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ABSTR CT -~
The purpose of thlS study wa' to determine thevrela&ive
.ve1001t1es of the three segments of the upper extremlty
“during a hlghly skllled ballistic movement. The Sklll chosen -
for ana1y51s was the wlndmlll pltCh in the game of softball.
. Four hlghly skilled softball pltchers, two female and
two male, were the subjects in the study. Of the ten pltches
‘performed by each of ‘the subjects during the testlng
session, the two plt&hes of each sub]ect wlth gée hlghest
>N
veloc1ty were chosen for etalled analy51s. The sub]ects
were fllmed ‘by two ca ras,‘one placed to the 51de at right
angles to\gheag)réétlon of the p;Zch and .the other one
/placedﬂto the rear of the subject. The: sub]ects aﬂso pitched.
-/ from a force pl\trorm, SO that«khe reaction of the pltchert_
on the ground could be recorded. The records from the two
cameras and the force platform were synchronlzed by ‘means of *
an electric timer, such that the sp@ed of the tlmlqg,flashes
was altered at a, p01nt in the pltch. |

. w.

‘Other prob}ems 1nvestlgated in this study included ‘thie
determinatlon of the coordlnates of the segmental endpoxnts
of the pitching arm in\three—space, and the comparison of
these uith the values obtained from the planar analjsis.
Also, a ‘method was devised to calculate the magnitudes of
the angular velocities of .the lower arm segment which could’

be utlllzed to determine these parameters for any of the ™

other body segments. In partlcular, the angular veloc1t1es ;

e

d

»8
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of particularcinterest. were, those '‘occurring around the

longitudinal axis of the segment, wvhich were believed-to be .
of importance in this skill, )

° : ‘ : .7 R
COmpUter programs_vere written to calculate the

kinematic and . klnetlc parameters of the segments Jf the

3

upper extremlty during this Sklll from the dlgltlzed film

data. The spatial coordlnates of the segmental endp01nts

\

‘Were ietermlned by use~of an available computer program, and

the X Y,'and 4 yeloc1ty components of each of these points'
were deterhlned and graphed.»The pltChlng arm. was/analyzed'
further during the frames surroundlng release of the ball to\
determine the magnltudes of the angular VelOC1tleS around
the three princlpal,axes of the lower arm segment.‘\
The following are"the main results of the study: (1)

the force platform and thebcalculated forces from the mass
center acceleratlons produce 51m11ar X and ¥ force records,

(2) there is a deflnlte .sequence of segment motlens which’

characterlzes the hlghly skilled performers analyzed in thlS

'act1v1t (3) the largest, most proximal arm. segment reacﬂes
{ \

maximum veloc1ty at the earllest point in the skill,
followed by the- peak velocities of theadlstal segments, (4)
the proxrmal segment also attains peak acceleratlon earliest -

\

in the skill, followed by “the peak. acceleratlons of the

other two .segments, (5) ﬂhe dlrectlons of the force and

acceleration vectors are almost 90 degrees different from

-

those: of the veloc1ty and dlsplacement vectors for these

segments (6) the most fOFS$f“l nuscle actlon‘occurrlng in,



: .
thls skill is that produced by the shoulder extensors’ln

deceleratlng thlS segment prlor to release of the ball (7)
the three dlmen51ona1 coordlnates produced from the film 'in
this study are fairly, accurwti,(**pr - 7%) est1hates of

po xh;k the veloC1ty of the arm

'.{" " W

these points, (8) the -

”R%ll (app:oxlmately

segmental,enqpoints”§$

°twenty per‘cent of the X nd Y values), and probably

relatlvely unimportant in thls sklll (? the peak value for

N

the angular veloc1ty/f} the pronation movement of this skill

occurs at the same 1nstant as’ fhe peak velocity for ‘the \

5

el bow flex;onvmqueqent.
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CHAPTER I

' |
\ z,

THE PROBLEM

Introduction'

o,

"T/often say that‘when you can measure what you are
speaking about and express it in numbers you know something

about it; but when you cannot measure it; when you cannot

N

express it in numbers, your knowledge is of a meagre and~
"unsatisfactory kind'" (Kelvin, 1891, quoted by Panjabl and

‘White, 1971:203)..
.

b

The science of biomechanics is a reiativelyrnew science
compared with the other disoiplines~of physical educatiou.
As Nelson(1973:336) has stated: "Within the field of sport
and physiéal education, however, biomechanics has progressed
slouly and today remaine relatively underdeveloped. This

“lack of development is characterized by a limited number of

gualified researchers, a shortage of well equipped, \
productive laboratories, a small number of graduate programe
<5 % . ‘ .

training doctoral students and a general lack of identity in

the scientific community." The first biomechanics con?etegie

;:(
of note in North Amerlca was held at Indiana Unlver51ty in
y
1970 (Cooper, 1971), and the First International Conference®

. : \
was held in 1967 (Wartenweiler,1968) . As Nelson further
B L

. noted (1973:337): ﬁThe 1st International Seminar on



/y//”’ . 2
Biomechanics yeld'in ZuriChY Switzerland, in 1@67'uas a
nilestone for the e@erglng d1501p1§ne of 5port
blomechanlcs.‘ Because the science is 1tse1f so new, it is
only comparatlvely ‘recently that blomechanlcs researchers_
have had the technologlcal tools to acquire 1arge amounts of
accurate data with which to descrlbe human body motion. Some
of the most-usefulutools used in biomechanics research
include prec151on hlgh speed 16 mn mOV1e o
cameras, electromyography recorders, force platforms,
electrogonlometers, and sophlstlcated mu1t1 channel
recgrdlng deV1ces to record and 1ntegrate data Frcm these
sources. Some of the most dramatic advances have been made
in film analysis~procedures. Where at one time all“fllm data
digitizrnq and reduction was done by ‘hand, much of this work
is now autonatized. By using a digitizing board attached to
a digital computer, it is now pOSsible to analyze'large
:amounts of film data €n a relatlvely short period of time.
Hany of_the?recent.stud;es in blomec%anlcs use the
mathematlcal methods ofaengineering mechanics to describe
and calculate the kinetic and klnematlc parameters of a
performance from digitized film data (Miller,1970;
'pillman,1970; Jensen,1972). Many of the earlier studies
concerned with skill analysis used a qualita{ive approach, )
in which the major movements of the skill vere described'
éualitativ%ly rather than quantitatively. Those researchers

o

who used a quantltatlve approach often concl thatrthe/-rf//‘

]Olnt or segment with the largest flnal velocity was the'

A
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greatest contrlbutor to skllled performance in the activity.
A series of recent studies from the university of Iowa (Hay

et al., 1975a,1975b,1977) have determﬁned that thls is not
\

"often the case. In‘fact, the joint or segment with the

highest velocity‘may have-received this veIocity‘from a
preceding movement. In this case, this joint isronly a
transmltter of some prev1ouslw— roduced veloc1ty,‘and the -
movement of thlS ]01nt should not accurately be descrlbed ‘as

the "major contrlbutor" to performance, as 1t was’by
Cooper(1974 12&). In order to determlne the relative
contrloutLOn of each of the body segments to a sklll, it is
necessary to use a segmental analy51s approach, whereby. the
kinematic and kinetic characteristics of each .of the'
segmrents are determined (Plagenhoef,19717.

Another area of blomechanlcs research which has
recently been explored by means of the segmental analysrs
method of engineering is that of muSCle‘analysls, that is
determination of the muscle action which is occurring during
a particular joant movement. Plagenhoef(1971 55) has

described body motions in which muscle action at omne joint

“can produce muscle action at an adjoining joint just

1 ~

opp051te to what the movement 1nd1cates. An example of this
is seen in the standing broad jump where hip extensron is so
great that the knee flexors are dominant even though tire-
legs are stralghtenlng. Thls is due to the fact that the

motion of a segment affects both ends of the segmnent, so

that when the hips are forcefully extending the thigh



\

'segment is moved in that direction. Since the knee ﬁoint is
at the other end of the segment, 1t also moves in the

dlrectlon of the hip extersion, thch may also be the

Ay

direction of knee -flexion. Al}hough the movement at the .
knees 1s exten51on: the moment at the end of the bhigh.
segment may be “omne towards flex1on. A further example of the
mlsconceptlons in muscle ana1y51s whlch are common in the ‘
analysis of skills is descrlbed by Gldeon Ar}el in an
- artlo}ekby Moore(1977). In .a study of major Ieague pitchers,
o ,..vﬁ
Ariel found that the forearm flexor muscles .which act to
flex the wrist have practically no contribution to mnake’ to
“this skill. rhe force of the pitch is bullt up by the legs
and\trunk rotatlon, and the hand is like the end9mf a whipe
The wr;st movement 1is ﬁar‘faster than any muscle can
contract, so it»is;not.really useful to attempt strength
tralnlng of the wrist, accordlngtlo Arlel This conldéonly
" be determined conclu51vely by comparlng accurate estimates
HOf muscle contraction times for the wrist flexoé\nuscles
with the actual 11near veloc1t1es of the 1nser€:oﬁ§vof these
'nuscles in the hand. A study of thls type would of course be
llmlted by the anatomlcab and physiological. data avallable.
Another common problem in skill ana1y51s has been the
dlfflculty of accurately descrlblng the movements whlch
contribute to skilled performance. Since most of the
previous research has been single-camera, two-plane -
research,only movements occurrlng in this plane(most .

commonly the sagittal plane) “have been/nescrlbed. A common



example of‘errors in this area is ‘seen in the usual
descrlptlons of wrist movements in racquet Sports. Im
badminton, for example, thlS movement has traditionally beén

referred to as "wrist snap" or the "uncocklng of the

;wrlst" recent investigations by Waddell and Gow1tzke(1977)

\have determined that the prlmarﬂ force- produc1ng movement ln

&
the badmlnton overhead smash 1is rotatlon of the forearm

Id

(pronation)- accompanied by shoulder rotation not the

momements of flexion and exteﬁ51on that are usually

‘descrlbed in thrg,cgntext. The final force- produc1ng

movement which provides so much of the force is not likely
the wrist. flexlon movement descrlbed by such authors as . \
g00per and Glassow(1973)---thls wrlst flexion is probably
qulte mlnlmal. The nmost 1mportant movement in this sklll is
llkely the forceful forearm pronation just\prlor to release

of tbe ball, as found by WaddeIl and Gow1tzkeé1°77) in the .

badminton overhead clear. It is notable that even. though the

\majority of ‘textbooks describe the -pitch incorrectly, most

highly skilled performers manage to execute it correctly

regardless of these’descriptionsr As noted by )

\

Harrs(1978 8&). ®* —--players who have been taught to play
. p N

voverhead strokes accordlng to\ the: prevalllng literature,

manage—to do so in splte of what they are belng taught".
A further source of error 1n skill analy51s is seen in

calculatlon of acceleratlon at the joints. When calculating

&

these accelera®ons, both the tangent1al and the normal

]

components of the acceleration must be calculated. The



resultant of these oftem/éroduce unpredictable force

directions.’ As Plagenhoef(1966:111) has noted: "A ‘slow

mov1ng but greatly acceleratlng segment can have a force
‘dlrectlon elmost 90 degree§ dlfferent than if the segment
. Wwere moving at § uniform velpcit&." It is-clear that the
intticate patterns of movement of the skilled performer.

) cannot be desCribeé'accurate;y without detailedﬂanalysis ef
each segmemt anm its effects on ‘the adjoining'segments. C
There has been m%ch written in the 11terature of

movement analysis and klneSLOlogy regardlng the pattern. of
lﬂmb movements dmmlng balllstlc sports act1v1tmes (Rasche
and Burke,1974; Wells and Luttgens 1976; Broer 19%3' Cooper-
and Glassow,1972). Balllstlc Sports act1v1t1es 1nclude those
skills charaCterized‘by high-velocity llmb movements. Wells
and‘Luttgens(1976)h§ve described a ballisticnmovement as ome
whieh is initiated by Vigorous muséular'cdntractidn.and
Eonleted by momentum. These movements‘are characteristic of

\\

ﬂmrow1n , striking, and kicking, and are found in v1rtually
i\ g

all the sports and TCtivltleS which physical educators are
. o ' '

responSible for teaching. ‘ ‘ ) *
) : , . N
N

'{ The movement chosen as a representative balliséic skill:
in the presemt investigation §as mhe windmill piteh,in the.
game of softball, #ince it has the required characterlstlcs
of a multl-segment movement of relatively hlgh veloc1ty:

Much of the llteratu;e is in dlsagpeement as to the gener&l

pattern of\segment motion during high velocity limb

movement. Several authors (Brbef,3973; Cooper and

‘e -
\\
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A

aGlassow,1972)vdescribed this limb movement in terms of
"succe551vely added segmental velocities", while others
(Rasche and Burke,197u; Welhs and Luttqens 197 6) descrlbed
it as‘"sequential joint movement, from proximal to distal
segments." The movement‘seouehde has also been deﬁcribed as
a sequence in which the joints begin their acceleration when
. | .
the precedlng 301nt has reached its maximum acceleration, so
that the end of the lever is constantly being accelerated by \
successive segments (Bunn, 1972). Recently, however, several
authors have contradlcted these earlier descrlptlons of this
movement pattern, and have suggested t hat 0pt1mal veloc1ty
at\the distal end'of a lever is produced Ey a\'sloW1ng down"
of the proximal eegments. It is clear that more study‘is
needed to determine the exact sequence of segment movements'
in a common balllstic‘skill.} &
fue‘skill of windmill'pitching\in softball was chosen
for analysis for several reasons, one of the most important
oftuhlch is the"unfgersal and increasing popularity of the
sp%rt in Canada. It\Xas'beeniestlmated that there are nore
Canadiaus-of all ages aud social\classes playing softball -
~than any other slngle sport. \A popular magazine has recently
reported, that- "Sof\fall is the game that everyone plaYs and
hardly anyone watches:\gpe game that is to baseball what L
checkers‘is to chess. And it is my guess thalt more Canadlans
have plaﬁed softball than\saye\skated,\gprled or Jjogged"

(O'Malley,1977:65); As well, sbftball is ‘a sport in which

o :

Canadian teams are among the top in. the worlds The Men's\

~ N
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world Chamﬁions for the past several years have been
Canadian teams (O'Malley,1977) and the Canaéian Women's

Champions have ranked among the top four in the world for

. the past five *Fars.

Several authors have stated that the softball pitcher
is the most important player on.the team, and tha¥ the skill

of the pltcher may account for up to seventy five per cent

.

of the success of a team (Dobson and Sls}ey, 1971; Kneer and

)

McCord, 1976). With the curTent popularlty of this game, and

‘the 1mportance of. the skllls of the pitcher to a team S

success, it is clear that a closer examnination of thlS skill
would ne valuable to a large number of part1c1pants.
Further, the skill of softball pitching has always been

X,

fascinating to both players and specta%ors allke, as noted

by O'Malley(1977): "It is this aspect of softball (pitching)

*>Which~fascinates me, hog anyone can throw a ball that big

" that fast with an inderhand motion one -might use ~to plop wet

tea bags into the sink. It looks incredible, like a man

jumpihg 20 feet into the air.---the underhand throw is

"ﬁatural and the overhand baseball throw is an aberration

N

(O Malley,1977 65)". It is hoped that the present study will

glve greater insight into the factors whlch cgmprlse a

skilled performance in softball pitching, as a high velocity

&

. '
ballistic movement. ) . j'\

<
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The Problem ) \
The purpose of this investigation was to examine the
motions of the three segments of the arm durlng the dellvery

of the ball in the softball ‘pitch, and thereby descrlbe Lhe -

I

relatlye motions of each of the segments durlng a skill of
this type. There are some questlons among klne51élOglsts and

blomechanlcs researchers regardlng the three segments whlch
J
are contributing to the velocity of the ball dufing the

|
|

softball pitch. Are tley accelerating, decelerating, or
-Mmaintaining a constant velocity through release? These
qu tions extend to the angﬁlat motions of the limbs as

well, whether their angular“accelerations are increasing, ¢
0

decrea51ng, or constant. Slnce khe objectlve of the softball

[
pltch is to release the ball at the optimal veloc1ty of the

hand (in most cases), loss of velocity of. the prox1mal
segments would be\inefflelent. It seenms leglcal that the
upper arm segaeni and the lower arm segment should maintain
their maximal velocity through the release of| the ball. This

should ensure maximum release speed. However, several'

13

authors have recently suggested that it is de51rable to have
\ -

the preximal segments slow down prior to release during a
‘ v .

throw. . b\\\

‘ . o
Plagenhoef (1971:55) described the exteht of the
4 ’ N

contribution of each body segment as follows: "The movement

" of the segment nearest the fixed point should accelerate and

o

increase velocity; then the deceleration of that first

.segment aids_the increase in velocity of the next



segnent.The sawme sequencé takes place so that the
deceleration éf segment ? aids the increase in velocity sf
seément‘3. Thé.timed seqmence of one‘segment‘helping\the
next will Produce the mamimum velocity of the last segpent,
with a minimum of muscle ﬁorce at each joint." Btoef

(1973 87) continued with this theory when she nbted: ﬁThis
deceleratlon of the preceding segment acts to stabilize the
axis fo; the motion of the second segment. In sequential
action fhe first segment rotates around its axis, the second

rotates around the moving end of the first segment, and the

third arouhd‘the moving end of the second. Thus, to gain

%

o

maximum rotation of the second around its axis (the end of

—

the flrst), the first segment must decelerate." Gldeon

Ariel, quoted by Moore(1977) in a recent popular magazine

article, agreed with the previous authors when he stated:

.M"Itt's vita tg>have everything stopping in the discus. .In

the best thXows, wWe found'a“pattern. It is like using a fly
. \ \
a towel. You have to decelerate the heavy
. . ‘\ N "\
parts, the legs and the trunk,‘so,you can accelerate the

rod, or snappi

‘xlight parts,jthe arm and the disqus." This principle of
deceleration of preceding body parts wa's éummarized by
legenhoef (1966) as follows:' "The velocity of a gi;en
segment can be 1ncreased by deceleratlng the ad301n1ng
segment. (In whole body motions where a peak velOC1ty is
desired ﬂn the hands,‘the properly timed stopping action of

each segment frcm foot to hand produces the best results) .

It is clear that this questiqn of relative segment motions

'

|
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,requires further investigation, as no accurate“data
describing the relative motions of the arm segments in a
throwing‘motion is preéently available. | ’

The method most commonly used in current blomephanics
researcL to examine questions of this type is known as
segmental apalysis. Each segment of the body 1is vieued as a
1ink of variable length and weight for each subject, and
'segment movements can be described'as motion apout axes

created by the jbinte (Jensen,1972). The motions of segments

ﬂ be described in terms of the dlsplacements, velocities, -

and accelerations of their endpoints and of thelr respective

centers of gravity, as well as by the angular equivalegts‘to
these. As well, from thése”kieematic parameters the
magnitudes of the'ferges acting on fﬂese segments énd‘at the
joints may be. estimated.
A'further problem to be investigated in this study was

the relative contributions of rotational movements of the

<= .
segments around their own longitudinal axes to ball
velocity. £1tt1e research has bheen 1ocated which examined
the rotational movements of the body segments due to the
dificulties in accurately measuring these from two-
dimensional data. However, it is possibie to measure
aceurétely these rdtations around the longitudinal axis of
the Segment by means of two camera filming procedures,
‘whereby the data from these gwo cameras\ean be coordinated

to.produce three dimensicnal coordinates ‘of any of the

points on these segments. No previous attembts to actually
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1.

quantify the amount of shoulder medial rotation and forearm
pronation present during fhe softhall delivery were located,
IT is likely, hOHeVPL,‘fhdt these movements are major
centributors to the force in thislskill.

Another question which was investigated in this study
is the accuracy of the calculated ground reaction fomCes

tfrom film coordinate data, compared to force platform

e . . \ .
readings. The vertical and horizontal components of the

acceleration of the body's center of gravity )rovides

|
estimates of the forces being exerted down an‘ back against
»tne‘grﬁund during the performance of a skill.
the fogée platform reedings of these same fofces are-

Assuming that

accurate, these readings may serve as check$ on the accuracy

of the calculiations from film data. ¥

A final question which was examined within the

\

framewark of the present study was the relatlonshlp between

éhe two dlmen51onal data producea,from one camera placed at
rlght ahgles to the direction of the movement, and the data
prod;éeg fron three-dimensional coordinates ofAthe same
Aézgrﬂ;nis may dgive some’ insight 1nto the actual amount of
error present in the traditional one-camera, two dimensional
analysis of physical skills. For example, in the calculation
of the velocity of the hand during the .release of'the ball,
a2 One camera view does* not take into account any movements
of the hand in the plane at rlght aﬂgles to the }ens of the
Camera. It 1s .possible that these lateral and rotational

movements at the joints are important contributors to the
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{ | |
"ﬁinal velp@&ty_of the ball. A two camera view of the sanme
skiil; however, gives a more accﬁrate esfimate.of the
position of £he‘hand in Space, and so ény movements which
occur out of the sagittai plané are'conSidered i; the
éetermination qﬁﬂthe re;l veiocity of the hand. It is hoped
that fhe éresent study will also provide a comparisoﬁ 6f the
relative accuracy wof two di.mensional gnalysis\of an actiyity

whicn is actwally occurring in three planes.

