11 160.43
. 410,57 379.35
357.99 404,45
433,28 425.83
429.90 517.12
648.63 405.93
~1466.62 1493.70
769,73 1146.28
603,44 801.16
708.72 646,31
757.63 885.73
824.87 765.45
585.95 603.50
412.37

508.98

Subject 9
Trial Trial\

17 18

46677 528.38
340.79 687.18
1476,12 -1618.34
273.22  334.44
255.84 396130

. 438,33 442.52

533.94 .539.23
562.56  717.17
790,50  781.37
868,19 764.29
1073,69  767.22
476.42  264.58

Subject 12~
Trial . Trial
23 - 24
-339,54 96.79
-=371.47 --7.87
-348.21 -~203.45
-200. 29 316.94
-164.08 365.89
147.15 379.63
359.22 907.13
528.68 899.15
640.97 523.19
751.09 | 381.26
678.01 431.77
508.44 853.03
695.32 866.81
490.82 496 .58 -

38
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and
and
and
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and
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and
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and 11
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11
12
13
14
15
16

TABLE 5

Subject 13
Trial Trial
" 25 26
282.53 -218.48
-435.85 =~374.35
-485.10 -487.62
- =352.03 -518.74
-500.43 -332.93
-389.03 -336.98
58.68 45,68
259.01 -217.97
514,13 550.80
916.94 650,69
805.15 845.10
804,21 841.14
350.12- 526.46
Subject 16
Trial Trial
31 32
T 71.94 163.15
-213.19 146.77
-437.00 -325.5Y
~678.67 -340.09
-275.92 1625.44
~214.07 . -322.27
~-17.27° 111.06
203.12. 356.15
478.79 553.45
733.03 765.32
1073.62 1044.59
764.00 708.34
630.71 609, 38
495,72 543.89

continued:

Subject 14
Trial Trial
27 28
-289.76 -198.80
~415.82 ~461.26
-381.27 -510.65
-423.58 =559.63
~580.39 -351.37
-195.08 -157.47
3.77 -29.09
363.67 440.10
523.45 599,66
873.71 837.27
1017.43 1155.57
727,21 723.70
593.08 590.48
- Subject 17
Trial Trial
33 34
"-187.14 -247.94
~103.93 -378.67
-333.97 -160.79
~315.47 -286.90
-625.07 -454.60
-401.47 -480.81
-199.40 —421.32
©36.91 18.23
357.89 220.72
.691.23 696.54"
1129.42 953,09
919.56 911.76
713.93 975.32
396.66 325.44

Subject 15
Trial Trial
29 30
~-408.91 -~289.48
-440.81 -349.56
~-366.74 -270.89
~372.01. -413.27
-330.27 -321.82
-167.56 -295.47
134,01 -~116.23
387.91 262.39
792.06 461.76
936.12 894.09
899.56 788.88
1082.39 885.31 .
466.73 1105.40
Subject 18
Trial Trial
35 - 36
187.73 254.04
144,18 227.37
-97.07 . 28.14
~-438.04 -~239.54
~595.60 -542.86
=277.92 -521.74
37i11 -124.60
398.24 -12.04
593.83 528.70
750.55 711.51
874.70 -1029.78
933.14 1085.41
861.90 538.54
74,57 120.12
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TABLE 5 continued:

Subject 19
Trial Trial
37 38 .
~249.60 -110.42
-225.54 -394.01
-437.58 ~752.61
-677.62 -993.98
379.37 -~-343.55
-383.12 <67.70
23.40 192.62
314.94 7 486.40
495,87 707 .66
852.84 884.94
904.55 836.92
734.81 508.60
439.79 304.73
381.02  370.26
""?!
. Subject 21
Trial Trial
41 42
-195.99 ~-86.25
-327.12 -236.14
-459,49 -500.04
-870.39 ~356.41.
~364.99 -786.34
~74.30  -151.86
29.11 56.63
467.69 113.27
780.28 714.69
‘874.00 889.90
1047.38 1110.11
981.44 1012.47
487.08 600.38
320.45  365.83

436,28

Subject 20
Trial Trial

39 40
-147.58 ~-200,20
-318.29 -319.11
-308.00 -407.25
~281.06 -248.09
-318.83 -412.35
~-340.98 ~188,27
-260.31 ~12.,25
112 .43 193,77
495.80 450,89
756,93 837.47
784,49 762.93
902.89 697,14
725.15 977.35
531.85  428.63

Subject 22

" .Trial = Trial

43 44
-126.38 -115,47
~185.95 -~212,33
~196.26 -261.14
~161.32 --245,47
-136.15 -~153,51
-257.31 -162.29
-55.33 49.77
256.73 186.98
640,51 510,78
703.21 758.60‘
591.44 665,52
898.41 846.49
489,81 554.96
- 568,98

40
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TABLE 6

RAW DATA: Angular Velocities at Knee of Close Leg.

Between
Frames

2 and
3 and
4 and
5 and
6 and
7 and
8 and
9 and
10 and 11
11 and 12
12 and 13
13 and 14
14 and 15
15 and 16

HWwOoo~NoWUm W

[=9
HOOO~NNONU&~W

2
3
4
5
6 and
7
8
9

and

10 and 11 -

11 and 12

12 and 13

13 and 14
14 and 15
15 and 16

Subject 1

Trial Trial Trial Trial
1 2 3 4
=309 -206 121 -150
-134 -2 -133 -72
~11 142 158 -34
~19 173 -297 =252
130 -58 =274 -45

71 ~294 158 222
~198 =162 429 592
~-207 161 381 56

~63 319 147 9
240 82 ~101 -310
284 ~317 ~140 -82
~276 16 ~47 - .99
26 366 237 306
396 765 424 602
Subject 6 Subject- 8
Trial Trial Trial Trial
11 1 12 15 16
293 181 -60 -111
293 401 -38 -27
-514 =255 ~133 61
-617 -561 =53 -20
~300 =516 -42 -89
81 -81 =329 ~-284 .
315 119 -26 -311
590 481 39 35
280 467 4217 302
~208 76 289 287
-238 -157 -92 64

51 87 58 149

" 180 286 275 251
479 631 779

611

Subject 2

Subject 3 -
Trial Trial
5 6
22 39
~11 ~86
222 116
- 212 84
~427 -304
~392 ~483
=298 -129
471 420
473 364
52 53

9 158
-26. =19
203 256
524 559
Subject 9
Trial Trial
17 18

14 91
74 ‘13
78 202
285 264
217 -375
=730 -624
~-698 -439
-372 71
401 791
946" 395
477 -221
-258 -47 -
144 216
698 827

Subject 5§
Trial Trial
9: 10
95 67
119 193
268 173
~46 80
-545 ~552

- ~538 -524
~204 -337
181 124
530 559
447 712
~125 ~219
197 97
81 255
681 599
Subject 10
Trial Trial
19 20
-158 -44
152 . 95
281 229
103 65
%459 ' -482
~585 =488
-356 --385
293 270
594 651
37 -50
-107 -67
77 144

474 3i6 -
770 B18

-

41
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3
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5 and
)

7

8
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Between
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and
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and 10
10 and 11
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13 and 14
14 and 15
15 and 16

=0 00~y W

Between
Frames

2 and
3 and
4 and
5 and
6 and
7

8 and
9 and
10 and 11
11 and 12
12 and 13
13 and 14
14 and 15

HWwooaohu W

- 15 and 16

TABLE 6 continued:

Subject 14
Trial Trial
27 28
30 -+&6
71 200
79 -48
-360 -365
=417 ~455
=345 ~215
181 242
445 400
144 130
-210 ~155
-60 -98
49 43
378 332
894 888
Subject 18

Trial Trial

Subject 12
Trial® Trial
23 24
87 185
-382 -204
-449 =490
-388  ~454
25 ~347
139 -99
162 577
261 745
~56 654
-106 143
=14 ~316
231 -34
396 128
703 345
Subject 16
Trial Trial
31 32
108 119
135 110
118 -13
-235 =390
-368 -216
-168 8
97 340
615 389
148 101
-65 -67
~47 ~311
-114 -53
277 168
683 714