\ Statement of the Problem

The purpose of this study was to examine the moticns of fhéﬁ

_three segments of the arm dutinq the deliver} of the ball in

¥

the softball pitch. In particular, the following objectives

were seﬁ:

|

1. To examine the relative motions of the upper limb
éegments during the execution of the softball windmill
ﬁitch. (::i//~ﬁ\\\

2. To examine the fdf >s aét%ng at each of the three

joints of the uppéT limb during tKe windmill softbdll pitch.

3. To determine the directio t\i moments acting at
each of the joints during the pitch.

4. To determine the body movements which are most



o \ , v - V 71u
éigniticant in contributing to the velocity of the ball at

release. §

5. To estimate the muscle actions during'thé pitch.

o
o

.Subproblems

R \ - N
1. To examine the relatienship between the forces as.

measured by the force plate tracings, and the same forces as

‘measured f;om film data. .

2. To examine the relationship between certain

|
A |

kinematic péfameters as calculated from two-dimensional film
data, and the §amd parametérs as measﬁred from {hreeo
dimensional dgordinates.

3. To examine the rotatiogﬁl moti¥ns?of‘£he three
segments of the upper 1imbf

4, To develop a\technique for the productioh of °

_accurate three-dimensional coordinates from film-data, and

to analyze these coordinates in a meaningful manner.

b~

Delimitations '

1. The analysis of the upper limb segment motions of a
ballistic movement was limited to the single skill of

softball pitching.
Y
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2. The analysis was limited to the pitching motions of

four highly skilled softball pitchers..



e
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3. Upper Extremity Analyses (~

4, Data Smoothirg Technigues

CHAPTER IT

- RELATED LITERATURE - - /
-The“literature related to this study was classif;?é
into seven topical areas'

1. General Segmental Analy51s Technlques

2. Analyses of Ballistic Skills.

5. Analyses of Softball Pitching. E .
6. Three Dimensional Cinematographic Techniques.

7. Force P atform studies.

. \ B . . ’ [

|

\

|

: . |
Generdl Segmental Analysis Techniques

Many of the earlier researchers in‘physical'educatiOn
analyzed sports' skills on a qualitative basis--they simply
described what the performanee 1 ooked like.to a trained |
observer. ThlS method obv1ously lacks accuracy, as the
results are dependent upon the observat10na1 powers of the

NN

researcher. Recent ‘investigators have used the segmental

,method.of analysis of “human movement, in which each of ‘the

body segments is considered as a separate body for the
purposes 'of analysis (Dpillman,1971; Miller and Nelson,
1973) . This method is derived from the methods of

engineering analysis, whereby all the forces acting.must. be

quantified and included in the analysis.

16




Most of the human body mathematical and segmental
N

analysis techniques were derived from the United States

space research program (Kane et al.,1972 Kane and Scher,

9

1970; Dempster, 1955)» One of the most often guoted studies

from this program is that. produced by Hanavan(1°6U), which

&

has been used exten51vely by subsequent researchers 'in

N

sports' biomechanics\(Hiller,1970; Plag%nhoef,1971). Hanavan
'produced a mathematical model for predicting the inertial
properties of a human body in various-poSitionsZ He used

ftwenty five standard anthropometric dlmens1ons to predict an

\
-~

1nd1v%dual's center of grav1ty, the moments of 1nert1a and

»

products of 1nertia about axes through the center of mass,

principal moments of 1nert1a dbout the pr1nc1pa1 axes\
{

through the center of mass, and thé orientation of the
. : \ “

principal axes. One of the reasons for the study was to make

~ -

more efficient use of a propulsion device known as a Self

Maneuvering Unit, which was desigmned fogause outside a space
vehicle. nde51rable roi&tions\were produced when the thrust
vector did not pass through the center of pass of the a

AN

system, Or the torque was produced about an axis other than
a prinCiple axis. It was therefore vital to determine the

exact pOSltlonS of the ¢enter of mass and the pfinc1ple axes

4 / o v

of the human body, since -to that time no such studies had
been,attempted. Hanghan congluded that hlS nodel was capable

of predicting tLese paramgters accurately enough to be

g

useable in subsequent space\p ogram research.

A later attempt at mathematical modelling of the human

!
X V
i
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body was produce? by Huston and Passerello (1971), who
develoéed a'set;dﬁ goyerninq equations to describe human .
- \\ , Tt RN N .
body motion uhich‘vere,applicable;to a wide variety of

"

situations. They noted that a pr1nc1pal source of dlfflculty

\

in devclo 1ng these equations was the complex g etry due
p l’x Q\

to the 1rregu1a: shapekoﬁ the body and its'! wide range of

\

possible motions. They used the segment models as described

by Hanavan (196u)ﬂ and they descr}bed a series of reference
frames to locate the positions of 'each of the segments

within the model. They used a,number of configuration charts

N

v
frame in terms of unit vectors Jf another reference frame\ :

.to enable them°to express unit vectors of one referenje

| t
and another techhlque known as 'shifters!' to relate the

scalar components of vectors‘between different reference

franmes, They then developed\a set of kinematical,equations

‘to describe the motions of each of the segments. Three

\

/ \

sample motions were studied So 1llustrate the use of these

equatlons' a llftlng motion " 1n two dlfferent grav1tat10nal

‘fields (earth. and moon), a klcklng motlon ln sw1mm1ng, and a

r 7

kicking motion by a vertically suspended man. In most cases
the idgut and output curves'of the‘motion were similar,‘
indicating that the mathematical modelllng was falrly
accurate for these parllcular movements,

Th&* most. popular method of acqulrlng human motlow data

used by sports' Dlomechanlcs researchers is by

acinematograthr—usually by‘use of high speed 16mm motion

pictures. As well ag mathematical modelling from

~

A

4
i
{
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anthropometric measures,‘biomechanics researchers have

devised numerous methods of measuring and quantifying human | SO

movement parameters. Researchers in other fields have used

several other methods of data gathering, some of vhich have

been described by'Ayoub(1972). He has described the use of
accelerometers to calculate ‘the forces being exerted during
movement, as well as tne use of- potentiometers at the joints
toirecord the rangf\and velocity‘of movement. The signals

from these devices can be\recorded on a strip chart _ N
recorder; Padgaonkar(1975) also described a technigue of
kinematic analysis using accelerometers to meaere‘iinear
acceierations, and then computation.of angular_accelerations”
from this data, He stated that although it theoreticallyn ,:;j'

requires a mimimum of six 1ine£r accelerometers to determine

N

the kinematics of a rigid body in three dimensions, attempts
u51ng only six were unsuccessful in accurately determining |
these kinematic parameters. An alternate method of

determining angular accelerations.was suggested based on the

-

) aplacement of nine accelerometers on the segment. He noted
that the key to the accurate solution to the problem of '
accurately deScribing the motionS‘is the ch01ce,cf location
of the accelerometers;’if the solutions are then accurate,
the resultinq acceleration values may then be integreted'to
produce estlmates of the angular velocity and displacement.

This me;hod may only prove useful for motions involving low

values ‘of/ linear and angular acceleration data. \ ' \

Ramsey(1968) developed a device which mounted
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externally on the human subject for the purpose of measuriné»
the kinematic characteristics of hﬂf limbs.
) . \ \ N .

Another study which utilized a?celerOmeters to measure

B

the accelerations of a segment was dhat of Cavanagh and
Landa(1976) in an examlnatlon of the karate chop. They
utlllzed the met hods of c1nematogr%phy, accelerometry, and
electromyography to study the preimpact movements of the arm
'duriug karate chopsdiutended to break several boards. Their
klnematlc analysis showed a sequential'patternvof action at
”the shoulder aud elbow 301nts,'with shoulder action uearly.
complete before the elbow extensxon began. The liuear
acceleration 'of the forearm at the wrlst ¥as measured by an
accelerometet mounted over the radial sty101d.'Thls
couponent of radial acceleration;uas found to be armaximum

of 7 g as recordédgby
’ N / - =

accelerometer. As wel "a second estimate of aciz::ii:iyn
was calculatEﬂ\fﬁam‘uu erilcal double differentiatiesand |

this showed considerable variation from the accelerometer °

irect measurement from the

measurement (19763 610) "> The authors publlshed graphical
comparisons of the accelerataon data derlved from these two
experimental sources, and they coucluded that "The
discrepancies both' in amplltude and in phase. are
considerable, oasting further doubt on the proCess of double
3differentiation k1976:615)". This 'Exoskeletal

Kinematometer' was developed for measuring angular

displacements of-the jeoints of the upper limbs by t

potentiometers at these joints which are, sensitive to W

\
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changes in joint angles. The displacement datalfrom the
&gnematometer prOV1de the informatién necessary for the
calculatlon of 1nstantaneous\veloc1ty, acceleratlon,
potentlal and kinetic energy, force, torque, linear 1mpulse,

and angular 1mpulse. He determined that angular impulse was ‘\

athe-best single measure of human ffort and could provide

the most rellable quantlflcatlon £ this effort.
Zern1cke(1977) has descrlbed the technlques of .
segmental analys;s as they may be applled to ahalysms of

. : c1nematograph1c data, although his study wasfponcerned -with .
\ ‘ .

the analy31s of a partXCular welght llftlng skill. The '

sequence of fllm 1mages was prOJected onto a digitizer, and

rectangular- coordlnates were digitized for each of the

segmental endpoints as well as the center of ~gravity of the

weight. These cqordlnates ware analyzed by computer programs

‘which 1ncluded the calculation of center of gravity

locatlons and- segmental 1nc11nat10ns for °ach t1me 1nte;val

between frames. Fo&lowlng this, "Fllm derlved klnematlc

segmental linean and angular accelerations and mass

S were 1ncorporated\1nto the kinetic

parameter estima
- equations of motion athematlcal\model of the lifter"
‘(Zernicke}1975:179).>Tne net forces and moments of fo:ce at

o~ ' g " each ioint’were calculated from the equations of Newtonian
rigid—bodyﬁdynamics. Each of the segments nas considered to

be a rigid body, and for each segment the sum of the

horizontal and vertical forces was equal to the product of

the segment mass and the corresponding horizontal and
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 vertical acceleration of that segment's center of mass. ‘
"A¥so, the sum df the moments of fofce wés equal io the "§-$\\.
product of the segment's.angular acceleration and the
appropriate moment of inertia about tﬁe segment's center of
gravity. Thi; computagionalimodel was validated by copparing
the cOmputed\vertical reaction forces at the foot, with ’
those measured from a force platform. The meéh agreément | \

between the two techniques was found to be greater than 93.0

per cent.

Sutherland and Hagy(1972) conducted a study of the leg
Fovements during gaxt, as recorded on movie film. One of the
* problems they disfussed was that of éstimating\the amount of

medial and laterpl ro occurring in the leg segments

and the pelvis during 1ocomotioﬁ. By calculating the angle

between measurements of a certain distance taken from the

film from the front camera, and the angle between the same ., -

]

distance taken from the side camera, the investigators?had

developed an accurate estimate of these rotations. These

tethhiques are especially useful when éxamining the
N . ! s

di fferences between normal and paﬁhological“gait, and may be
used in analysis of the fot&tiohs in ahy,of the body

segments. It may then be possible to adapt this technique’to

v N

estimate-thelro£étions of the arm segmehts duri?g-a rhrqﬁing .

T A

motion. P

One aof the earliest physiéal education researchers to

~
v

advocate the use of segmental analysis in examining sports

1

skilis was Plagenhoef (1966). In this early article he



-

described the steps necessary to follow in using this
technique to accurately quantify film data. These steps

included' determlnlng the length and weight of each body

7

seg ent, filming the motlon, raC1ng~the entire motien,
| . 9.

locatlng the center of gravity and radrus of gyratlon for.\
each segment, and calculatlng the requlred parameters.
Plagenhoef (1971) descrlbed\tnese technlques in greater
detail in a subsequent book. In this publlcatlon, “he
outlined the procedures\fer segmental analysis with\mnch

more explanation, and as well he 1nc1uded the equatlons of

motion for each of the segments in a multl -segment model.

His analys{é dlffered from that used by other 1nvest1gators
. |
1& that he 1ncluded a term for the Coriolis! acceleratLon 1n‘

his equations--this term has traditionally been neglected by

N

0

most sports'-researchers. \ .
g tendency of an object

The Coriolis effect is 51mply tw
‘to drift 51deways during movement on t%e earth——to the right
in the northern hemisphere, and to the left in the southern
Henisphere. This motion is 'd the counterclockwise

Al

spinning of the earth around it'*s }Jlongitudinal axis, so that
- !
. . : > . \
objects moving across the surface of the earth tend to move

slightly with respect to their original path. As noted by

’.HcDonald(1952) in an article on the subject: "This tendency

to drift sideways—vis due simply to the rotation of the
earth, and it appears in Fll motions as soon as we refer

those motions to any coordinate system fixed with respect to

\

the earth (ed., the latitude-longitude grid)". He #s of the
4

-
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3

oéinion that thebeffecgg of‘this force .should be included in
+ the examination of "movements, as he noted: "®11 things that
move over the surface of our spinning earth, whether -
birdé,winds,~--+Bullets, or rockets are inevitably subjected
to this.effecF\as we viey them'an our terrestrial coordihate
systehs. EQen when man gefs away from his planetary homé'and
stakes out better behaved coordinate systemé in
interplanetary Spdke, he will not be able to omit
zconsideraéion of the Coriolis effecgt from his dynamiés
(McDonald,{952:77)". However, contrary tb this opiﬁion, it
is cqmmén practice in tﬂe,ﬁtudy of the motion/of body
bseéménts to negiéctlkhe Velocity and acceleration components

due to Coriolis motion between moving links (Ayoub,et

a
I

al.,1§76; Pearson, et.al .,1963). .
| The techniques of éegmental analysis have been S
extensiyely,revised and reviewed by Plagenhoef
(1966,1968,1971,1973), from his early models encompassing
one or two segménts h?rdeveloped models including a largé
number of segmeﬁts of the whole body. He has recently
described a technique to oBtain the joint forces due to
motion at all segmental endpoints of the body‘
(Plagenhpef,1973).USepafate framés of whole-bodyhmotion as
recorded by cinematography were anaiyzed. A s;stgm'%f body -~
links was chosen which would best’define the desired\ﬁorcesf
and this sét,of\segments’Vas known as- the primary chain. The
fbrces‘due to body segments outside of th;\b{i?dry chain
were introduced as external forces at appropriate points.

\

Vo
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N
The procodut6 Was then to solve the smaller systems of links
for certain unknowns which were necessary to solve the links
of “the primary chain. These forces and moments determined
from eaplier analyses were applied at the appropriate
points——from here the final link system can then be
‘analyzed.

‘ Thio»technique was nsed in a study by Stapleton and
karas(1968) in which the skill of swinging on the parallel
bars was analyzed. A froe body diagrdm was\constructod of
the forces‘acting on the vérious joints during this action,
and especiolly the forces acting on the shoulder joint. The
moment or force due to the .acceleration of the shoulder

o A ‘
joint duri{g the upward swing phase of this skill was found
to be considerable. An artempt was also made to calculate
_the moments of inertia of the trunk and legs from the data
Ealoulated in this study.

Segmental analy51s technlques were also utilized by
Susanna4487u) to develop computer programs to analyze
sports' movements. His programs were 51m11ar ro those
described earller by Plagenhoef, in that both acoepted hs,

y
1nput film data p01nts, and the output from the program
consisted of dlsplacements, veloc1ty, /nd acceleration as a
function of time. In addition, horizo#tal and vertical
components of force and their resultﬁnts vere produced
toget her with‘joint moments. Susanka then reportod analyses

\ of two activities, the pole vault .and the shot put, in terms

of the kinetic parameters calculated. This study is also



notable in that Susanka is one of the few Furopean . \
resealchers engaged in developing soqmvntal analysis
techniques and publ&shinq rtesults in this arvea,

Koniar(1§73)\has used a slightly different method of
analysis of Segment motions. He used electrogoniometry and
chronography as the methods to determine angular speeds in
j&ints and the initial speed of wholélbody movements. The
movements apalyzed wefe flexion and extension in the leg
joints, and the whole body motion in‘the vertic;1 jump.
Among the-findings of this study was that the height, of the
vertical jump was dependent not only on the timing of the
~angular speeds at‘the joints, but also on the summation of

) ‘
these speeds. He found that the peak velocities of the hip,
knee and anklé‘joint extensi;ns occurred in 'one moment', or
at virtually the same instant (Koniar,1973:u28). The author
named this'special summation 3f moveﬁ%nﬁs 'the principle of
superposition of angular speeds in joints', and he concluded
it reflected an excgptiohal functional ability in highly
skilled athletes.{}&ese findings are not in agreement with‘
those of Plagenhoef(1966),‘vho found that the peak
velocities of the joint motiéns vere.sequential, with the
proximal segment reaching the peak veiocity earliest in the
. 5 .

activity. . B

Nubar and c?ntini(1961) developed a mathematical mo&él
of the human body to illustﬁate their principie df minimum

effort in human motion. This principle was stated by the

authors as follows: "A mentally normal individual will in
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all.liklihood movev(or adjust his posture).ih such a way as
to reduce his total muscularbeffort to é minimum,\éonsistent
with the constraints". Their model was a ﬁWOvdimerional
repfésentation of the human ffgure; made up of only five
segments, and the physical propertles of the segments are
estimated from average values for these parameters. The
equations of motion are written in the form of five moment
equations, one for each segment, each containing onevof the
nine unkpowns ip the system (oné of the five Segment

equations are further simplified by assuming the étatic case
for~the body model, SO'that all second derivative térms are’
dropped ijh the eguatlons. The solutlon to the equa§1ons is

several- equlllbrlum positions in which the moment terms are

.mihimized, thus'satisfying the constraint., The authors then

diagrammed these positions for the five segment model, and

it appeared that these mathematlcally derlved p051t10n§7were

Very awkward in terms of human comfort or esthetlc value.
These authors Yoncluded that it may not be practical to
attempt to sim ate an ideal human posture, since the human
body does no reallyabehave as a series of rigid segments.
A similar study to the above was a mathematical model
of human gait (Oberg,1974) in which the body was modelled as
a series of seven segments moving through a single plane.
The instanféneous éosition of the body was determined by the

X and I.coordinates of the endpoints of the segments, and

these points. provide the input data to the computer program.

inclinatidns, or one of the four unknown joint moments). The



Thé progfam then calculated the velocity and acceleration of
each of the points of interest, and the homent and fokce
functions ar; also calculated. The program also produced
pibts‘of the model exécuting a complete cycle of the gait,
with certain of the parameE;rs altered. The aythor suggested
that this program maydform the\bgsis of a moré complex model

in which the design was extended to a three-dimensional

‘model, or to one with more of the body segments includgd in

the analysis. y

3

_Dillmad(i971) used the technié e of-ségmental analysié
in a receht\%:udy, in which he examihed the relative motions
of the three leg segments during the recovery phase of
sprint running. He simplified earlier segmental models by
feplacing the muscle force acting tolrotate a segment at é
joint, by an equivalent joint force and_couple.acting at the

joint. This step simplified the computational proéedures

-
4

required to estimate the muscle.forceé acfing to rotate a.
joint'during a movement, by elimination of dﬁe of the
unknowns in his eguations——the distance ﬁﬁom fhe joint
center at which the muscle~fgrce acts. Using this model for
segmental analysis, Dillman was able to es%%mate the

direction and magnitude of the torques acting at the three

joints of the 1eg~during recovery. This enabled him to
/ .

estimate the amount and type of muscle action occurring in

the muscles of the lower extremity during this activity--

some of which are quite unexpected in terms of the direction

of motion of the segment.



Ca#anagn and Gregor(19]§) also used this method of.
analysis in an examination of knee joint torque (élues
during the swing phase of normal freadmili walking. They
assumed that the shank and ﬁbot»uere a single rigid body

; T

attached to the thifh by 9/frictionléss pinxjoint. Using

/ .

-

this'mddel'thgy calculated the torque'at the knee joint; and
compared thése torque values with the integrated EMG
recordings of the musclé activity occurring at-this time.
.Theyifound a marked similarity between the changes in the
intégrated elecﬁrowyogramsAand the net torque-time curve$,
indicatiﬂg there was some accuracy in their methods of
measuring joint torques.

Some of the more ambitious bioméchanips'reSe;rchers
have focussed their energies on the déyelopment of;whole-
body nathematical models to study certéin actividties.
Chaffin (1969) developed.a cdmputerized biomecﬁanicai modei
which viewed the whoie body as a series of Seven‘links rom

which reactive forces and torgques were computed at each

articulation for several differentaliftiwg skills. One of
R4

the major purposes of his inveéiigation was to estimate the -
stress in the lower lumbar Spine, especially with the
addition of external loads on the hands. Another aspect of
petfqrhénce studied f%%gto evaluate the effects of muscle
strength in ﬁariOUS'muscle groups on the ability to 1ift and
hold certain loads. The model described in‘thié study was

primarily a static model, so that the investigators were

able to analyze only stationary positions, or slow movements
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which could be described as a series of static positions.
AN

[N : : : ‘

Another problem which -has plagued researchers in

biomechanical analysis is that of three-dimensional /,_//
movements between the two'articulating surfaces of a joint.

N

The iﬁvestigator USqally_hés to assume ehat the'joint is a
pinnea joint uhicﬁ.allows movement'in only‘one plane, when

in fact khere are other motiomns Q;curriné between these
surfages. Kinzel, Hall and Hillbefry(1972y have designed a
mathemeilcal system to measure the total motlon between two
body segments. They noted that all jOlntS of human and”
anlmal\bodles permit slx degrees of freedom although the
motions in one plane may be very small. They were ablehto_
measure the eYtent‘of this rotatioﬁ using\a method of matrix'

algeora to fac111tate data reductlon oThe system outllned by

these 1nvestlgators permltted both fhe study of the relatlv%

ad

motion between two body segments,quell as the detailed R

%

/‘T -

study of the feiativefﬁoﬁion between the two articular
surfaces of the joint-bﬁQ‘een'segments.

| Miiler(1970) also utilized Ehe principles of segmental
analysis in forddiaiinq her model of the airborne phase of
springboard diving. She used a'fout-segment model based on 
Hanavan's model.of a movable man (Hanavan, 196&); for which
sﬁf developed a series of equatlons to describe the motlon
of this model 1n the air after leaving the d1v1ng board.
Whereas ﬁanavan's model was composed of fifteen segments,

Miller was able to describe the motion of the diver

adequately using a composite of four of these segments. The



techniques of mathematical analysls and englneerlng
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work of Miller in this.study represents one of the few

‘detalled mathematlcal nodels of performance produced by a

~
researcher in phy51ca1 educatlon, and -as such represents a

milestone in the field of sports':piomechanics.fThe\input»

data for the, computer program consisted of t hr ee- dlmen51onal

\ Y
film data from actual dlves performed by hlghly skllled

dlvers; and‘the necessary body segment parameters were. also

measured from these performers. Using, this data from actual
performances, Miller was able to validate the results of her

modell?ng, and _once the model was falrly accurate she was

able to alter some of “the input parameters of the diver.
\
Using this model, it was theh possible to alter the

‘positions of the7various body segments in the air, and the

N

computer could then calculate the effects of these
/

alteratlons on the ensulng performance. Although the value
of such modelling to -our understanding of the compohents‘of
skllled performanée is ungquestioned, no ‘similar studles have

AN

been attempted since that tlme--undoubtedly a trlbute to the

\

|

i

capabllltles of thlS 1nvestlgator. Possibly in the futuie,

when phy51cal educators are more hlghly\skllled in the \

|
b
\

\

. S . LD
mechanics, more such ambitious studies will be attempted.

Gallenstein and Huston(1973) devised.a mechanical nodel

based on Hanavan's (1964) model of the human body. This model
| :

vas used to simulate the motions of a swimmer executing
several strokes and kicks. The arms were nmodelled as the

frustrums of elliptical cylinders and cones connected by

.
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ping and Skll-aLd-socket’joints. Flat elliétical plates
represent gpe hands, as proposed”by Hanavan, 1964. Different
~angles and v01001t1es for the three segments were input data
into a. computer program wrltten to 51mu1ate the brqgst
stroke, and some estimatés wepe derived of,posSible optimal

a

.angles of the upper limb for this Sklll - . \
Several authors have focusseé thelr'attentlon on the
measuremept ?f rotatlon oﬁ body segments arognd.thela e
longitudinal axes. This is an important prob1em in ths'
quantifiaction of human movement, ahd ore that has wo
consistent solution sven today. Eberhari and Inman(1951)
have dsséribed one solution to this problem, in that they'

TN
1nserted plnS 1nto the lateral aspects of the ?01nts of

their subjects. They then fllmed these subjects during
‘1ocomot10n, gnd peasured the different 1engths of the pins
:éf various stages in the gait‘sycle. Altﬁoughsthis technique-
didnresult in‘reasogable estimates of the ?otatibns of the |
leg ssgments,'it was painful and caused soﬁekdiscomEOrt_to
‘the subjgg::: The.authors noted: "--the possibility‘that )
some of the motions are suppressed dug to the discomfd;t of
theisubjséts." Althouéh this fschnique may have some'val;g'
in a glinisal sitﬁation, even then the results likely do not
justify Vhﬁ procedﬁre. ” N ;

Panjabi and White (1971) have descrlbed a method of.
three- dlmen51onal mathematlcal ana1y51s éf the rotation of
the spine, which may be adapted to provide a general three-

N h \

Adimensﬁonal“analysis procedure. This analysis took two
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N
forms: Euler's method, (based on the Euler method of solution‘

of differential equations) which was found to give

unreasonable results or none at all when actual experimental

hY

data were employed4 and a vector method specially .

modlfleThey also 'suggested a method of reportlng the

|

rotatlons of the segments of the splne in terms of hellcal

then posslble to compa!e thelr translatlon

"motions, use¢d if bodies are of irregqular shapes and siZes
and it is'nilt

to

components of motlon. They noted that this experlmental

dtechnlque and mathematlcal analysis can be "-—product1vel¥

applied to other joints, especially some of the moere complex -

N

ones like the shoulder, hip and ankle", (1971: 210) quever,
thelr technlque of ana1y51s once agaln has 11m1ted value in

- the analysis of in vivo movements due to the necessity “for

<

extreme preclslon in measurement the locations of the -
anatomlcal landmarks on' the vertebrae. They used actual
.vertebrae 1n thelr study, which were carefully marked with

steel ’ plns and Here then x- rayed and measured from a film .
7/

“analyzer. This technique obviously has 11tt1e practlcal

v
b

'51gn1f1cance for the analy51s of ]Olnt motlons as they occur

*f in sports' skllls.
| Measurement of rotatlon‘of body segments was also the
ptOplC of a’ paper by Ramey and Nlcodemus(1977). They noted
that much_of the\llterature of sport' biomechanics has

——

reported angnlar kinematic values based\on single plane .

—\ — \

analysis Whlch usually glve erroneus values., ThlS is due to

the fact that analy51s is most often carrled out from single
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plane film data, when the rotations are actually occurring

~

in three-dimensiongl space.:They.described the proqedures\of

transforming reference frames for each type .of rotation
which is occurring in' the segment, so that the angulat
velocity can then be reported in terms of the components of

angular velocity around each one of the three primary axes:

X N . . S
" X,Y, and Z. They suggested that all angular velocities
should be reported in this way, although the_mqthods require

a knowledge of three-dimensional vector mechanics, as well

as the ability to produce accurate spatial coordinates. It

i : o
is undoubtedly.the latter problem which has prevented

~ sports' biomechanists from reporting rotations in the

1

suggested manner.

v %
-
\ .
pu— ~ 3
.
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‘\Analy§es of Ballistic Skills
- _ ‘ v ‘ - - |
\ Although the use of the %egmental analysis teé®hni ques
of engineering in sports' biomechanics is relatively new, \

there have beeh several researchers who have published

studies of this nature. This technique as applied to
ballistic movements has been ouﬂlined in detail by several'

~

" of these researchers(Dillman,1971; nillet and Nelson,1973;

Youm,et ali,1973; Roberts,et al.,1974; Zernicke, 1977). The

~

steps to be followed in applying this technique to skills'
analysis are as follogs: N

1. Filming the activity and reduction of film data by some

N
\

N

\—
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type'of digitizing process.
_ ! o p
2.'Design\of a mathematical model for use in analysis of the

™

film data. ) \

‘3. Estimation of body segment parameters.

-

b, Construction of a computer program uhlch smooths the
input data, and calculates accurate estlmates of « the
_kinematic¢ and kinetic parameters of the activity.
5? Production\of\graphs_of these calculated parameters, and
interpretatlon of thesewgraphs on.the basis of the actual
film records of the actinit}. ‘ B a

\ One of the most popular activities thch has been .
analyzed by these techniques is that of kicking, undoubtédly
due to its' simplicity in terms of the amount and range of
motion 1nvolved Roberts and MetcaIfe(1968) noted that one
of the °most 1mportant 301nt motlons in this Sklll was that

. \
of pelv1c rotatlon, whlch they estlmated from film taken

»

from an overhead\camera. The other movements of most
importance in. this skill were hip flexion and knee extension
just prior to contact with the ball. They found that as the

PARNY
thigh passes the ﬁerpendicular position, its! angular

N

movement beglns to slow and almost stop; at whlch point knee
. \
exten51on starts and accelerates. This knee extensaon whlch

does ngt start until the thigh is past the perpendicular is
the chief contribu#dr to speed at and through contact. They
&1 so found thatxfoot sgeed 15ms. before contact is 18 to 24
n/s; and that the resultlng ball speed is 5 to 7 m/s faster

‘that the foot. These‘au#hors suggested that 'trailing' of

~ o, . -
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\

the distal segments during these activities may lengthen the

N \ .
agonist muscles apd thus provide for a,more forceful

\

contraction via the stretch reflex (1968:318).

\

Youm,et alJIl973) devised a quantitative method for
analy21ng a 51mulated kick motion. They developed a

math@matlcal model of the forces and moments actlng on the

4

leg segments during the skill of klcklng, and a computer

program was writ'ten to simulate this model. The authors

y

could then alter t he input parameters, and then‘graph the

$1nemat1c and klnetlc

parameters of\the motion. The study included a serles of

effects of these changes on the

graphs illustrating the dlsplacements, velocities,

acceleratlons, ‘and forces and moments actlng at t%e joints

<

during this sklll. | '
L ] “

. _ Roberts,et al. (197&) contlnueﬁ wlth thlS analy51s of

. the sk111~of kicking, w1th the ob]ectlve of attalnlng more \

\
forceS\calculated from frlm dlsplacement measures With

\

accurate estlmates of ‘1limb, segment accelerations and to then

produce more accurate estimdtes of the muscular forces:

\ PO
involved They attempted to compare vertical ground reaction

~

vertical reactlon forces recorded by a force platform. They

found the forces calculated from these two 1ndependent means

,deviated by only 6 per cent, and this dlsagreement occurred

where the force platform recorg deviates froim a smooth
¢

polynomlal shaped curveq They attrlbuted thlS lack of

agreement to the error inherent in the technlques of curve-

fitting, since the curve dld not descrlbe the data

Y
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1

/

perfectly. Andther reason for the lack of\agreement between

IS

the two sources may be due to movement of the Frunk which

was not accounted for in the mathematical modelling. The:.

authors concluded\thqt wCross-compacrison and verification of

&psults obtained by different methods appear to be almost

i

essential"™(1974:162).

A fwrther study of football kicking -was carried out by

|
|

‘Micmillan(1975) on .the kick used in AustralianAxuies

football. Althbugh there seems to be a preponderance of

_kicking studies published]inwthe literature utilizing

a

similar techniques and methodology, it is notable that all
of the above studies were carried out at the same
laboraiory—-at the Department of Physicel Bducation for
Women at therpniQersiﬁy of Wisconsin, Madison. It is'likéry
that an aﬁal*éés technique £OT thgé\skill haﬁ been develoéed
over the years by thesé‘investigatojp Macmillan's study
focusseé on determinihg the-factors\which affeet the path of
the klcked football tq the graatest extent. As well as
calculation of the llnear veloeltles of each of the
segmental endp01nts, statlstlc&l methods were used to
determine' that angular veloc1ty at the knee was the ma jor
determlnant of linear foot velocity: The most’ notable
finding of fhis study was that the foot yelocity had little
relationship to the resultant ball velociéy; and vas
cqneistently lower than ball velocity. Magmillad suggested

that the question of momentum transfer at impact from foot

to ball needs further study to determine the exact

N



relationship between’these two factors. Kegyond'and

kon2(1978) conducted a similar study to that of Macmillan,
and they also conCluded that the most imEortanf factor in
footbAll‘kicking distance is the force transferred to the

[

ball at impact.

Upper Extremity Anaiyses ~ : : \

There have been numerous analyses of the upper \
extremi&y published by-°various résearéhers, and each of

these described a{slightiy different methcd\to analyzelthe
motions of.this lﬂmb.‘Although nost of fhesé analyses- are

single plane, two dimensiopal analyseé, several authors have
attémpted to dgyelop‘a me thod 6f three dimenéional analysis

of arT movements.vThese latter séudi&s have generally beén
developed in an attempt to meaédre,abduCtion—adductioﬂ of

the arm segments, as well as to measuLe rotation of the arm

segments around their longitudinal axes. \ ;

| ~ The commonly accepted procedure Jf graphing the anguiér\

~\displacement data with respect to time, and then determining
. ‘ C :
the slope of the curve to calculate velocity was used as

long ago as 1931 ih a study by FPenn, Brody and Petrelli,

They then used the slope of the velocity curve to determine .
N Vo v : N\

acceleration. The graphs|of each of these curves fob a

simple arm-swinging motion were then'superimposed>upon one
.another, and from these curves the relative pmuscle tensions
at certain points in the arm swing were estimated. Although .

. \ s .
this was'a rather rough method of estimating these forces,

\
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the principle behind their method for estimating these

forces is still in use today. K v

One of the earliest attempts at a detailed %nalysis of
the motions of the upper limb was an attempt at three

dimensional analySis (Taylor and Blaschke, 1955).\ft

described‘a singleﬂcameﬁh*technique, in which the subject

was photo?rqphed_from each of fhe\ﬁhree primary directions

while sitting upright in a ‘'standard posture chair'. The

~limbs were nmeasured as accurately as posgible~from the

subject, and these same limbs were measured from the

photodtaphic data. Using carefully marked anatomical

landmarks, the angles at the joints in various positions

were calculated by the use of a device called a Kinematic

I

Analyzer. This apparatus was "--a half scale system of
' . " .

joints, yemhers, andAsééles which is capable of reproducing

the major joinf :6£ations of the shoulder, arm, forearm, and
hand" (1951:1263) . Using this mechanical simulator, it was

\ :
then possible to estimate fhe’angular displacements of the

arm segments, as well as the amounts of pronation-supination

occurri in these, movements.

Pearsom, McGinley and Butzel (1960) described another

method of analysis of the motion of the upﬁer extremity in

~the X-Y plane. They Tegarded the uﬁger limb as consisting of

only two segments--the upper arm and the lTower arnm plus

\
4

hand. AhgularxﬁaluGS“were calcuiated for the displacements
of each of these segments throughout a particular motion.
. \

The arm motion anglyzed in this study consisted of an

\
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underhand throwing métiou simildar to that used in the
present study. The‘body segment parameters used were
calculated eppirically by the authors aon the subjects they
tested. Weights of tge hand, forearm and upper arm were
determined b; the water displace&ent method. Moments of
ineréia were eétimgted by cdnsiructing models of the linmbs,
Suipging«£hem as peﬁdulqms, and determiniﬁg the periods of
the pendulums. The\intéJtuof this model waé to compute the
forces and torques at\the shoulder énd elbow joints, to
derive an understandlng of the muscle actions involved at
this jOlnt as well(as the amount of straln at tM@gé jointd,

e
Although the authors wWere able toncompute values for these

parameters, it is ijkgy that these values were of . .
i : “ § - I3 - .
questioniblé accur 4The main reason for thls,ls_thelgq

assumptioﬁ of the atm plus hand as a singleAsegment.

Slnce there is considerable movement at the wrist' ]01nt in
most movemetnswof the arm, the assumptlon of these two
segments as a single rigid body is in error. Movements of

thé‘hand segment would erroneously be calculated as

Jbvements of the eptire segment, so that this assumption

should not be made. *

Morrey and Cﬂao(1976) described a method of measuring
fébg pas;ive motion of the elbow joint using a three
dimensional vector analeis‘technique. They usedrthe frozen
uppé; extremities of two cadavers to examine this elbo;

"motion, with the humerus firmly fixed to a stationary object

ﬁith pins. The rotational motion of the foréarm with réspect
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to the humerus uas eipreSSed in“terms of the Eulerian angles
Hhichl;nigueiy describe the components dfvthree-dimensional
felbow motion. The flrst angle is the flex1on exten51on
angle, the second angle is the carrying angle,(abdugtlon and
adduction at the elbowy), and the thlrd angle is that' of
ax1al rotatlon. The 1nvest1gators determlned the followlng
facts regarding the motion of the elbow: as the elbow
flexes, the carrying angle varies l%nea:ly; in e;tension
there is ahxalgus angulation andrthe forearm rotates axially
on‘the humerus during fiexiqn;

| Youm, Flatt and Spnague(1977) conduc*ed a similar
three-dimensional joint kinematic analysis »f two rigid
1inks, in that they were also interested ir?nwasuring
n‘rotatien of the elbon»jbint; They used 3 non-collinear sparkf
\gabs to Qetermine the position of the radius and'ulna during
ﬁthe motions examined, They reported/e;;;:;§ns to determine
. the angular veloc1ty of the movement of the radius around
the ulna in ‘pronation and suplnatlon. This rotation was
measured around‘two different axes and was found to be
dlfferent depending on the axis measured . They also
described the position of the maan axes for forearm
Pronation-supination, and elbow flexion in relw}ion to the
major beny landmarks of the uéper limb. This study
represented one of the few attempts available to analyze éhe
motions at the elbow joint using theﬁéun&%mentai.Piineiples
of three:dimensional figid*bodyrkinenatics;

&

Youm and Yoqn(1977) have recently devised a mechanicai



“ :
\.

model for two dimensional analysis of the motion of the

s . Yoo w v - —

upper limb, As a mechdwical model for this investigatiqn; a
four-bar linkage model was employed by-introducigg as
fictitious)link between the shoulder jeint_andvthe endvof
~the hand, so tgat the open linkage formed a closed linkage.
To derivebihput data for their analjsis; an experiment wae
conducted'using photographic technique with L.E.D.s.
attached to the hand and Shoulder. A 35 mm slide phop@graph

was taken perpendlcular to the motlon at varlous pulse rates

ofythe L.E.D.s, and at the same ti@e the ground reaction ‘was

recorded by the force plate which wds mounted underneath ‘the

4/‘

subject's feet. The joint forces were then calculated at

slow, moderate, and fast speeds, and they found that‘id the -

motions of slow and moderate speed, the joint forces were
close to their se§ments own weipht. When the épeed of motion
was increaeed, tlie 5oint forcesgincreaéed quite
dramat;callyf - L A
~Ayoub,-%3}q§far, and Petrunq(19743 also de;eloped a
biom%ghahiéal mQWel for upper éxtremity motion apalysis in
three,dimenéions% They used the basic4g9ﬁa£ions of Neﬁtgpian
mechawics to calculate the ﬁorces and moments at the joints,
since "At.any instant in\time a rigid body in motion will be
in dynamic -equilibrium if the sum of tﬂe moments"auelto
extefnal forces acting on the‘body are equal fo the rate ®ft
of the apgular momentum of the body"'(197u:11u2y:
Th used the Euler angles to;specify a bodjzsegmént | y

4gjentation in space at any time during thefﬁ'pfqgl relaffﬁe

e
.7

@



to an ivy, and 7 coorﬂiwate system. The angular velocitydand
acceleration of the segment could then be expressed as a
function of the first and second derivatives of the
segment's Euler angles, They'used the anthronometric data
from five adult male subjedts;performing various:arm.