Subject 13
Trial Trial
25 26
=217 ~151
-77 -33
86 28
-130 15
~236 =222
~353 -387
~174 =314
168 -104
464 279
479 422
82 543
-85 55
174 22
449 528
Subject 17
Trial Trial
33 34
A1 143
185 146.
123 18
=333 83
-305 ~424
-223 291
333 74
- 594 533
223 466
~-81 721
=191 -108
~138 ~156
399 301
642 653

35 36
-40  -298
-356 -135
-63  ~166
-298 -~99
-252  -133
-121  -295
348 264
318 404
-200 ., 152
-344 =155
-62 =226
76 17
387 240
978 796

Subject 15
Trial Trial
29 29
- 103 245
~244 -211
-396 -639
-56 -73
138 215
409 294

8 508
21 73.
~}0 ~111
~7 ~54
~241)  -267.
-12 -5
219 . 95
710 - 630
Subject 19
Trial Trial
37 38
-97 83
-51 -252
~87 -227
-276 ~287 |
-301 =32
~255 1
©27 365
278 -174
325 ~25
~118 -125
-93 92
193 177
238 398
849

825

42



TABLE 6 continued:

Subject 20 Subject 21 Subject 22

Between Trial Trial Trial Trial Trial Trial
Frames v 39 40 41 42 "43 44
"2 and 3 69 - 216 -6 =26 -630 ~419
37and 4 .35 417 141 114 ~596 ~752
4 and 5 75 -100 161 202 -318 ~252
5 and 6 - ~183 ~91 ~-81 =323 ~12 ~211
6 and 7 ~220 ~248 =549 =474 313 63
7 and 8 =243 23 =237 -413° 532 417
8 and 9 ‘ -28 -3 =258 =330 682 707
9 and 10 _ 142 331 298 319 137 416
10 and 11 402 313 502 664 ~97 94
11 and 12 285 =227 - 220 445 -180 -303
12 and 13 ‘ ~43 4  -240 -315 ~95 ~166
13 and 14 21  -34 ~527 .. 86 70 18
14 and 15 - . - 265 318 - 352 277 157, - 92.

15 and 16 397 621 855 791 579 597



o

»

TABLE 7

RAW DATA: Angular Velocities at Knee of Brake Leg

Between

Frames

2 and
3 and
4 and
5 and
6 and
7 and
8 and
9 and
10 and
11 and
12 and

.13 and

14 and
15 and

Between
Frames

2 and
3 and
4 and
5 and
6 and
7 and
8 and
9 and
10 and
11 and

12 and 13 -

13 and

14 and

15 and

HWO 0~ oUW

HOYOooNOWb &~ W

o

11

12
13
14
15
16

11
12

14
15
16

Subject’ 1

Trial Trial
1 2
-517  ~409
~-306 221
-204 270
240 410
398 563
548 350
385 54
219 41
-285  -212
-171  -623
-423  -~278
-245 . 53
69 277
450 760
Subject§.,”
Trial TeIX
11
225 81
205 218
448 356
545 415
409 © 446
-28 282
#2388 -208
~446  ~439
-335 -286
-187  -159
-5  -11
236 ¢ 223
487 463
. 662 557

Subject 2
Trial Trial
3 4
169 261
327 429
430 343
241 245
285 38
95 51
~121 -248
-400 -436
-440 -320
-253 ~179
~-74 ~7
83 151
570 513
636

5

~339
71
297

-579 .