. }
movements to attempt to verify the application of their.

model. They found that their nodel broke down at certaln arm

~

*_angles throughout the range of motion, and the equatlons did

\ . ‘N

not adequately describe the movements. They ‘stated: "In

general, it must be concluded that the model as presently

¢

~constituted is 1nsuff1c1ent for predlctlng human motlon

B}

charac teristics". It 1is apparent that the complexities oﬁl‘

movement of the human body are such that mathematical y

modelling of these motions is extremely difficult, and often
: > : ; o

\

leads;,to fa lure.
Jacobs)n and Mann (1973) developed a "series of equations
whlch were deslgned to estlmate the torque produced at the
shoulder jOlnt durlng a 51mple flex1on%motlon. The predictor
equatlon was known as the VMG (Vector-Myo-Gram) ~equation,
and 1t s 1nput con51sted of the segment p051t10n vectors,
the jOlnt velocltles and acceleratlons, and the integrated
EMG signals from 9 shoulder ‘muscles. They found that the
cur%ﬁﬁ?of esglmated shoulder torque VS. actual shoulder
'torqﬁe were very “similar, so that this modeL may be used as
ga fairly accurate predictor of jOlnt momentsL
\

Plagenhoef(1971) also described a model whlch could be

\klneth forces acting -on

used to calculate the kinematic agg
i %

PR, T



the upper extremlty. Although Plagenhoef dld not spec1fy

that the 3- segment model he described was 1ndeed the upper
',extremity, the‘forces acting on all body»segments are

similar so that'the &cdel could be generallzed to represent

. )
the arm. Anarews(197u) also descrlbed a mechanlcal model of
C'.J LN
the forces which are actlng on body segments durlng the

eﬂperformance of a dynamic activity, which could also be

_ﬁ@?resent th'e upper limb.
Pay,et aI.(T@51) examined the actual movements
occurring in the bones\of-the lower arm during the movements

. : . '
of pr@nation and supiq;tion around a fixed axis of rotation.

"The. axis of rotation’was varied by-fiiing the epicondyles of

.
¥

the humerous by pins.-Thg motions of the two bdnes.j' -
ekamined by the use of X-rays, as well as by ei’éctrﬁgltams

‘of the ﬁuscular ectibity\qccdrri%g during‘tﬁese motions.

. They found that under ordinary citcumStaﬁCes the ulna is

abdueted during pronationsand aéducted during supination; s

which is-conatrery tosa com@on eelief that the ulna is
'staf%onary~during tﬁese actions, and the radius simply s
rotates'around'thié fixea bbiﬁt: They stated: "—-althougn

limited pronatlon and suplnatlon can occur wlth the ulna

remaining stationary, under ordinary circumstances the

-~

distal;end of the ulna moves laterally as the radius travels :
) , ' ‘ N

medially during pronation, and that during supinaﬁion the
.,ulna moves in the opposite direction." (Ray, et

1.,1951:996)

Anothef'study which was concerned with-lower arm
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rotations was that of C%aonand Morrey(1978), who attempted
tp ‘measure the rotatory components of elbow motion under

"paSSivé fleXion. Thesq 1nvest1gators once again used cadaver
A%

o

Yimbs 1n their experiment whereby the anatomical landmarks
Were located by steel pins, and the hones were x-rayed
during the nmotion of 1nterest. In this study the bones‘Vére
photographed from tvo~vieus which® were perpendicular, and °
the spatial coordinates of several pointg of interest were
_Calculated: The tnreejdimensional rotation of the,forearmv~

with respect\to the humerus -was measured based on Eulerian

angles. This study was. conducted primarily for use™n the.
\

development ani reflnement of elbow prostheses, although\the

mathematical techniques may be of* some value ip analysis of

S N

other aCtivities. ‘ 3\

/

‘As can be concluded from tne preceding sections of this

-~

'

review, llttle has been done in the development of

@% .
vast\majority of the studies pub}ished are

\ . ~
R

techniques forLthe analy51s of the arm motions in v1gorous
act1Vit1es.fTh

of a clinical nature, and are carried out on cadaver or

—- : - . ' e

skeleton parts. This method also allows the 1nvest1gator,tof/” e

e

implant numerous wire.and pin markings into the specimen, .
and so the measurement of anatomical landmarks is very -~
-t ' .

simple: The’error assdciated,with each point measured is -

therefore relatively small, so\tﬁaéithe mathematical
techniques used for analysis often work very well. However,

because the location of spatial coordinates often requires

\

\ .. . . .
the use of an approximation technigque, if the error
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associated with the Coordinates is too large the technique

fails. Most of the mathematical'analysisgtechniques \

published in these studies simply will not work with data ‘
derived from film of high speed body movements, It is clear
that 1t is left to the researchers in sports biomechanics/gaf

develop techniques which are accuratg and viable for the

~

type of -data which they are able to producg. | S

o . - A

Data Smoothing Techniques

1

\ Since there is alyaysia certain dedree of error .

"assocjated with displacement points calculated from film

data, it is necessary to use the methods of numerical s
T ;

analysis’to 'smooth' these data points.-There are several
different methods of data smoothing‘cufrently in use in

biomechanics research, each of which has had a short-lived

|

-period\of'popularity\and'has then been rgg;aged~byfa7ﬁeher"

% . e

‘method." For exam le, early Tesearchers used manual smdpthi%g

ethods using a planimeter td draw smooth curves through

[

succe551ve data p01nts (Miller and Nelson, 1973). Suecessive

methods, roughly in- order of their rise and subsequent

N

‘decline in popularity, 1ncluded.first central difference

nethods, polxnomial approximation by least squares methods,

cubic spline approximations, and digital filﬁering..ls -

One of the earliest Sports biomechanics researehers to
attempt to snooth film data was plagenhoef(1973), and he-
used a uolynemial approximatibn method. Using the film

~

displaceméntidata; he ‘determined the coefficients of a '
e *‘\_,/"’ '
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'polynomial which best fit the data points using the metho&_

of 1east:sguares approximation. The order/of this polynomial
could be altered depending on ‘the regularity of the |
dlsplacement data--more- abrupt changes in the direction or
magnitude of the dlsplacement data resulted in a polynomlal

.

of higher degree. This polynomlal could then be

dlfferentlated once to obtain estimates of veloc1t1es of the
_p01nts for which dlsplacements were calculated' and then
dlfferentlated again to obtain estlmates of the acceleratlon

~

between these points. However, it is nctable that the motion

~

-of the point may be so complex that 1ts‘ path may not be /
"descrlbed by a polynomlal of low degree. In cases where the
curve is a poor flt 'to the data points, the calculated
Eueloc1t1es and acceleratlons are often too 1naccurate for
‘"uSe in further ana1y51s (Pezzack, Norman_ and wlnter, %978).

- The use of the flrst central difference methods to
smooth film data was deséribed by Widule and Gossard(1971)
as simply a method of averaging between data p01nts. Points
on either side of a certaln data poxht are taken and a ilne'
drawn b etween them. The slope of the tangent to the curve at
the given data point is taken to approx1mate the derlvatlve.
This method was found Eg be fairly accurahe for determlnlng
Jthe veloc1ty curves of a mot%on, but "51nce errors tend to
'propégate for the h;gher order derlvatlves, the results for
measures of acceleratlon have not been completely

satisfactory (Widule and fossard, 1971-110)"v

A more recent method of data smoothing is known as

~
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»

&ublc spline approx1matlon, and has been widelg accepted bf
blomechanlcs researchers (Zernlcketet al.,1975 MacLaughlin

et al.,1976). This is a method of averaglng the

dlSplacements between successrve data points, so that a’

“FOth cubic curve 1s drawn through each three" succe551ve
.points. The velocities and acceleratlons of these p01nts may

also be approxlmated by dlfferentatlon of the equation of .o
the curve between these p01nts. It has been reported that

‘the acceleratlon values calculated by this method,for fdlm R

it

displacement data are much more accurate than those derlved

" from othe; methods. - : | 1 .’\
McLaughlln et al. (1976) have reported compaulsons of y

the cubic spline method and the polynomlal curve fitting

techniques.'They noted that polynomials_wete inferior

‘because fluctuatlons .in one part of a curve will affect S

other\parts of the curve, and also because polbﬁomlals are}

%uite insen51t1#e o qulqkly varylng data of\an othervwise -

uniformly vaiilng curve. On@ of the problens assoc1ated with

the use of cublc spline methods is that "the endp01nt values

for the second derlvattve are zero. &@rnlcke et al. (1975: 1u

) 1nd10ated that ", ..three extra data p01nts at the

beglnnlng and endlng of each data se served tb mlnlmlze,the'

- second derlvatlve Zero end 901nt tendencys Both of the
above 1nvest1gators used the IMSL computer L1b~ary cubic

" spline routine called'ICSSCU,‘and they have suggested
several methods of estlmatlng the ree of smoothing to be

~ ¢

" used with this routine. The most practical method suggested

-



~
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i‘calgulating distances was determined by the neasurement of,

4o
‘\ o

(McLaughlin, 1976) was that of calculating the average error

in measurement of distances from film. Since-the error in

|

\\ . e ' . )
two points, it was\asémmed that the total error was equally

distributéd between both points. Thus, the error for each

point was calculated as the degree of smoo%hing.for each set

of data in thewahalysis.'Zeﬁpicke (1975) has further

suggested that this computed error should be used as input
\ N \\

to\the program to qalculétthhé second derivative values and

ese values graphed against(time.‘"If the acceleration
curve is smooth, use a smaller error‘value;\andbif the
, - . Ve .

accelératidn curve is ragged, ianease the_errof (1975:14) ",

! ; A
° A more recent technique has ‘been reported by Pezzack,

Wintér and Normkn(1978),‘and is known as digital filtering.

They reported graphs of the\acceleration values calculated
~ . B N \

from film data of a simple hovemenf, and they calculated

- that this may be the most accurate and reliable method to

date of determining acceleration values, They stated

~

- (1976:381): "Digital'filtering of the raw film displacementy
data followed by simple finite difference differentiation

was the only one of the three techniques studied thit

v

a?curhtely reproduced the acceleration time curves recorded
\ Y . B ) ) ) \j 3
from an accelerometer". They found that polynomial curve

fitting smoothed the acceleration curves too much, and

finite difference differentiation did not smooth them °

[N
enough. ;

It should be noted here, however, that not all

. \
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researchers in biomthanics are in agreement as to the
. ) i N i
! \
importance of data smoothfng teéchniques in biomechanics
research. Chao and Rim (1973) have noted ‘that data smoothing
techniques are not always desirable, as they notedﬁ‘"-—since

. ‘ A “ & '
numerical diffefenbtiation procedure as applied to the
eéxperimentally obtained data would magnify the inherent - .

measurement errors. Besides, the final results usually

depend upon what numerical techniques for smoothiﬁg and

A\

!

curve fitting were applied"»(1973:u98y; They describid a

system of mathematical optimization equations to determine
N . - N .

the applied moments at the leg joints during walking. They
, : \

N

' Feveloped a- two-dimensional modey consisting of two
. . . , \ ) A . ‘ N
segments, the thigh and the lower leg and foot segment,. an

they used parameyers as measured from live subjects as input
RS . ‘. . . ’ g

LN

for their computer pfogram.‘The displacements of each of the

segments of their model were measured through the\various

.

. phases of thé gait cycle, and from these disblacements the
values of the moments'at each oﬂ the joints is estimated.

They concludad that this method was more advantageous

v

L
ng

-~

begause it required no numerical differentiation of
experimental data, and thus the possibility of "magnify

'inhenent\efberimental errors is minimized". (1973:510)
. EY . ’ . , 4
A\ﬁurthe; problem in daya smoothing techniques is that

4
, \

the smoothing technique may obscure true motion -

A
\

3

characteristics in the motion being observed. There may be

quick, radical changes in the motion which are smoothed out

-

é by one of these techniques, which may be very important to
. “a\ . R .

‘\ \ ) N
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the skili.-widule and Gossard‘1971) sudgested that a sudden
change &n the angular direction of a'joint at takeoff could
he masked if a curve were passed through that point. The" \
1nves€$gator must have a ‘clear plcture of the motion that he

is analy21ng to ensure that such important movements are not

obscured.

\‘ Kinematic and KinetiC\Analyses of\SoftballﬁPitching
Few studies were located which included accurate
duantified data. on the.softball pitch. Letiton(197§)
described the windmill pitching motion qualitatively, notdéé
\that the loﬁgerhpath folldwed’by ®he arm during this style‘>
QE deltvery may allow more time‘for the performet to apply
| iﬁf&tce to the ball, and thus may result in greater velocity
of the ball on release than in other styles of delivery.
Kirby(1969) also described this motion in general terns, A
although he .did prov1de a more detalled descrlptlon of the
‘arm motion. "It is meortant that the pitcher keep his’ arm{
in a fully. extended p051t10n, thus lengthening the lever and
1ncreasang his arm and shoulder, contrlbutlon to the ball's
velocity. It is also important that his wrist be

A

\} hyperextended or cocked durlng twls forward whlp...the UtlSt‘
\and ball shouad trail the forearm until the final wrist
snap. This will 1ncrease the distance over which the wrist N
can develop momentum." A " i
| Although the skill of softball pitching is mehtioned in -

most books on the sport, as well as in most books on skill

| .



~

[
VS

Z t “ 52

~ | N A AN 1

analys:;> t he descriptions are often sketchy and inaccurate.

- description of the timing of the step of the pitcher is in

Kneer and McCord(1976) noted in their description of the N
klll that one of the most 1mportant motions in the skill is
to U“snap your wrist forward and roll the ball off your

fingertips". No clear description was giveh of the exact ,

-~

movenent involved in this wrist snap, not in which diiisﬁiqﬂ-\\;\-~_

it was most advantageous to roll the ball. As vell, théir

w ’ 1

error, as they stated: "as the hand reachds head-high, begin

“to 1lift the opp051te foot off the rubber and forvard in .

—

order to keep your balance (1976 39)." The step begins far
earller in the sequence than is stated here, and in fact the
step commences as the hand passes the plane of the body. A
fu;ther descrlptlon of the wlndmall pitch was attempted by
Dobson-and’ sley (1971), which alsgq ~satained several - -
1naccurac1es. oted that the pitching arm should ags. ;
stralghtened at ;he hlghest point of- the circulat arm’zqsig,
because the “stralght arm, backvard and dovnward swing adds

\

more power to the delivery. Thls,arm actlon does not permit

a high degree of bodyarotation, and as a result much of the

"~ power for the windmill pitch comes from the shoulder muscles

\

o (1971 a4y, No ‘explanation vas attempted to describe how a

stralght arm actlon would tend to inhibit body turne.

Zollunger(1963) provided the only study in whicgh any
quantltatlve measures were calculated on the windmilll pitch. \

She calculated the leggth of strlde, the horlzontal velocity

of the pitch, the torque of the arm about the shoulder



+ joint, and the ﬁorque,of the hand-ball systen aboﬁt the
Wrist joint 4t _release. She found that the“velocity of the
ball ;t releasevwas determiﬁéd by two rotéry fofées; a
torque about the glenerdhumeral joint (shouider) and é ’ |
tofque about the radiocarpal joint (wrist). In fact, shé has
stated that the velocity of the ball at releése was
determined by the magnitudes of shoulder flexion and‘wrist
flekioﬂ, which ;ay be. 6&ﬂy partially-true. However, no
attempt was made £o‘describe the rotational forces’éround

the longitudinal axes of phe\arm segmenté} which'may likely

be the most important torquées occurring in tﬁéﬁSkill.

Threes Dimensional Cinematographic“Tecwniques

Cinematography has been the primary tool used to v .
| - o .
. . N . :
examine guantitativel external mechanics of all types of

| _ « \
human motions (Miller and Nelson,1973). It is well known

that such motions have been studied in two planes by one

other photographic methods depends ow~the accwrate‘

3 ‘ﬁ, &,‘-.:‘

that film data parameters can be compa%ﬂﬁgdlrectly Hlth the

«vf’ ’




interest during the preformance ot a motor activity." In
most fi;m analysis studies centers of gn@yity are located
and displacements calcu;ated; from which derivatives of
velocities and accelerations may be made. Hdﬁever, as Miller
and Petak (1973:14) ‘have eoted, "Since virtually all huhan
"motion occu£$ inx3 dimeﬁsions, a single camera and planar
film analysis methods cannot provide a comglete quantitative
description of performance." There‘have been several studies
published in recenn{}eers uhich have reported various

-

methods of filming movements using two cameras with the

e

1ntentkon of synchronlzlng these film records to produce
o

three- dlmen51onal coordinates of various points of 1ntetest.
Other researchers have utilized three cameras to collect
film dataifrom which to derive spatigi coordinates, normally
with one of the cameras being oriented in each’of the three
principal planes of action:

‘Noble and Kelley(1969) utilized a three camera

technlque to determlne the three dlmen51onal coordlnates of

ﬁ‘)

a mOV1ng ball. followlgg “the path of a right’ circular helix.
They determlned the p081t10£ of the ball, distance .
traversed,\elapsed time, ve1001ty, and.ppceleratlon. The
filas were synchronized by firing a»flash bulb at the
beg;nning of each sequence, and timing of the cameras was
accpmplished by sepqrately photographing a standard eleqtpicﬁ
timer. One camera was located along each of the X,Y and Z

axes, and a horizontal and a vertical coordinate were

obtained from each of the three films, resulting in a total
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of six coordinates for each point visible from all three

55

° -

:cameras. The ean of each pair was taken to be the true .

value; The au hors concluded that this procedure was of

”adequate precisibp to determlne the position of a mo ving

obiject anﬂ the %(1mary values of dlstance traversed and time

/.

elapsed, and their first derivative velocxty values. They

found that the acceleration values were qdlte 1naccurate,
and not usefulﬁib include in their analysis of results
(1969: 645) ., No explanation was attemptedwfor the inaccuracy

"

\\

of these calculdtions.
A , ,

Duquet, BArms”and Heobelinck(1973) described a

'compllcated method of three- dlmen51onal analy51s of twisting

movements whlch requlred fllm data- from tWo cameras, a side
view and an overhead camera./ﬁy prOJectlng the 1mages onto a

placed behind the performer, the actual coOrdlnates of

~,jsegments of 1nterest could be estimated. As the authors

"By. a procedure of " graphlcally manlpulatlng
pro sed anatomical reference p01nts to a common plane, it
is p0551ble to determine actual posrtlons in- space and
obtain dlmen51ons and angyes, and, from these, derlve )
covered distapces, linear yelociries and_accelerations_as

mell as angular velocities and accelerations"(1973:175). . |

However, the method appears to require much time consumlng

messurement and transformation of the orlglnal fllm data, -
and may not be[practical_forlanalysis of any reasonable

amount of datae.

A fdrther study to develop three-dimensional-filmrng

P



procedures was conducted by Bergemann(197u),,who was most

_ fconcerned with the camera placement whlch would produce

accurate spatial coordin tes.,

At WO cameras were ¥

p051t10ned so that t heir owﬂ,n gt a xes intersectéd at-a

- X v
I y

common, origin p01nt, whlch uas determrned by survexlng

equlpment. Equatlons were derlved which were used to

'

calculate the. p051tlon of several arbltrary p01nts on a

s .

coordlnate grid. The procedure was found to’ be useful for

. the determlnatlon of these statlonapy, deflned polnts,'but
no attempt was made by the author to expand 1ts' use..A
similar study was reported’ by Penrose et al. (1976), “in which

‘.\m

“they 1nvestlgated the p051t10n1ng and allgnment of cameras
with and ulguout 1ntersect1ng allgnment of the optlcal axes.
They‘studled three camera allgnment pOSltlonS, with the
camer as placedbln different positions with respect to the
origin and the point of intersectionlof their optical axes.
The magnltudes of error in all three filming situations were
‘slmilar, "1nd1cat1ng that hon-intersection allgnm;ntdof the
optical axes,should provide 1nformat10n as. accurately as thec
more rigidly controlled cameta conditions (1976:6)", The
authors noted that this more flex1ble filming situation
would be more useful for collection of data from a game oOT
'comgetitive perfromance,'without any appreciable loss in
accuracy.

Mlller and Petak(1975) descrlbed a method of three-
d1m0n51onal fllmlng in’ whlch the three cameras must be
'placed“so that their optECél_axes intensect at a 901nt near"

. R ’

A
@,



‘the‘subjegi.‘TQe three caMeras were placed so that their

,ﬂdiménsional filming wherebiﬁthe X, Y, and Z coordinafes‘are

o

“w w
.

)

™

v

,optical axes were at ahgles*?ﬁ 120 degrees to one another,

3

It wvas felt that this pos}tigﬁing 6f the cameras would
meximize‘the number of points visible’ip the film of any t;o
of the tﬁ;ee cameras. Equations were derived to detefmine
the spatial coogdinate%’from the two\Famere film |

cooriinates. Although this method.was:reported to produce

accurate thfeeedimenSiohal data‘it required that the

1nvest1gators &se surveying equipmeht to locate the optical .

. ax1s ‘and to ensure that the cameras were horlzontal. van

N

Gheluwe (T974) described a simiiar technique oﬁ three-

Sy

dimensional filming, where once again the cameras had to be

- s

placed in an exact. position in relation to the subject. "

.

Black(f977) has recently described a method of three-

%

.51mply read dlrectly from the fllm analyzer. The two cameras

vere pldced in p051 ions at rlght angles to one another,

with thelr 0ptlcal axes 1ntersect1ng--thls p01nt of

1ntersectlon ‘is the orlgl £ the three dlmen51onal

3

f

coordinate system. After some correctlon for- perspect1Ve

~

error due to the location of the subject in relation to the

origin, the X,Y, and A coordlnates vere at rlgkt angles- to
their respective cameras. From one camera the X and Y
coordinates were read; and. from the other camera the Z and» Y

coordinates were read. These coordinates were then use&fﬁq

calculate directly the X,Y, and 2 diSélacements, velocities,

and accelerations. The film from the two cameras' was

v
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syschronized by a unique method in which a bicycle was

turned upSide down in the field of .view of the¥cameras.vThe

rear wheel was marked with several white markirs at \

N dlfferent intervals, and‘the wheel was turnlng during the

-The cameras were placed at'approximately*g

fllmlng. The fllm could then be synchronlzed by the locatlon
of the markers as they appeared 1n‘each‘of the film frames.
Dapena(1977)'hasfdeuelopéd a method of three- o
dimensional filming by using horiZomtally panning cameras.
-nﬂo degrees to each
other throughout the field of action of the SubjeCtS. The |
subject was fllmed while executlng the Fosbury Flop method
of high_gump, during the last strides of the run-up, the
takeoff, and the bar clearance. During this time,.each

camera was panned horizontaily,(ie. was rotated about &

.vertlcal ax1s) so that the suh]ect remalned within the

‘optical field throughout the entire performance. The cameras

filmed 1ndependent1y of each other, and the film records
were synchronlzed by use of crltlcal 1nstants (le. | 1nstant
of flrst touchdown or takeoff). The X, Y, and A cobrdlnates
of landmarks on the body were determlned by usrng\several
landmarks in the photographlc fleld which were f1lmed in the
background of the jumper. Since the coordlnates of each of
the background marker§ were known, their orlentatlon .
relative to the c%wergg (some angle theta) was readlly, \

computed. A seriés of markers Was then fllmed, and the .

locations of the marks estimated from film data. Dapena.

found a random error:o§<4§§cm in" the X,Y, andvzpcoordinates,

.o

B
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which he\fomcluded was well within acceptable limits-for

-~

most analyses of sports activities.

Van Gheluwe(1975) has described one of the most common

'sources of error in attempts at' three- dlmen51ona1 film

analy51s to be mllallgnment\of the cameras wlth respect to
\

the 1ntersect10n of the optic&l axes. He deve10ped Q‘simple

N ~

.method .of evaluatlng t@e error on the measured coordlnates

|
,resultlng from camera misamlgnments. The estlmatlons of

/

~dev1at10n errors were based on trlgonometrlc formulas

o,
o

whereby the allgnment errors ‘were proportlonal to the errors

\

1ﬁNﬁhe spatlal coordlnates, ‘and occurred in the sane
et

(1},( \

dlrectlon. He suggested that telephoto lenses be USed

whemever possible, as these will reduce these errors due to

\
\

misalignment because of thelr smaller viewing angles and the A

X
. -

longerrfocal length.\

: A more recent study by Van Gheluwe(1977) has reported a:"

technlgue in whlch the cameras may be placed in any p051t10n

N -'q

in relatlon to the subject belng fllmed. Van Ghellwe has

IR 3

‘reflned his earller computer program (Van Gheluwe,1974)

uhlch is used to transform the two Camera f11m coordlnates

S

into three dlmen51onal data so that exact- camera plaCement

1s no, longer necessary. As he stated: "This means that the

camera pos1t;on is now completely free from any restriction:

N\ ~ o . e
the camera pay be tilted at any angle, positioned at any

.} place or distance, etc...Reference p01nts on the Steel

.reference frame are sufficient to reconstruct the Spatlal

El

coordinates at any arbltrary‘p01nt in the view field of «the

S

/ S

=
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I be placed in thé field and photographed by cach of the

calculated a transformation matrix for each of'the cameras,

cameras." The only necessary step required to coordinate the

data from these cameras: is ¢hat a three dlmen51ona1 object

cameras. The object nust have a number of p01nts in each of : e

e

/ B
the three perpendlcular planes whi ch—are/—’Fnown distance Co

from. the or/gln/cf these planes. The author constructed a’

set of coordlnate axes from Steel t@blng, marked

N ~

approﬁriately‘at regular“intervals; The program then

”4and also one for the combined data, and the output con51sted

of three- dlmenSLOnal coordlnates of a series of p01nts

\ '
photographed by the two cameras 51mult$neously, He found
that the X,Y, and % coordinates calculated from thiS}programA'

were accurate to five perqcent\when a grﬁd composed of known ”

distances was;photogranhed. ‘ S §

\

! N ) N ‘. 3 ' \-
However, once the three dimensional coordinates of a

point moving in space have been determined it is then

necessary to use this data to Ca&culate important kinematic AT

simple skills, but® did not attenm

-~ . . ‘ »

and kinetic data .from the film. Much of this computer | ~

programming of analysis technigues has been attempted in a

Y 2
N

recent study by Black(1977), in which she described a three-

dimensional filming technique, and she also deve10ped a \

p] .
computer program utilizing the methods of engineering vector

analy51s to determine veloc1t} and acceleratlon values ‘for

this data. Black also attempted to estlmate theﬂ%ﬁ%nltudes \,

R

\
of angular velocity and acceleration of the segments in some

-~

pt to verify  these
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t

.estimates. These estimates vere based on the asumption that

the rotations occurring were only occurring in two planes,

an@#th&t—the”fEfEtion in the horizontal plane was .

E

ngﬁ&igibie._She assumed that the rotations of;tHe’seggents

atund their longitudinal axes were not critical so were

assuned to be zero. This assumptibn is like;y-not viable for

most of the activities analyzed, so that'this‘technique is

&

" of limited value to other researchers interested in

calculation of angular parameters.

One of the major problems encountered by investigators

~

" in-attempting to measure spatial coordinates is that &f

S e ~

- pHotogrephic gerspective error (Black,1977). Martin and

Pongratz (1974:469) stated that "Photographic perspective

error has long plagued the reﬁearcher attempting toc obtain

accurate three-dimensicnal coordinates from two-dimensiomnal

film data".‘They'developed formulae to correct for thlS

\errOE based on their study uSLng film from two 35nm

N

cameras. The camer as were set up with thelr optlcal axes
intersecting at right angles qf oae another,'to define the-

spatial coordlna e system. They determlned the perspective’ ‘
p

~

error by comparlng actual dlstances on their reference

St
measure Wwith the dlstances calculated from film dlsplacement

data;.These formulae mey be used by any'researcher to
cBrrect"the film data from to posgtidhed cameras for
4[‘, . '

perspectlve e: "Cri and in fact these vere used by

Al 8 _ o
Black(1977) 1n ‘a recent studx. - :

The probl@m\of prqduc1ng accurate three dlm
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" coordinates of fi

TN

tc researchers in

all of the above

\
procedures by fil

~

rlxed referénce n
attempted to loca
centers of the\bo

must then be Conc

proced@re present
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\

“rts' blomechanlcs. However, virtually

¢

studies rev1ewed have valldated their

ming a coordlnate yrid, or a series of

arkers. None of the udjies 1ocated
te the spatlal coordlnates of the Jornt
dy durlng a vlqorous sportlng actl&lty. It

luded that there is no useful and accurate

ly available to determine the X,Y, and Z

coordinates of the 'body segmental endp01nts. ThlS difficult

problem is one to
necessary Ln orde
prov1de answers t

analxsis.

\

Force Platform St
The use of £

‘ L . 4
the biomechanics

- stated: "The forc

study of many typ
some fundamentai
understandlng of
of the athletic s
1dent1fy.¥aults\1

perform the eVent

N e

‘electronlc sens;n

wvhich a useful and viable solution is

r for blomechanlcal analysls to continue to

-

o questlons of technlque in skllls.

\ ‘ ; : :
: \
! .

udies ' g
orce platform‘data is relatively recent in

of sports investigations.\Ramey(1973) has

e plate hasvbecome a‘USefgl“tool-for the

es of human motion--the force plate yields

data and substantially assists in the

the motlon 1nvolved. In the particular case
tudles the force plate has been used to

n technlque ‘ana. has 1ed to new ways to

." The force platform is ba51cal%y an

g dev1ce in which a\straln gauge or an LVDT

\

I

Im data has been one of continuing interest

S
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is mounted within the platforn so'that strain on the

platform is picked uR as a\change in the resistance of"lhe

‘device. Many of the plétforms in current use are able to \

.record/forCes in the X,Y, and Z directidns, as well as

~torques about each of these axes_ (Miller and Nelson, 1973).
A

One of the early reports sumparizing the use of this

technique was reported by Payne(1968). He noted that the
forcb platform was a_ valuable tool to examine %he forces

exerted against the ground during a performance. However, he

\ ~ \ ~

warned that the natural frequency of the platform is ex01ted\

by the sports!? performance and the tracings may not be
~ 'y N

accurate for some activities.lniller and ﬁ%lson(1973) have
\ ;

also noted some difficulties in force platform use, such as
“the dlfflculty in seehring the platform properly to ‘attain
'proper damping. Also, they are llmﬂted\ln 'size because of _
their complex constructapn and instrumentation, and they are
limited to a certain frequency response level.‘ In a more
detailed study,\Payne(1968b) deseribed t he use of the force

platform 1n\exam1n1ng the ground reaction forces in a number
of activ1ties, including the sprint start, the running

Ao 0
stride, shot put and weight lifting. He noted that tﬁese

tracings could provide the coach with valuable insight into

faulty technique in some of these skills:. In the shot, for

example , there was a change in the value of the Horlzontal
@?“
thrust from positive to negative, 1ndr¢a§1ng a shlft in the

s, A

drive from the legs from the rear legg O\the front one. The’

timing of this shift in relation t5 the throw can tell the
7 i

g - |

4
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coach a great deal about the application of forces by the

thrower, and the timing of “these forceé.
Laﬁb*and Stothar£(1977) conducted a vertical jump study

in.#hich they compared the force platform method of

determining center of gravity kinematics and kine%ics, and§ 

the method of calcdlating these'paramerers from filn data.\

Théy found that there were no\significant differences )

" petween the p rameters calculaﬂed using.either(ofKtheSe two

pethqu and

o fhe;force platform provides an accurate

gestimate of/ the forces exerted§against the ground. _\
 prob ly the greatest value.id\force platform data in

.tcinematog aphical studies is“as a check on the accuracy of 

the digifized data."As the shape of the force curves s
\
approach those produced from calculations from f11m data, so

\

the data ecome a more accurate representation of the

t '\

applicatipn of ground forces durlng the skill. §1nce the~

-

calculaﬂe n Qf ground force: is based upon the determlnatlon
of accele atlpn from f£ilm coordlnates, thlS/lS also a test

of the amo nthf eITOor present in the digitized data.

Similarly,_ large dlscrepancy in the shape of these tvo

J



A ' CHAPTER III

\ : 'PROCEDURES _ ' \

¢

Experimental Procedures

Thls chapter deals Hlth the exper1menta1 procedures

il

*undértaken by the 1nvestlgator in thls study, as well»as the

techniques of data analysis employed. \ L

.

A

~ Pilot -Study o >

A pilot study was carried out'in NoVember,’1977dto

verify the experimental prdcedures to be. used in the final
project. Two subjects were originally used in this study,one

4

male and one female, both scheduled\to participate in the

a

final study. |
‘The filding of the subjects was\conductedbin the

strength %aboratory of the\Faculéy of Physical’Eddéation.

. The photographlc field con51sted of a force platforn mounted
on a larger platform, from which the subgect pitched the |
ball into a large cargo net suspended from the celllng of
the laboratory. ‘A target was 1nd1cated on the cargo net to
approxlm@te the size of the strike zone durlng the game of
'softball. only those pltches which entered the strike zone

vere chosen for analysls. This precaution was taken to

ensure the analysis of pltches ‘which would be good pitches
- L ) \
' 65
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pitch. The two cameﬂes were set so that ‘the exposure time

\lighg\in‘the laboratbry was rather poor for high speed

66

By \ \\ N i
in a game\situatioﬂ,-and would not include *'wild' pitéhes

\

‘which may involve incorrect joint movements. : \

.

Two'Phéto.sonics 1PL 16mm movie caﬂe%as were placed at '
twokposi£ions in the laboratory with their optical axes
almost at‘right angles to one another. The cameras were at a
max1ma1 d;stance from the subject within this relatlvely
small area. Camera 1 was placed SO that the optlcgl axis wa§
gerpendlcular to the‘dlrectlon of-the pitched ball, which
wa s alsé at right anéles to fhe directidbn of the major joint
' | ’ ~

motions of the pitcher. Camera 2 was placed in front of the

pefformét, and sliéhtly!tQ the right of the direction of the

was as short as pogsible with ﬁhe available lighting. In

particular, the exposure time was calculated to be .00125
seconds with the shuttér angle set at 45 degrees. Since the

. %
filming, the film was *'pushed twice' during development. - ‘\\
. i | |

|
This still resulted in rather dark films.
Both qémeras were set at an operating speed of 100
) - - - 4 B . .
frames per second (fps), and both were connected to a timing

light which placed a mark on the\filma ai.every «1 second

interval. The two films were further synchronized by use of)

a flash signal, operated'ﬁanually at the beginaning of the

pitch to be filmed., The flash'deGice\was operated by an

. ‘ v )
assistant during the actual filming, and this flash-served
as the signal for the subject to begin the pitching motion.

The a551stant ‘Was 1n a p051t10n behind’ the subject sq as not

P



to 1nterfere Jlth the act1V1ty, but so

" from each of the cameras could be_analyzed from’the sa.e %

, |

v151ble in each of the camera fields. In th1§ uag thé{fllm ;Lmﬁ

\

-poinﬂ in each pitch, and the data from the.two films cOﬁ%ﬁ:kaﬁw

. B o

be converted intc a single set of three—diménéionai >ii;< '

coordlnates by the use of. an approprlate coeputer p;ogram.“
The fllm from the pilot study was found to be too dark ‘ \

for detailed andly51s when shot under these eXperlmental

condltlons at 100 frames per second. However, part of the

fllm was shot at 30 frames per second, and resulted in

satlsfactory exposures. This film was subjected to some

prellmlnary analy51s to ensure that the necessary parameters

could be determined for this studf& Several decisions Herei

made on the basis of the findings of the experimental study,

which affected the subsequent filming of the subjecks. One, ’

was that the available llghtlne in the strength laboratory ‘

was 1nadequate to film at 100 frames per second, and that-a

< L

" more lighting uould have to be made available in the final

study. Seconaly, this area was too small for the cameras to

bé placed an adequate distance from the subject to avoid
1arge perspective errorsu A larger lndoor fllmlng area had
to be located. Thlrdly, it was found to be difficult to )

measure the rotation of the arm segments around their

longitudinal axes from the front view camera. Since the

markings on the arm vere obscured from the camera view by
the pitcher's body, a more advantageous p051tlon for the

second camera was found to be to the rear of the subject.

i
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Testing Appaﬁﬁﬁus

Filming Eguipment . >

Two Photo Sonics 1PL 16mm cameras were used 1n the

N

'present study, in which the frame rate could be altered from
1 to 500 frames per second. The cameras are motor-driven, SO
that the frame rate remalned relatlvely constant (+ or - 1%)
throughout the filming Session. The two cameras were
cal;brated by using a strobe light eetlat 100 flashes per
secood, which was then‘synchron}zed with £h£ camera shutter.
The two cameras_we&e attached to a sinéle Pﬁ?to-Sonics
Tlmlng nght Generator electronlc timer, wﬁich wae set to
3,

%ark each film with a llght flash at every .1 second’

1nterval. This timing dev10e was also used t synchrom}ze

0

@ . ' °
the fllm records of both cameras, as deseribed in a later

1\ section.

Each of the cameras was equipped with an Angenieux 12-

120 zoom lens, adjusgéd to the desired focal [length.

.

In order to 'utilize the thfee‘dimeﬁsional computer

program to analyze the fllm data from éwo cameras, a metal

\ .
ftree' vas constructed This tree consists/ of six one-meter .

pieces of-copper tubing fixed ioto a wooden block forming;an

otthogonal triad of axes, emanating from a ccmmon origin.
These &xes were then divided into 10-centimeter divisidns by

marklng them w%th black tape. The tree was then attached to

1

a wooden stand so that it would remain rigid at the 51te of

the f»lming. This tree was then placed ir position on the

/

/

/

@

Lgor
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.site from which the sub]ect wvas to pltCh the ball, and vas

( |

then photographed by each of the tvo mov1e cameras. The tree

was filmed at regular 1ntervals throughout ‘the fllmlng
"se551ons, in case the -cameras vere 1nadvertent1y\poved
“during the actual fllmlng- - N -
Force Plate ,‘ ,

Three pifchers vere filmed in the dance:studio.lEach of
the pltchers pitched the ball while' standlng on a-force
plate. The force plate used\ln thlS study is a comnercially
manufactured plate, a Stoeltlng S Model #19570 whlch was
purchased by the Phy51cal Educatlon Department 51x_years
.earller. This platform uses ' ‘*Linear Variable leferentlal

Trausformers' (LVDT), and is supoosed to be 11near 1n all

three axe§ The force tracings attalned from thls plate -

> during the pllot study were found to be 1ncon51stent,

attempts uere made. to correct this for ‘the flnal study. The

-

sub]ects were asked to: begln the pltch wlth both feet in’

contact Hlth the force platform, and durlng the actual pitch

»

the subjects took a step ‘forward onto the left foot.
‘Therefore for most of the duratlon of the pltch the

_perforner had one foot in contact ‘with the force plate.
Since the ot her foot was' free in the air for most of the

P \
force produc1ng phase of the pltCh, the forces recorded by

]

A /ﬂthe force plate were representatlve of the forces exerted by

'hegprtther duruna the na]or portlon of the dellvery of tne

s“' ) . 3 . ’ ) : . '

-
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ball.

S o g \ |

The forces exerted on the force platform were recorded

-~

by a Honeywell model #1912vV131corder. The traclngs‘of'the

exerted forces, recorded by the HOneywell;’yere s&nchtonfied
with the-appropriate film records by means of the same Photo
Sonlcs tlmlng light vhich vas attached to both cameras. Thus

it was poss1ble to compare the forces caLﬁmlgﬁed from tne

fllm records to the forces recorded ﬁ? thétgosce mlatform

tra61ng,,at -any partlcular lnstant in the performancer

'Since the 1nvestlgator had spent a goed deal of trme ih é?

segment endp01nts vlth &\Bendlx 986HA dl?ltlZlng bo&rd

>d1g1t121ng segmental endpoints from moxlé'f;lm, ‘the

~ P
-~ . . . \

- Fi'lm Analysis Equipment .