489
122
-169
-353
~329

S =77

91
229
719

828

viél Trial

16

~446
-335
- 168
497
402
. 325
139

-136

-305
~-442
-54
38
.- 356
815

Subject 3

Trial Trial
5 6
-166 ~ ~-623
157 -63
368 232
%88 . 497
206 145
3 42
-78  ~-157
-252 =195
-158 -176
-46 -81
-23 =36
34 63
301 325
685. 633
Subject 9
Trial Ttial -
17 18
~536 -598
- -672 39
~-124 246
352 452
418 534
612 311
10 -156
-7 -391
-34° =303
- 20b ~-182
~137 = -115
~56 88
396 52%
654 725

o

Subject 5
Trial Trial
9 10
~166 ~255
211 94
317 364
506 579
595 501
-83 73
~35 161
=348 -530
-264  -210
173 -40
62 77
117 2139
259 269
259 392
‘Subject 10
Trial Trial
19 20 -
-18 - -8
184 7 136
381 413
463. 518
456 - 470
~159 ~133
-237 ~137
~-325 -411
-317 ~341
134  -181"
~224 43
310 306
168 , 227
835 856

44

P



TABLE 7 continued:

Subject 12 Subject 13 Subject 14 Subject 15
Between Trial Trial Trial Trial Trial Trial Trial Trial

Frames 23 .24 25 26 27 28 29 30
2 and 3 208 . 204 -341  -260 109 32 127 . - 68
3 and 4 348 495  -181 -32 . 204 157 238 317
4 and 5 491 568 ° 31 232 267 346 191 254
5 and 6 205 241 354 391 378 386 227 456
. 6 and 7 -46 -90 426 500 209 236 233 136
7 and 8 -240 =432 377 153  ~177  ~-163 31 - 388
8 and 9- -399 -280 © =202 -182 -213 -191 1 -53
9 and 16 -132 -102 -259 -197 =433 =256 -481 - —~452
10: and 11- -67 -105 -134 -409  -62 =140 -341 -274
11 and 12 -273 =220 -247 101 -15 -284  -122 -109
12 and 13 -~20 177  -106  -73 -111 -99 -3 -136
13 and 14 98 211 446, -133 29 65 133 266

14 and 156 - 515 . 353 434 . 232 505 363 535 551
15 and 16 683 425 669 665 750 749 766 714

- Subject 16 Subject 17 Subject 18  Subject 19
Between ~ Trial Trial Trial Trial Trial . Trial Trial Trial.

Frames 31 32 33 3 - 35 36 37 - 38
2 and 3 -468; ~302 -73 -208 -205 -417 ~15 234
3 and 4 -23 104 241 116 -542  -469 151 328
4 and 5 99 122 191 291, -121 42 521 552
5 and 6 375 476 325 220 188 238 504 352
6. and 7 453 425 192 317 288 370 273 ~46
7 and 8 336 41 271 246 428 534 -187 -288
8 and 9 76 ~145 131 205 175 307 ~432 =591
9 and 10 . -419 -417 -197 -186 =275 ,-202 -274 =216
10 and 11 -342 -351 =262 -317 -487 -553 -181 -60
11 and 12 -299 -365 -370 -386 -373 =435 -71 -35

.12 and 13 -373 -206 -285 -110 -129 -74 =203 4

\13 and 14 277 149 204 148 144 279 127 349
‘14 and 15 322 © 511 417 514 - 339 188 336 275

15 and 16 . 861 846 875 631 1023 R4 683 7137



TABLE 7 cor:inued:

o

Subject 20  Sub’ect 21  Subject 22

Between Trial Trial Trial Trial Trial Trial
Frames 39 40 41 42 43 44
2 and 3 28 29 =240 -32 342 397
3 and 4 155 215 107 169 504 292
4 and 5 357 257 312 428 57 194
5 and 6 338 328 284 402 -69 127
6 and 7 298 140 489 391  -317 -161
7 and 8 201 170 199 171 =225 -197
8 a1 9 -167 ~47 =254, =301 =423 -499
9 and 10 '~234  ~387 <445 =541 -160. -228
10 and 11 -182 -189 -208 -162 -178 -174
11 and 12 ~134 -181 ~376 -240 -26 -23
12 and 13 -101 -91 96 -137 106 ~-37
13 and 14 -15 251 . -143 66 200 332
14 and 15 536 421 704 576 513 412

15 and 16 576 591 . 948 989 629 616



APPENDIX B

Horizontal and Vertical Velocity

Curves for Center of Mass
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