- The preliminary analysis ofnt%e fllm.was carried out
wlth the aid of anLafayette 16mm Analyst projector. It was
§§531b1e to/c%% ‘out’ cons1d;fable prellmln%gy tGMporal and
spatlal‘anabg51s by u51ng the attached dlgltal frame

- counter. Edltlng andxsynchronlzﬁng of the films by ink

markers was also carried: out by a Trald Model V/R ‘100 f11m
analyzer, gmlch also enabled the 1nvestlgator to record .the

positions qf varlous points of interest during thls_phase of

the“analysis«'
The film- records were analyzed by dlgltlZlng body

5

attached to a Hewlett .Packard 9825 programmapl*~calcu§€tor.‘
: ey

!J , rﬁ"‘

S . L o5
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reliability in locating joint centers was considered to be

very high. however, this rellablllty vas checked on several

RN

‘sets of data by u51ng Pearson's Product Moment Cor elatlon
betveen sets of measures. The segmental endp01nts for the
three arm segments were dlgltlzed;_and 1nput dlrectky 1nto
"ﬁthe ép 9825 mhere a orogram was stored to. produce segmental
‘inclination values. Theqtest—retest reliability of these
angular values,was found to he at least r=0.97 for. all sets
of data tested; The*required endpoints mere digitiZed_for

e&ch frame of interest, and the film records were stored on

(5N

magnetlc tape for further analys1s. The data was then read

intb the large time- sharlng computer system at the
Unlver51ty of Alberta, wéﬁch was operated by an thdahl '
u60V/6‘computer. Much, of the data analy51s,was also carr ed
out by the HP 9825 which vas - progammed tohcalculata several
of the parameters”of interest in the pitches. | ”

~

’

-
f

_ - Subjects
The subjects used in this study were four highly \

skilled softball pitchers,tso male and two fémale. All of
the subjects were right-handed, so that camera positions and

Y

fxdescriptions'of the pitch were the same for all All four
<performers could be class1f1ed among the top pltchers in_ the
Prov1nce-of Alberta, 51mce all four had played in axnumoen

~of National Cham@ionshdps. Two Of'these pitchers (1 male and
) ) 5 :
1 female) had been chosen ‘as Canadlan\All Stars on at least\

@

!
one occa81on, and so could be cla551f1ed as among the best
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¢ \
= in the country. All were currently\members of a Semnior or

/

seml profe551onaJ softball team, élthough the testlnq was
done in the month of February when none of 5&8 pltchers were
‘actlvely involved in playlng. It'lS p0551b1e that the ball
neloc1ty Measures may have been con51derably hlgher if the
t.’ ing had been dOne in mld-season, but for such hlghly
skllled performers 1t is unllkely that the technique would

alter a. great deal. Following the actual fxlmlng se551on,

eaqh of the subjects was asked to complete a quest10nna1re—

'

descrlbing his or- her softball pltchlng Eljtory. Thlsg
hl tory prOV1ded the 1nvestlgator ‘with qr ter 1n51ght into

the a

tu-w“-

Subject Preparation and MeQSures‘
- A ,
]
a0 Ae*each subject-arrived at ‘the filmini’site{‘the
' -~ 13
follow1ng anthropometrlc measures weare_ taken, by the

1nvestlgator' stand1ng helgnt welght, upper arm length,,

btfeps glrth (flexed and relaxed), lower arm‘length wrist \
N
dlameter, hand length, and hand span. Thesa measures yere o

. 3
. » Ltaken to enable the 1nvestlgator to determlne more accurate

~ estimates of the moment ofwlnertla and :adlus of gyratlon of

the segments of tne pitching %Im; ,\
The subjects were furthef prepared for filwming. by

-~

placement of ta<: strlps and. markers on the pltchlng arm, to.
5 a551st the inves 1gator in measurlng tne rotatlon of these

\ N

{ segments. <Tae folloulng tape strlps were placed on the



~

subject: (1) from tip. of acromion process-to lateral
lepiepicondyle of. humerus, (2)'from median border of axilla

to medial eplcbndyle of the humerus, (3) from lateral

~

j eplcondyle of ﬁumerus to sty101d process of radius, (4) fro

- .medial eplcondyle of humerus to sty101d process of ulna, (5)
around dlameter of wrlst (6) from\sty101d process of. radlus
to tip of thé\thumb (7) from hase of the lunate to the tlp

, of the III phalanx. As well as ‘these strlps of black taye,

*each of the bony promlnences mar king the centers of the\

\ .
]01nts were marked w1th a‘Ezrcle of whlte tape 1n order to —

. ) N
3 allow for more accurate\estlmates of the p051t10n of "the

By - -

‘1301nt ceq&ers., 7 . o : : ) ‘ o

Fllmlng Procedufes ( ) ,%"; : « . 2 )

.The’ filmlng of *@iﬁe of the subjects was conducted 1n’%“

SN b . . L.

the dance Stule of the Physlcal Educgklon qéﬁldlnthni‘ ;iﬁgg
<4

February, 1978r The fourth subject was fllmed outdoors. a f@w .

‘weeks later. All roced res for thlswsub ect were the sage
, P “\ J ax N

bas described bereln, except fqr ‘the locatlon of t?e fllMlan"
and\the absence of the force platform. This area vas’

;selected for the actual filming because of its'\larger'size,

- A f’the black curtain . along one wall, and. eSpeCIally for the
large number of floodllgbts located on the celllng, usually
used for dancehperformances. The Slde view camera was

elocated exabtly\§0 feet 9 inches from the performer, and~at
right qggles to the dlrectlon of the\pltch The pltchers
performed from a p051taon Hlth the Back foot placed dlrectly -

™ . B N
. - P SRR S
Y . N / - B
. ' B 5



;the»side\hiey'camera.

as short\as p0551b1e Hlt
L

B T T
\ C oy !
in the center of the the force plate, vhlch wa s located in a

. TN

larger- force platforh and tﬁrew the ball at a tthk \
gymnastics mat placed against the Hall of the roaik No

attempt was made to mehsure the accuracy of these pltches,
O, - \
although the sklll 1evel of the performers was‘$uch that no

really 'wlld'wpltches were filmed. : :

The otheg camera was placed tdo the rear of the R

peformer, at an angle of approxlmately seventy degrees to
v
chosen because of

thg,necessityfto‘fil;\the'joi' 1ﬁ5?; B as @Mng as possible

. * N
ThlS camera

lthe subject which‘was the‘maximum distance it could be

s

»p031t10ned 1n the fllmlng aréa. ‘ _— ¢

] o 4
The two cameras wergiset so that the exposure time was,

Vé
he available lighting_ih\thev

~
’

dance studlo,"so as to mlnlmlze ‘the blurrlng of the ball
’\ o
durlng release. Kodak" Ektachrome #72&0 Tungsuen fllm, wlth

o

an ASA ratlng of 125 was. used. The exposuré‘tlme vas

calculated to be .000833 seconds w1th the shutter angle set

at 30 degrees, and the film was: 'pushed one stop' durlng '?;

» \
S

develoggent. The fourth sub]ect who was fllmedvoutdoors, wif
fllmed u51ng Kodak Ek achrome #7239 Dayllght fllm,vﬂlth an |

AS [ rating of 160. Both cameras were set at 100 frames per

o

“second, and vere callbrated by use of a strobe llght so that

N

~ -~

5&

Ty
o
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\ ~ the camera speeds uere exact. Furthervinformation on fiiming
technlquesumay be- found in Appeudlx A. The two fllns vere
further synchronlzed by the use of a tlmlng llght Vthh

3‘ S placed a trhlng mark on the edge of the jllm at-a:y set

,1nterval This tlmlng\llght\ras used tb synchronlze the \

films by the followlng method: ‘the cameras were; started\at

- Wthe same time by a signal from the lnvestlgator- a vefbakm

51gnal was then leen to the sub]ect to begln the\pltchﬂ$§%
this verbal sxgnal the tlmlng 1n€ht was swltched “from 100 ;(f)

flashes per second to 10 flashes per second by one bf the

D

S 3

‘Cameramen. Thus each fllmkyas clea as to the poknt .

%ﬂ» at -which the pltch began%x51mply by the decreasé in the'
‘ numbeg“of t1m1ng marks. Tﬁxs@method wvas found to be an ’ \

effectlve means of synchron121ng the fllm records, whlch was.

‘- Y

vnegessary for the three-dlmen51ona1 analysmsrprocedures.
o0 \ " Ten trials of ea¢h subject's 'fﬂ st"softballi@itch

\ - uas fllued, and the best five of these trials were selected

A \ for study. Sdnce ‘ane of the prlme characterlstlcshof good ~ ,
. ‘

pltchlng is the veloc1ty of the pltch, Eﬁe flve trlals 1n_ - ‘ﬁﬁt,

~

. which the greatest ball velocity was attfined were chosen
o\ . ~
~ _for ana1y51s. ‘Since there were four éubjects 1n\the study,
. Vg\v .
taklng the best five trials for each one resulted in twenty.

-

separate pltches belng analyzed 1n a\prellmlnary way e Y
However,  since the subjects were all very. hlghly skllled,
,theqe Vas foun& to be very lltthe varlatlon betweef"the g

o~ A

» _pltches for a 51ngle pltcher. Slnce 1t was clear that
Co S 9

, ana1y51s_of\f1ve pltches by each»putcher would be an

o

\\ . ) 3 .
~
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‘unnecessar%\dmplication of data,ait was finally decided to

. A & 76
o

fanalyze in detail only the tvo‘fastest'pitches of each of

' movements pf\these_skilled

"o

“*exerted by the performer agalnst ‘the force platform were

xthe four pitchers. In this way, only the most "highly skilled '\‘

performers would be subject to

. - - a " - ~ \
'getailed analysis. ‘ . ‘
o ' ‘ » ) \ . : oo : \
~ . ta
- - \
: N ' ' \
Force Plate P&pcedures : * , X o

The subjects were’ instructed to pltch each ball wlth

:+ the back foot placed on‘the’fbrce platform. The forces

plcked up by the straln guages u thln the platform, and' -

T s o i dh

these 51gnaI§ vere ampllfled and appeaned as trac1ngs on the
¥

Honeyuell V1srerrder‘ Thls trac1ng allowed com¥arlson of .

the ground~react10n fprces calculated from ‘the film data

: I
w1th the force plate recordlngs, so that a check was

avallahle on the accuracy of the acceleratlons computed for
the body ‘mass center.

[

_The force plate data“vas’SYﬁChTOﬁTZ@&‘ﬂﬂiﬂF4HK¥4Hﬂﬂk——-—-——

\, data tor each pltch by means of the flashes from the tlmlng

dev1ce attached to.the-cameras. ?hls t1m1ng dev1ce was also

attached to_ the Honeywell recorder, and was recorded as an
event marker ot the traC1ng of the forces recorded from the;

&
forcexplatforu.“ln th1s way the three 1ndependent sets of

data (that from camera 1, camera 2, and tﬁe force plate) o
i

could be synchronlzed, and the recdgds of eachepltch could

LAY

be analyzed from three dlfferen? data sources at any
) <, ‘ )

particular instant in time. ' _ SRR N

~ °

N . © A N 7

5 K . N
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\ : Apal&sis of Data : \

\ ¢
> » The data collect&d‘fof this stddy have'been analyzed

under the following nine classifications:-

1. Subject Pitching Data - N |
2. Pitching ‘Parameters . ) ) : - Q!
3. Body Segment Parameters
i 0, ~ \ h
U

aﬂérsnnd'Reaction Forces . \

< 15¢~Angular Kinematics

oy N : B .
. L Y °
. 4

#Wmaglgnear Kinematics \ : '

T T‘ 3. Sthgle Plane Kinetics
" \
B Three Dimen51onal<Ana1ysis

Three Dimensional Angular Velocities _
\ S ‘ - S » ’ .

~

\

s - L e N . ’ ) . . Yoy
~~ Sdbject Pitching Data Do -
\ 3)To provide a basis for descriptibn“of the entire

v ™~ L Y o

s N pitching motion, the film of _eac piich;xaswaﬂaiYZéa"frOm

BRSNS

o ; the beginnlng oé the windup to the end of the followthrough

tevery ﬁifth frame’;gs dlgitized for the whole béﬁy

. CaicdlatiOns. .The film was digitized by the 1Qfestigator
u51ng the Bendix digitizervboard and an HP 9825 programmable
calculater. Since there were two ﬁameras filming each of ‘the

\ pitches{ each of\the pitches\;naly;ed had to be digitized
tiice? ohee frqm ﬁhe side view eameta'apd'onqe from the re%r
ﬁievAcamefé; The digitized segnental endpoints uefe stored

[



%
E ) .
\ N - a

on‘magnetic tape by~the.HP 9825, and were later transferred

78

to the Ahmdal 460/V, for analysis by the mass centerkprograms
stored there. Each of tveqty two segmental end p01nts was :
digitized and the coordlnates of each.of these p01nts was

recorded onto maghetlc tape. This ddta could later be s$tored

"into disc files in the computer memory, or co&ld be punched

onto computer cards for storage and later assembly into a
o \ .

computer program. KL : T

‘vIt'should be hoted.here that.one of the critical |

‘problenms 1n carrylng out the present study\was the ablllty

'to read the dlgltlzed end901nts 1nto the Ahmdal computer for

%
~

further analeis. Since the digitizer board could on%g be

-

attached dlrectly to the HP 9825 and the points stored onto
K/ |

magnetlc tapes, thése tapes were only readable by this.

machlne. It Was: necessary to have a computer program\wrltten,

which would.allow khe HPt9825 to be\attached dxrectly to the
N i \ ) < - ' N R A .- )
large computer, so that the HP-uouldTaCt‘like a regular e

ttermlnal and could then send data to be stored in the

Ahmdal. This program was eventually prov1ded bx the Hewlett

“t

Packard programm s, and u;th this progranm and some

additional hardwa e’(a ROM connector and a high speed line

\ .
i} A\

. printer) the digitized data wasﬂtransferred. Some problems

were encountered with the actual transfer of the data
3

pq1nts, 1n that the speed of the transfer\was too great for
\ ' ,

the.recelver, so.that there wereAnumerous errors ;n the data

files“yhich'had\to be corrected\\Thngwas possible'becadSe

the oriyinal data were stored on the tassette tapes, which

N
\ : - N

P \ . \
1 N

¢
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could be read by the HP 9825. | | \
The segmental\endpblnts of the hpper extremity 1nvolyed
in the pitching motion were dlgltlzed\kepasately from the
{ whole—bddy’date.‘The four endpoints lnvolyed in thlS ‘ \
dlgltlzlng pr ocess were~‘£he shoulder joiht the elbow
‘j01nt, the urlst joint ane the fingertips.: These four
.endpoyhts were dlgltlzed in twvo dlfferent ways for each
pitch. Flrst, the vhole pltch vas dlgltlzed--from a pgint

.40 seconds prior to release to a p01nt .10 secor*s after

release, every second frame of. the film waS“digitized for a

P . -

'ﬁﬁ total of ZR frames. Secondly, the pitch was dlgltlzed frOm a 4.

._poﬂp; .20 seconds prior.tg.release to a p01nt 05 seconds

after release, eve;y\fiame was digitized for a total of 25

i

- . franmes. For each of the eight;pi gnalyzed, then, there
e were tuo 1ndePeﬂde“tlY measured f data describing the,

G

: %
motions of the arm é%gments, whlch could be used asea check

- A .
B on the'rellabmllty of the digitizing p:oceSs,¢“ L BT
Pltchlng Pagameters o . ﬁ‘Q

For each of- the\pltches\fllmed the‘velocity of the

4

-

ball in eehh of the six frames followlng release was .
v ‘calculated by use of a computer program written for the HP ¢
~ ' 9825. To determine the actual velocity of the ball in eadh'

¢ ? of the pitches, the hlghest and ﬁhe lowest ve10c1ty

[ ~

\eStimates were,dropped, and the renalnder of the Veloc1t1es

~

were averaged. These‘velocityxestXmates wvere found to be in

close agreement, both those between frames for a.single

v - . . \ o \ )
. , o . . - .
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pitch,‘and those between pitches for a particular subjecta
c e

Another parameter of the pitch that was calculated for
cach of the pitches was the time for the pitch. For the
purposes of this study, the time for a pitch was the time e

from loss of left foot con‘act‘vith the force plate, until

the actuai release of,the ball. This‘parameter was 7

\
~ . Al

determined by counting the frames betveen these\two events,
A . . - 5 . X

\

"using"a Lafayette Analyst Projector which was equipped with \

an ilectronic digital frame Counter. |-

’Another"importdnt factor in tﬁe softball pitch is the \
lenth\of'tEe stride“faken~during the p;téh--generally more
higgly skilled pitchers will take a relativehy'longer

stride. Strlde lengths may be compared between pitchers of -

different sizes by reportlng them as pércektages of standlng

,height(Zoll{nger, 1973). The strlde length for the pitches

. N ) ~ . .
of ‘each subject was calculated as the distance from the toe

+

of the rear foot to the heel of the.front‘(left)\foot.

/ .
L . Q

Body Segment Parameters . -
\ It is of critical importance’ in biomechanical research

~

to - have accurate estimates of the relative weights of the
“ \

-~ 9

. segments being analyzed, asﬁtheéé;lalues\are used both in

"“the segmental‘analxsi¥, as well as in the determination of

T T

the mass center using thesegmental method. There are

several séts of percentage weight data whlch amg@*ﬁ":

X} 2 [

.

use 1n blomecnanlcs research’todii (Hlller 191J Ha i
ENEEE T



)

which are primarily derived from cadaver data. As ndted by
Plagenhoef(1973), the anatomical data presented by . ’
Dempste$(1955) has been: the most widely nsed, and

modifications of his data may be used to estimate body

pIOpOItlonS in the 11v1ng.»The accuracy of these estim
is therefore open to questlon, as the body proport1
"cadavers differ markedly from those of a muscular~ te-~
and the‘more‘muscular the\athlete, t he larger thejgm&%itude'
of error. Hay(1973) has reported tables of segmej,?l weights
vhlch llSt slightly different percentagee depending on the \
body bu1ld of the subject, put since these estlmates were
torlglnally calculated from eguatlons calculated from cadaVer
data, they are still open to questlon; wldule(1976) has
inpted that although the accuracy of these percentage values-
gls questloﬂable,partlcularly 1n the appllcatlon to females
and children}\relatively ciose approrimatlons of segmental

mass can\be obtained and, values can be ad}usted according to

what is knoun about the masc dlstrlbutlon of 1nd1¢%duals of

-
i

different somatotype, sex, and age. . o

The most recent uork in the area of estlmatlng body \"
segemnt parameters is reported in a publication called

'Humanscale' publlshed by the MIT press ?nd complled by

letrlent Tilley and Barday]y (197&) Eiﬁge t hese.

parameters were determlned ‘from a large nugber of live

\

~subjects and are llkely the most accura%e presently

‘f‘V‘

3 avallable, théoerVere the segment Helghts and inertia

Yac;ors used'ln the prepeqt study. This pubY1Catlon/1ncludes
SN . / : s . \ . .

o N " . N
v -~ -
. ~~ [,\/ o - ’ ’
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. ol
1ocation Qflthe centers of gravity/for each of the segments,

and estimates of tbe”gegment 1enq hs fOL each of the

.

segments for subﬂectb of three b¥zeq- large, medium, and
small. Thlb publlcatﬁéu also\lncluﬁed all the above \

'gparameteii calculated for females, Which was unique for a
,‘ ! N N . / .
Cpublication in this area. The calculated segment masses and

calculated weights are reported in Table TI.

N . \ R "
The moment of inertia is the resistance of a body to
A * /r y

!

rotation (rotary motion). Thq/moment of inertia of the mass-*

N

of a body with respect to an& axis is the sum of the

pr&dutts of each element of'mass and the squdre-of it's
. o ’ o4y

distance from the axis.- Various methods have beenxused to

determine moment of 1nertla values ‘of the body and body

segments, 1nclud1ng pendular methods, quick releasg methoé,

!

volumetric determination, and throughi the use of'physical*

. models (Widq}e, 1976). C . . . J

\
Since the noment of 1nert1a oﬁ\q 11v1ng\%od§ Segment

cannot be determined dlrectly (Plagenpoef,1913:1§6), an

alternate‘technique is_.needed to célculate this parameter,

TEe met hod used in this study was that propOSed by ﬂlller.
and Nelson(1973) whereby the radl’ of ggratlon are

calculated from the moments of-inertia determfmed from

\cad§ver studies. Miller and Nelson (1973:98) quoted-Fi§cner

? : ! N A Y]
whggithey stated that the radius of gyration for the greater
extremitiesiwith“resp ct to-all axes passing through the
Ly ’ h \ " v
.~ . mass center and perpendicular’to the 10ng axis of the limb

vas three tenthb of the segaent lenq'h. The formula for = .
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o . ' fwo s \ v
calculation of the segment moments of inertia then becanme:
- Cle - '

-

. :' . :“‘._; ) : , H'».
Ing*Kﬁfﬁsﬁ(.B*L)f*2

-
’ “

where

s Ig=Moment of Inertia of thé, segment about G
g , UM

s T : S L .

M=Mass -of Segment

P

K=Radius of Gyratidi a S
L=Length of the Segment ~ ) ' 1 “ﬂ

G=Mass Center

The moments of“inertia around G (the mass center) of;
the segménts are reported in Table I. These are compérableu
to those rgportéd-by widﬁle(1976), although they are Iabger‘
due to the'larger,size of:these subjgcts.’The'measures
calculated by Widple'were derive@;from the data of éight
cadavers, all of whiéh were much below normal size and
weight.lPlagenhoef(1971)‘also cglculated the moments of
inertia of the segments around §xes péssing through the'
proximal and distal enés of the particular segmentsf—these
wére calculated from Dempster'é~data (1955) on cadaﬁer
moments of inertia. ngévef,‘miller and Nelssn (1973:99)
have noted that although?these methods can provide estimates

of masses and moments of inertia, they will always be
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\ ‘ "
somouhat inaccurate because they were derived from adult Y

male cadavers. These 1naccurac1es may be magnlfled uhen the

» V' a

populations.differ in age, sex,,race,fetc. However, since

. \ - L N .
these estimates were the best available, these were used in
e : o ;o S .

the calculation of subsequehtjhinetic parameters in the .

present study. | , ”f‘ R o2

»
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(around proximal end, where

L

|
I
I
1

=1 (cg) +{M*xDk*2)

) &

| Upper Arm Segment | | [
i- | 1 | |
Lo | I A | |
subject | DS | BL [t sw { ¢H {
. | ' | | - |
Total Mass { 106,6 1 J4.84 | 72.5?1 1 89.36 |
(kg.) . N | 1 | | I
. Segment Mass I 3.3 \ 3.0 { 3.0 ] 3.3 |
(%.gotal Body) | . { - | |
_Segment Mass 1 3.52 | 2.24 1 2.8 | 2. 95 |
_ (kge) l { . | : | . |
Segmnent Welght i 34,54 | | 21.98.’| 21.39 | 2B.95 |
(W= M*G) (Newtons) | | ( ' i N
Segment Ler\gth | <39 P .33 I .31 | 34.5. 1.
(cm.) [ i 1 1 p—
letancé to G of G, .170 | .144 1 135 i <150 {
(43. 6% from Prox d) o ~ 1 o | .
Moment of Inertia Lous82 i .0219 | .0188 i. 0316 |
(around G, where I= M*K**2 and K— 3*L) | 1 {
‘ ' | | l |
Moment of Inertial .1U99’ (- .0683 1 .0585 t+ .0879 |
(around proximal end, wherelI=I(cqg) +| *D*k*2) | {
| i - i |
L M2 L A —3
r g f><l\ T T g
| Lower Arm Segment | { |
{ PN ~ { |
| : | : | i
Segment Mass . { 1.9 | 1.6 1 1.6 { 1. 9 (
(% Total Body) l N P | N I ' !
Segment Mass | 2.02 (. 1.197 | 1. 1€ | 1. 69 &}
(kg.) | | ) P | {
Segment Weight i 19.82 | T1.75 | 11.38 | 16.58 |
(W=M*G) (Newtons) | { | . { o
Segment Length | 29 . .28 i <27 i 29.5 .|
(cm.) ( {. | | e
Distance to C of G 125 | . 120 { .116 | _.127 {
(43.0% from Prox end) | | | , §
Moment. of Inertia| .0152 | L0084 | .0076 | L0132 |
(around G, where I= M*K**Z 'and K=.3%L) | { |
(units:kg/m**2) { | i l
' { e | S i
Moment of Inertial .0u67 .0256 | 0232 | .0404 |
- {
| |
5 4
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TABLE 1. Subject Data{forTKlnetlc—Analy51s—(cont d) ———
Hand an Segment, \

- | N |

\ ! I o

v | (Ball Mass=.185kg.) |

(around prox1mal end, wherell= I(cg) +|M*D**2)
| | |

l
|
t
|
|
|
|
|
i
1
|
| -
l Ca
i
|
|
I
|
|
|
N
—d

{
I
. : |
©, Segqment Mass | «65. | .50 I .50 | .878
(% Total Bzdy) | | i N |
Segment Ma | .878 { .559 | .HUg | 765
(kg.) - | . ‘ | v
~ Segment Weight | Be.62 | S.49 -1 5.39 i 7.951
| (W=M*G)  (Newtons) | { | |
. Segment Length I 20.5 } 18.5 I 19.0- -t 19.5
- (Actual Segment Length in cm.) . {
Distance to C of G...057 | 0518 | 053 | .055
(28.0% from Prox end) { i o
Moment of Inertia} .00332 | 00172 | .00178 | - .Q0261
(around G, where I= M*K**2 and K=,3%L) | ' i
(Units:kg/m**Z) | i | i
| 1 | o
woment of Inertia] .00617 { .00322 | .00332 1> .00492
|
|
L.

.Grouna Reaction 'Forces

To calculate the ground téactipn»forces, the whole body
of . the s;bject wasgconsidered‘to beﬁa single‘rigid body wifh.
the mass concentrated ét the mass éenter. The position of
tﬁe mass center wag.célCulated by: digitizing the segmental
'endpoints fér each of the body segments, calculatiné the
ﬁass center of eachvof.the segments; and utilizing the
sogmental method of determination of the body-ﬁass center.
The actual calcuiatlons Were carried out by a computer-
program written ex pressly for the purpose af calculating and

graphing’the mass center. For the top two pitchers,' the

tox
position of the mass center in each frame analyzed was
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,determined by uée/pizz;Z;mass‘center program (Bates,1974).

‘The displacenments betweén‘sucessive‘frames in the X and ¥
o y \

¥4 .

directions could then be calculatead, and from this
di splacement dlata the velocities and accelerations of the
. { . ! B
mass center throughout the pitch could be determined. TheSe

~

vkinematic;paraméters\yere calculated by use of a progranm
vgittennby the author, in Hhich £he raw dksplacement values
-were read in to the IMSilcuﬁic spline smbothi%g program.
These displaceﬁent values were tpen smoothed and the
accelerétion values were éalculated; ﬁsing fhe‘principle of
NeﬁtOn's second 1aw;'thé applied forces are equal to the
mass times the acceleraéiqn,of that/mass, so that the
thizohtal ahd‘verficai grouhd reaction forces could be
calculated from the acceleratibns of the mass center: The
equatiohs.used in this caleulation are found in Apbendix C.
As vellras thé calculated ground reaction fofcés, thé
appliéd ground reactidn forces were recorded by the force
platform connected to the Honmeywell visiqorder. These forces
lwefe :ep;QSented by a paper tape&tracing of the forces
exerted on the force platform in the X and Y directioﬁ{
These two independent methods of determination.of ground‘
forces were compared qualiti{ively by visual inspection. It
was not possible to gquantify accurately the mégnitudes 6f
khe forces measured from the force plate, since these
tracings were not accurately calibrafed:‘rhis technique
provided an estimate of ‘the accurééy of the data calculated

l i
from the film coordinates and especially provided a check on
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tne vertical and horizontal accelerations of the mass

center, which are often subject to considerable error.

v

Angular Kinematics'’

The angular motions of the pitcning arm were analyzed.g
from }he beginning of the delivery, to a poéint 5 frames‘(.10r
sec) after release.‘To ensure a cons@aht point of analysis

» P .
for edch of the. elght pltches analyzed the release frame

vas assumed to be zero, and the fllm was .reversed to a

positipn 40 frdmes prior- to release, From“thls’p01nt in the

dellvery, the four segmental endp01nts of the arm‘were

!

d1q1tlzed for every second frame through release of the ball

and for five frames- afterward. Because the frame rate was -

calculated to be exactly 100:fps, this represented a tinme

interval of .02s bétween frames analyzed. A computer program

=3

was written for the HP 9825 which accepted as input the
digitized segmental\endpoints, and calculated the angular

~poslt10ns (segmental lncllnatlons) for each of the three

18

segments‘of the arm, for each of the 25 positions analyzed;

All p051t10ns calculated were measured from. the rlght

- horizontal in degrees, and each- p051t10n in degrees vas

‘changed to radlans wlthln the computer program. ,

Slnce the greatest rise in &he velocity of the upper
arm Sedgment occurs just after the high point of the
backswing isﬂreachedf'the pifchfng arm was analyzed in.

d?tail from this point; The four SEgmentaliendpoints of tihe

\
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arm were then digitized a'second time, such that the film

was reversed to a p051t10n 2-£Rames prior to release. From
. r .

thlS p01nt, everY,fram%:? L zed through release and

\\\\\ - These angular p051tfons for each of the three segments

.

|
e then read into\the Ahmdal 460V/6 computer, in which theJ/1

lire data. smoothlng programs were stored. These

AN A

angular dlsplacements were" then smoothed by the IMSL cubic
AN

1Spllne program called ICSSCU;\@hlch smooths'the angluar
\dléplacement data.to reduce the\@ffects of ‘random errorsrin
the data. Thls cubic spline\preggam hae been used -

extensively in biemechanics\fFéearph,'and is the\program

.

recommended for data of this type'(Mclahghlin et al., 1977;
. \ :
Zernicke'et al., 1975). From this smoothed displacement

data, the angular velocities and accelerations were

calculated for each of the segments for each of the ‘frames
analyzed. The computer program written by the author to

anal*ze these angular motions is reported 1n‘lppend1x E The

angular displacement, ve1001ty, and acceleratlon‘data was

then graphed for each of the'pitehes analyzed . The angular
dieplacemeﬁts for:eac of- the segmente %ere plottea on‘the
same graph againét time'so that theselangular klnematic
parameters could be~cempared, and this-was also done for the

{

| Ce e o
angular. velocity and acceleration values,
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Linear Kiwmematics ' : '

W’ - The exact frame rate wWas determined by counting the <

“ n&mber of frames_between the flashds of the timing:light on

the edge of the film. The onversion factor for chahging

‘film dlstances into real llfe dlstanLes was calculated by
4

use of a r®ference marker of known length in the fiel}d. From

the coordlnates of _the upper llmb 301nts and sgﬁyenta_\

“h":?l ‘WL “""' lf&
centers Qaf grav1ty, klnematlc parameters” ‘lculated for.

) A . | “ , " -:‘._.
2} e S : . i v . ) ;_* .
each of’these points. ., : s \
. . _ ! " R -'

*

‘The linear kinematics of the pitching arm were

calculated from the film data dlgltlzed separately of the(u

Segmental endp01nts of the arnm, and from the angular
. ' b .
displacement calculatlons. The shoulder joint displacements

v :

were smoothed\using the cubic spline program described

earlier, and the shoulder linear velocities and

accelerations were calculated from this data.

1

The same computer program which was used to calculate

the angular klnematlcs ‘was expanded to carry out the linear

.

klnematlc calculatlons. The llnear ve1001t1es and

. -

acceleratlons of the shouldeﬁ, elbow, wrist and findertips
\ \

were determined for each’ of the 25 frames analyzed, for each
| of the bltches. The kinematic analy51s of each of the
segments of the arm was \carried out using the method
descrlbed by Youm(1977a,1977b) and/ﬁgarbon(1963). This
method consisted of using vector eduations to solve forlthe

linear velocities and accelerations, once the angular

kinematic parameters have been calculated. These equations
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have b?en\reported by.Youm (1977a,1977b) . The relative

Velocity'og a point at the end of a rota£ing séx@éﬁt is‘
 e§uaﬂ to the vectot‘product of the angular velocity of the
fegment and the position‘vector’of the segment, or, V = w ;
r whgfe.v = the linear.veloéity‘of fhe*point, T = the
position vector relative to the fixed endpoint of fhe
Msegment} and w = tHe angular\ve}ocityiqfvthe segmeht. The
absolute linear velocity of a pgint is éﬁpal to the vector
Aum of the absoiute velocity of the ?roximal endpdin# and
thé cal;ulated relative lineér velocity., For example, .the
velocity of thé elbow joint is calculated as the vector sum

of the velocity of the shoulder joint, and the cross product
of the anqular velocity of the upper arm segment and the
vectors_describing its' axis. Similarly, the’acceleration of

fhe shéulde

joint is calculated as the vector sum of the
tdpqential acceleration (the:veCtor product of the angular
acceiegation of the segment and it's position vector), and
the normal acceleration‘(the Cross prodqct ofjthe angular
velocity and the croég product of.the‘positiOn‘vector‘and
the angular velocity of the §egment)(v X (v x 1)). Azdiagram
of the segments and these formulas may be found in Appendix

C.

| o)

Single Plane Kinetics

v ;
The kinetic segmental linear and angular accelerations

and the mass parameter estimates of the.body segments were

o
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<incorporated into kinetic eédations“of motion for a-
'mathematlcal m del of the arm, as described by

zernicke (1977) . The arm was modelled as a three-link rigid
body systen consisting of the upper arm Segment, the\lower
;rm»ségménf, and the hand and ball‘se?ment. A free body
_diag;am of'fhese‘segménts are feported in appendix. D. The
ségments were assumed'td be connected by hinge jointé.and '
frictioﬁ at tﬂe joints was assumed ta beinégligible (Jensen,
1974) . The for;As énd moments of force at each}joinf wére
. calculated from fhe equations of Newtomnian rigid;body.
dynam1CS. The general equatLOns of motion con51sted of two
force equatlons; Fx—M*Accx and Fy= M*Accy, and one Moment of
force equatlon, M=Iz*Alphaz (Merlam,197§ 2u0). For each .
- L A—
'rigid body, the sunm of the forces} either horizontal (Fx) or
vertical (Fy), was equivalent tohthé product of the segment
mass(m) and the corresponding hgrizontal or vertiéal_ \
acceleration of the mass centet of that segment. Similarly,
athe sﬁm»ofithe moments of force ﬂMz) perpendibular to the
plane of the motion was equal to‘the product of thé
- segment's angular acceleration and the-appropriate mass
moment of inertia at the segment's center of mass (Zernicke,
1977:180) . » _ - 0
‘Equations were deyelqped to determine the magnitudes of
the moﬁents;of\force at the three jointé of the upper
extremity. These equations were modelled after thése of

Dillman (1970) in which the muscle forces acting on each of

the segments to provide movement at the joints were replaced
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.by an equivalent force at the joint and a couple causing
rotation at the joint. These free body diagrams and
equatlons were reported by Miller and Nelsop (1973) It was
therefore possible to determlne the resultant 301nq torques
at each joint, and to estlmate‘thelr magnitudes and
directions. The diagrams and eghations used in the bresenr
study to calculate these kinetic parameters are reporred in
Appendix E. These joint torques are believed by many
biomechanics researchers (Ariel,197u;.Plagenhoef, 1971) to

be an' indication of the most important muscle groub acting

“at 4 particular lnstant in the performance of a skill.

™
Dillman (1970) has conducted an exten51ve study of\the ‘\\
magnitudes of these joint torques and their effects on

1

movements during a performance. .

Y

Three Dimensional Analysis

7/ | | |

'To determine the locations of the points of interest of
the throulng arm- in three space, it wvas necessary to
dlgltlze these points: for the sixty frames of interest from

the film from both of the cameras. The film was analyzed

-frame-by-frame, so that for each frame twenty two points

were dlgltlzed using the HP dlgltlZlng board. These points
lqcluded the segmental*endp01Lts of each of the body
segments, as well as a reference point in each frame, and
the center of the ball. These points were read.into th HP

9825 calculator, and stored on HP cassette tapes one frame
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at a time. This procedure was carried out for one complete

3

pitch for each o thg four suhjects. Since one complete
pitch normally o curfed ip sixty frames, and the pitch was
filmed from two Jcameras, each pitch reQuired’oneipundred and.
;twénty frames of digitized data. This;data stored on
casSetté.tapes vas £hen read into the Ahmdal 460V/6 computer .
bf means of th interfacé with the HP 9825 and thg o
accompanying %kdg;ams described eatlier;

The_singie most critical‘problem to be solved in tﬁis
analysis was éhat of the synchrbn{éation of the film frames
of each pitch. Although the ca&eras were both started at the
same tiﬁe; and the frame rate wé$ the same for eéch camera,
the film was| in a slightly different posig;on in the camera
for each pitich. This caused. the film data‘to be slightly out

of phase, and so produced some inaccuracies in the spatial

coordinates. However, the films were synchronized by a

fr:zjfby:f ame analysis by the author, in ﬁhich the frames

o$ rring at the same time (ie. containing a light flash

from the tfimer), were marked with.a marking één. During the

digitizing process, these frames were carefully synchronized
) .;H

by numbering .thenm consecutively for storage. T

the three-dimensional analysis program was. based
‘on the aclcuracy of the digitized data, it was then necessary

to corredt each of the digitized points for a common
- ‘
points A Fortran program was Written by the author
\ ‘
to perform these corrections on each of the data points. The

referenc

digitized pointsifrom each of the cameras were then read in



to a three dimensional analysis program written by Van\
Gheluve (1977), which was subsequently adapted by the author
to run .on the University of Alberta computer system. This
program accepted as input the digitiiud points from each ot
the cameras, and from these poinfs the spatial coordinates

of each of these points are calculated. The program was

{

.,

AN

based on the detegmination of the location of each of the
%ameras”ih spa&g by their positions in relation to the
_'tree', or set oé\brthoqonal axes described earlier. This
tree was filmed by each of the cameras for each of the
subjects, and twenty—-two points were di&itized from the tree.
from each of the camera views. For a detailed description of
this program, see Appendix B.’
A .
Using this program, then, the spatiél coordinates og
*Fhe four segmental endpoints of the pitching arm, as well as
the center of “the ball, 'were detérmined.~Each of these

KN

S

points- then had a set.oé X,Y, and Z values for each of the
frames digitized. From these X,¥, gnd Z values it was then
p?SSible to calculate the displacement, velocity, and
acceleration values in each of‘these three directions . A
computer program was Q;itfen“by the.author to &alculafe
these Smoothed valueé.using the IM§i cubic spline routine.
The calculated linear véloéity values for each of the X,Y,
and 7z directions were then graphed agaiﬁst time, and
compared to the previoﬁsly,calculatgd.X and Y values. The
graph of the Z yeloéity values were of pafticular interest

to determine the relative magnitude of these in comparison
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;
to those in the X-Y -plane.

¢

Three Dimen§ioﬁal Angular Velocities

The angular motions of inferest in this section of thé
qnalysis were primarily those motions'occqfring arogpnd the .
Iongitudinal axes of the arm sggments. No previou; studies
were located in vhich these rotations were estimated by

, «

vectolr analysis methods in a vigorous, high speed activity.
Gowit zke and Waddellk1977) attémpted to determine the
magnitudes of'fofearm and,upper'arm rotations in the

badminton overhead clear by measuring the displacement of a

8

tape strip filmed cn the arm segments., However, this method
is open to question because of the assumptions made that the
movemeﬁt of the tape marker is like the Qovement on the arc
of a circle. Also the radius of the circle(tﬁe arm segmept)

may only be roughly estimated.

The present analysis was carried out on the lover arm
segment motions during the pitch of two of the subjects. In
order to cplculate‘the magnitude of”the angular vélocity of
this segment in relation to the major reference system, it
was necessary to determine the X,Y, and Z coordinates of
three non-céliinear points on this segment through the

desired range cf movement. These points were designated as:

the joi%t marker on the lateral aspect of the elbcw joint,

and the joint markers on the medial and the lateral sides of

the wrist joints. These three points on the lower arm

1
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segment, as well as ﬁhe shoulder joint and the tip of the
third finger were digitized for each subject for the eight
frames ﬁuring release of the ball, from each of the two

: I \
cameras. These five points from-each of the films were then

input into the three-dimensional analysis‘program, and the
X,Y, and Z coordinates of-each of the points were then
determined. | / ﬁ

Since the positions of each of these points over this
eight frames was now available, the displacements,
yeldcities and accelerations of each of the’points were theﬂ

-

calculated. These calculations were carried out by a

ey
5 ot

computer prograﬁ written by the author, in which each of
the X,Y and Z‘coordinates vere read into the IMéL Smobph;ng
program and the required velocities were produced aé output.
These linear velocities were thén farther utilized to »
calculates the magnitude of the total angular velocity of
this segment in relation to the original X,Y,'and 7 axes.
The equétions used to detérmine these paraméfers are
reported in Appendix'D.

'In order to calﬁulate the angular velocgities of the
lower arm‘segment around a set of axes passing through the
actual segment, it was then necessary to define this set of
axes. The posigion vectors definihg this set of ax?s were
determined by use of the spatial coordinates‘of the other
segmental endpoints digitized in this analysis (Appendix
D.). Since the total angular velocity components were

determined, and the position vectors were then defined, it

£ ) /\K\>
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“Mwas then p0551ble to define three equatlons in three
unknowns for the scalar product of tHESe comporents. The
solutlons for these three equations contalned the three
angular veloc1ty components for the lower arm segment
(Appendix D). A camputer program was written by the author
‘in which the above calculations were carried out from the
X, Y, and Z input data. The output consisted of the solutiomsiwj
to the three equations,'whicﬁ'were the-angué9r‘velocity
estimates. Although i; the present study the_Calculations
were carried out for only one of the arm segments, this |

method made it pos51ble to determine the magnltudes of these

rotations for any of the body segments.

Ca
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CHAPTER IV

Results and‘Discussion' ‘

Thé\resqlts of the analysis of the windmill pifch'iﬁ
softball'arq’subdivfded into the following general ‘topics:
1. Introduction to inalysis of’Results |
2. Individual Subject Data ,

3; Description of the Pitching Motion
4. Ball Vgldcities,
&, Ground ﬁeacfion'Forces
Y Adgulér Kinematics
7. Linéar Kinematics
8. Linear and Angular Kinetics
.‘9. Three Dimensional Analysis |
10. Three Dimensional Angular Velocities
. :
Tntroduction to Analysis of Results

The analysis of human pegformance from a quanfitative,
mechanical péint o0f view is subject to certain inaccuracies
due to unavoidable assumptions in thevmodelling of the
mavement. The body is Essume& to be an assemblage of rigid

segmants, which 1is ODV1ously not the case .since these

segements are constantly changlnq due to tissue

deforma;ions, blood movement, and changing concentrations of,

substances in the tissues. The joints are assumed to be
simple pinned joints which allow movement in only one plane,
when in fact thTre are movements occurring in all three

planes in the jéints of the upper extremity. The masses and

99

/

/
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moments of-inertia of the body segments are estimated from
other séudies, ih.yhich thesé measqrements(are determined
from cadaver. data, or.from avéfageg determined from dvlarge
number of subjects. Movement teqhnique; are vefy individual,
aﬁ@'depend on such cha;acteristiés of the’performer“as'
sﬁéed,ﬂstrength, body build, and témberament..Therefote, any
attempt to describe the characterist&cs of a movement in
guantitative'terms is subject to a bertain ambﬁnf of egrpt;
‘However, studies og this type will help us to a gregfef |
understanding of the kinetic and kinematic pérameters
}involVéd'in skilled performance, .and in ‘that way provide
greater insight to teachers' and coaches of these skillé.
- : s
Although many experimenters are engaged in the
applications of claésiéal mechanics to hhman movement, the
- many egiimated parameters make these étudies inéccurafe in
many cases (Ayoub,1974). It is often not possible to explain -
all the qﬁantitative numeriéal results on the basis of
vefficient mechanics. Ndbar'and Contini (1961) have postulated
what they h;ve called the 'minimal principleﬁ, such that
R i

only as much muscle force as is necessary to provide for the
efficient movement of theﬁbody part is applied. Howe ver,
this thebry haS'not’been verified by the results of studies
which Nave examined the magnitudes of such forces at the

\

joints. .
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The anthropometric and personal data of each of the

subjects is summarized in Table II. There

-
-

TABLE II.—INDIVIDUAL—SUBJECT-DATA

was a wide range

“*\\\\‘—;//

\

CH

-
y .
et e G —— SETR  amm R Su st e tmtme G e S s e i GS s At i S S — ——
N .

-
. - (. , {
SUBJECT | DS |  BL, | SW {
. ' i - | f .
: | | I |
- SEX | MALE { FEMALE { FEMALE | MALE
| ' i o {
PAEAMETER i | | {
| : P i (.
AGE | 38 32 1 19 || 23
o : | _ | - {
HEIGHT (CM.) | 193.0 { 177.8 | 175.3 { 185.4
. | N : | |
WEIGHT (KG.) { 106.6 | 7u.84 | 72,57 | 89.36
UPPER ARM LENGTH | 38. { 33. {31, { 34.5°
(cH.) | | [ o 1 ‘
BICEPS DIAMETER | | | | 5
(CM.) (RELAXED) | " 37. { 28. I 29.5 | 35. !
(FLEXED) - | uo. |  29.5 | 32. | 38.5
| ’ ” | . | e | !
LOWER ARM LENGTH | 29.- | 28. I 27. Tl 29.5
(CM2) i | I |
WRIST DIAMETER | 21. i 16.5 1 6. { 18.5
(cM.) . I [ L |
HAND LENGTH.(CM.) | 20.% { 18.5 1 19. i 19.5
- [ [ _ o
HAND SPAN(CM.) | 26. | 20. {1 19. | 23.
T B T [ 4 1 L l~

IS

of ages in the four subjects tested, from
) 7

female at 19- years, to the oldest male at

the youngest

38 years. It is

‘notable that these two sifjécts at the extremes of age were

-

judged to be -the two most highly skilled of the pifchers

tested. It is dlso notable that many of the anthropometric

N
T
o S
- ,
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. measures are much larger than those for the average person,

as reported in the, _tables of the most recent anthropometrlcD

\

data avallable. (lefrlent 197u) The average helght for a

N . .
large-framed male was estimated (from the tables) to be 188“\

cm,>whrle Subject‘DS was 193.0 cm tall. The average height
reported for a }arge—framed female was 174 cm, while Subject
BL| was 177. 8 cm ta\T The average weight for a large male
was estlmated at 87.1 kg, while Subject DS welghed 106. 6 kg;

the female tested was lsg.con51derably heavier than the

vﬁ:“' RN
R o9

normal for a large gerson. Sdnce all of the subjects teSteg-
: X ?‘},"{4‘ .
Were above the 90th percentile in terms of their height and

weight compared to. the average person, this .may 1ndﬂ cate
that a preregu151te for successful pltchlng in the game of

softball is size. \

The individual anthropometrlc measurements of the ppper
extremlty of the subjects vere also well above the aver ge
measures publlshed as belng those of a large person (Table
IT). For example, the upper arm length of a large male w;s
estimated at 30.2 cm: (lefrlent 1974), whlle the present

ubject DS had a measured upper arm length of 38 ‘cm.

Si@llarly, the average fleied biceps dlameter for a large

.’maré)was reported to be 35.8 cm, while that of DS was

\ ; ) N ‘\ .
measured to be 40.0 cm. The largest subject in the present

‘st' ¥y was found to be up to 25 per cent 1arger than the

-/kargest subject reported in current literature, and this

(/ dlfference vas apparent in both the male and female

1 <
\
3

“\

‘ N\ . .
subjects. These results possibly suggest. that highly skilled

A
7
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softball pltchers are generally much. larger than the avergge
pérson, and that in order to bﬁ a successful pitcher the
1nd1v1dual should posess %hls exceptional 51ze..

The subjects chosen for the present study were the most
highly skilled avallable to the 1nvest1gator at the time of
the_study, and the summarles of their s?ftball experlencés
qiil verify this conclusion. The, summaries are 1ncluded in
Appendig D, page . mll subjects had had at least sone - “
nationalaeprsure,.gelng 1nvolved in some level of National »
Championships. Thé most highly skilled male subject had led
his tean\to;the WesternFCanaddan\Men's Fastball Laagqe
Championship last year(1977f. The‘mosg highly skilled female
had led the Alberta prbvdnciél‘meam to a thirdelace finish
at the Canada*Summer Games/;n Newfoundland in 1977. Al£hongh‘f
the otheﬂ two pitchers vere not actlvely involved 1n fA'_
1evellsoftball in the past year, both had some experlence at
thisﬁlevel in their careers. | SRR )
Descrlptlon of the ‘Pitching Motion

‘The fllm of the four highly skilled subjectsqzas viewed
numerous times by the present investigator, and the\
following descriptidn renresents the skill as it was
" performed by at least_thfee of the“subjects.}séquence‘
Photographs taken dlrectly from the fllm of sub]ects 1 and 2
are found in Flgures 1 and 2. The t¢tal motlon of the
windmill pitch takes only .4 to .5 second to perform, from

the presentation position whlch signals the start of the

pitch, to the time the ball actually leavos’!%e hand of the.
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"pitcher. The tempofal characteristics of the softball pitch

are reported in Table III. The time reported for each pitch

L]

Table III Strlde Length and Temporal Characteristics of

it
£
e

BS to Release (S)

\ ' Pltchers
~ Subject r——DS +——BL r——S¥ +—CM \
' [ . { { | |
\\déi\ Average Stride 1 1.019 | 1.102 | 1.196 |  1.50 {
Length (Metres) i | o | . i
% of Height I 52.79 | 61{97 { 68.22 | 80.90 |
| i { - ]
Time for Complete] .55 { .69 | .56 | .Sb )
Pitch (Sec) | ’ l ' " ' { {
; 1 { \ | { . {
Time to Top of" | 40 { «52 A 241 ! .45 |
 Backswing (S) | | - | . i i
Time from Top of | .15 { .16 | .15 | .15, i
| l | o - l
| | i 1 i
VL A 1 ,l” —d

.

| .
was taken as the time from the.end of the presentation phase
of the pitch to. the point at which the ball is released. It
should be noted that this time was affected by extraneoﬁs
motions of the pitcher following separatlon of the hands.
For example, Subject BL moved her pitching-arm backward
after separation, and this motion accounted for the longer
period of time taken by this subject in the actual delivery
of the ball. Otherwise, the average time taken for the
pltcher to deliver the ball to the batter was between .50
and .60 seconds, which was a relatlvely short time to impart
such a 1ange velocity to the ball. The time taken for the

actual downswing of the pitchinJ arm prior to delivery was

\ B
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approximately .75 seconds,-which indicates\thatvthe majority
of the forceful muscle act1v1ty.of the pltching arm occurs
in this short tf%e perlod.w

’ The presentation p051t10n 'is one in which the pltcher

nust stand motlonless Hlth both feet in contact ‘with the

pitcher's board, with the ball held Hlth both hands in fronr

"~ of the pitcher. This positio must be held for at least two,;J

seconds prlor to the beglnnl g of the pltch according to ;;
the OfflClal Rules (1978: 13).\Thls pOSlthn is- 111ustrated.1n
Figures' 1A and 2A. From this p051t10n, twoumomements occur

51multaneously. the hands separate and the arm is flexed at‘
the shoulder to raise the ball in 11ne with a position

approx1mately opp051te the mldllne‘of the trunk. At the same

‘time, the left leg is ralsed and the pltcher commences to

step foé}dfd\Bhtb this foot. Thus these two fovements are

~

occurring simultaneously, and in a coordinated pattern as is

seen in taklng a normal walking step forward-—the right 'hip

and the left shoulder are both flex1ng and raising their

resbective limbs upward and forwvard from thelr startlng
positions. This pattern is also notable in that the angular
displacement of each of these limbs is occurring at the same
rate, so that thelr resﬁectlve angu;:r\yeloc1t1es are |
similar fqdfghe first part of the movement, The coordinated

pattern of movement such as this one described for these

highly skilled performers se€rve to illustrate the many

factors which comprise a high level performance. These

movements are illustrated in Figures 1A-G,2A-G. This pattern
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is likely facilitatedfﬁy the actipn of the crossed extensor
feflex,~in which the movement inxQné limb is accompaniéd by
increased tonus in the muscles of the contralateral limb.
Thus in this case the extensor muscles of the right dover
\‘ ‘ .

. . i /o ’
extremity are facilitated by increased tonus, along with the

‘extensors of the left upper extremity. In the contralateral
\ ’ . f ‘

1

linmbs, thé\gxpensor tone is inhibited, and thus flexor tone

i% facilitated. ' k \
As the right arm énq_the left 1eg\are moving.upward and

forward during this phasé of the aelivéry,‘the right hip,
knee and ankle ar%\being rapidly and forcefully exfendedAto‘wm
drive the body forward onto the left foot. Since it is
commonly accepted\that one of the characterigitcs of a
highly skilled pitcher is an extremely long step into the

fpitch, it‘was‘expected‘that the present‘performers all used
sueﬁ a step. The &easurements of the length of the Stfide
into the pitchﬂare reported in Table III, first as an
absolute length'aﬁa‘then as a percentage of the subject's
height. An eérlier study of a highly skilled 'softball
pitcher ‘Zollinger,1973) réported‘that the average stride
1ength was 68 per cént of the performer'skhé;ght, which was
very close to the findings in fhe présent s;udy. Spbjéctﬂsw
had a stride length of almost eiagfly that of the skilled
pitcher in the above study, while BL and DS had one somewhat
shsrter. Subject CM héd an‘exceptionally long stride length,

but this was due to the long hop which he took on his right

foot prior to placing his-left foot on the ground. As was '

9
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,stated earlier,'qlthough"this method may have some advantage
in imparting‘greeter forces to the ball, it is illegal
agcording to the rules ef the'gahe, and would likely be
called as an iilegal pitch in a game. The rule states
cieatly that "The pivdt‘foor'must remain in contact with the
pitcher's plate until the other footrwith vhich the“pitcher
steps toward home plate'has touche@ the ground
(CASA,1968:13)." 1 - 4 |

| Another important motion occurring during this step is
tﬁe rotation of the trunk laterally toward the‘side of the
pitchihé arm; As the pltchlng arm is being ralsed forward
ana upward, tpe trunk is rotating to the rlght, 0 that the
shoulder movementrwhich was originaily flexien, gecomes
abductioﬁ as the trunk twists (See Figure 1H-I,2H—I$. As,the
pitchingvarm reaches a position directly aboye t he shoulder,
the lef{ foot corntacts the ground. as thevstep forward is
coﬁpleted (See Figure 1H,2H). it is notable that the )
pitching arm remains relatively straight during this pagfﬁof‘
the motlon, malntalnlng an angle at the elew joint of
approxlmately 170 degrees. The ﬂrlst jOlnt also actually
maintains a relatiVely‘stabie p&sition throughout the
windup, but it appears to be undergoing ehanges due to fﬁe ﬁ
rotation occurrdng in-the upper arm and sheulder. When the
left foot.is firmly planted on the ground in a éosition
"directly in front“of the pitcher, the body -weight is shifted

onto +h1s foot: (See Flgure 11-K,2I-K). The foot is planted

so that the toe is p01nt1ng toward home plate, as this
. ,
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Figure 1. Sequence?hotographsﬁ\f subject 1. Y
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Figure 2. Sequence Photographs of Subject Z.
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posifion of lateral rotation of the left hip allows for a
full range oﬁ)med%al rotation of'the trunk around ‘his hip
during delifery. Although three of phe subjects in fhis
'study exhibited the above position of thé left foot, one of
tHe female performers placed this foot in a.pqsition at
ri;htﬁahgles to the direction of the pitch (See Figgge 21-“
K) . It is notable that this position did in fact restﬁﬁct
»the\trunk rofationvof this subject, who then exhibited
little trunk rotation.during delivery of the'ball.

From this position wigh'the arn disectly overhead and
the weight being taken on ‘the left foot, the shoulder is now

\ S ,
forcefully adducted and flexed to bring the ball around to

the position of release. As the a;m is moving forward and
downward, the tfunk is also underéoing rotatisﬁ to fhe
left-- this rotation consiéts of medial rotation of the left
hip, as well as spinal rotati&n to the 1eft. As the arm i;>
moving downward, the‘disfal segments are trailing the .
proirﬁal segments--the upper arm segment is leading the
‘motion, followed by the, lower arm, and the hand-and-ball
segment is trailing (See Figure 1I-J). This alignment is.
mairtained up to :0“ seconds before release, at which tinme
the lower arm, and fthen the hand pass the upper arm segment
(in terms of their angular positions from the right

horizontal). The exact timing of the alignment of the arm

Segments duriné re lease will be described in a later section

S —

(See Figure J‘L,2JfL)--

Probably the most nctable movement occurring in the V4
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upper limb duriné the softball pitch is the rotation of fhe
forearum, aécempaniedbby some rotation of'the upper arm
segment. The jOlnt movement of 1mportance consists of
forceful and rapid pronation of the forearm, beglnnlng at a
point .03 second; prior to release of the ball (See Figure
1J—L,2J—L). This movement is undeubte&ly a major contributor

to the final velocity of the ball, accompanied by wrist

flexion which is likely the result of the rapid pronation

movement .rather than the concentrlc contractlon of the wrist

flexors. Zollinger (1973) has noted that "the wrist was
fully flexed at the release", which was also observed in
this study*altﬁough this wrist flexion movement by itself
may not be of major importance in Comtributing to the
velocity of thezball. |

The ball is released at a point approximately oppbsite

to the midline of the body, or in a position just after the

hand and ball pass the right leg (See Figure 1L,2M). At this

poihf in the pitch, the weight shifted completely onto the

left foot, and the back feot lost contact with the pitching
rubber. It is notable that although the rules ofigoﬁggall‘A

state (CASA,1978:13) that the pitcher must remain in contaet
with the, pitching mubber until the other foot with’which the
pitcher steps toward home plate has touched the ground, this
rule is often brokenvin practice. Of the subjects filmed in
the present study, three of the subjects managed to keep the

back foot in contact with the forceﬂﬁﬁate until the front

foot touched the ground.. One of the subjects was
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consistently over one meter in front of the rubber at the
_time of release--this style of pitching would a ost
certainly be called as an illegal pitch by the umpire in a

\

game situation. |

The pitching arm continues to flex %t the shoulder
joint after release of the ball, so that the follow-through
v\1s\completed with the hand in a p051t10n above the head (See
Figure 10). Although the follow-through has no direct effect
“on the path of the ball after the ball has 1eft the hand, a
long follow-through is de51rabl° to ensure that the pitchlng
hand ‘has. ot lost any veloeaty prior to release of the ball.
Also, u51ng 'a long range of movement thrgugh which to
decelerate the segments of the pitching arm will ensurg taat
the momentum of the arm is d1351pated gradually to help
prevent undue strain on the shoulder jeint. The pitcher
normally finishes in a position squarely facing the batter, .,
with the feet parallel so that‘he is able to field any balls
which may be hit directly back towafds hia. .

The pitching motion of each of the subjects ififufther‘
illustrated by computer-drawn plots. of each of the body
segments and the ball (See Figures 3,4). In the subsequent
Pigures, the subjects have‘been identified by number as ’
follows: Subject 1-Dale Smith; Subject 2—Suelwilcox; Subject
3-Bernice Lechner; Subject 4-Clint Marsﬁall. This system of
identification has been used throughout:the remainder of the

study. These plots were constructed from the d&gitized

segmental endpoints of the best pitch of Subject 1 and
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Table fy Ball Velocities of Pitched»Balls (Metres/second) .

FPitCh—1

> —2 ——3 +—U —5 ~ Average
{Subject | A | ~ I : I .
{DS 1 30.43 | 29.53 | 29.78 | 28.87 { 31.30. | 29.68
| R | { l - ) | \\‘\e
IBL |'24.u2 f 25.17 | 24.67 | 23.97 |\2u;06 | 24.46
| BT { | ) | | |
1SH’ { 2&.71 | 24.95 1 25.41 |\2u.95 | 24,70 | 24.94
| A | N (. o | ‘
{CM | 32.22 | 32.72 |732.11 | 32.88 | 32.38 | 32,46
N| 1 { | | | |
l‘v ‘A 1 i 1 1 ]

A

Subject 2, and ost cases'every second frame was plotted.'

Thus. these plo 'epresent tlme 1ntervals of .02 seconds

)
between-frames.<phe of the post important valueﬁ of plots of

_this type is to illustrate the consistency of the dlgltlzed
data. If the segmental'endpoints‘wepe Knaccurately or

N ) A ) '
inconsistently digitized,~the plots vould‘be erratic and

errors would be apparent. In the case;of the two plots‘

q“inc%uded here, no h}gh}y inaccurate points are visible on Lhe_
‘ plots. ) | |

Another illusﬂtation‘of ioterest in the softbali pitoh
is that of the path of the segmental endp01nts for the
pltChlng arm of each of these subjects (See Flgure 5, 6).\
'jThese flgures once agaln serve to 1llustrake the consistency

of the pathgef these endpoints for the highly skilled

pitchers in this study. The consisfency\of the point of

\ N \
} |

release for each of these subjects is also apparent from
these figures (1C,2B). As was noted from the sequence \
photographs reported earller, the pltchlng arm follows a

. AN
c1rculaq‘pathway throughout the wanup for this skill, with

J
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the velocity of the endpoiht on the limb being maximal at

release,

Ball Veloc1t1es - \
-. The veloc1t1es for tQF best five pltches ‘of each of the
four pitchers tested_are reported 1% Table IV, Although the
fastest:measured veloclities were produced by Subject cH,
.this‘shbsect was the o mentioneo,earlier as be}ng_at‘least
one meter off the rubber at the time of release; One of the
reasons for this 1llegal pltchlng style was that he started
w1th his left foot a good dlstance behind his right ftot on
the pitching rubber. He was then able to tgke a very long
step into the pltch, and his body had a very hlgh horlzontal
‘veloc1ty into the release. In addltlon, this subject used a
teohniqué known‘as the.'prow—hop', in which the right- foot
drives the body forCefuliy fromlthe rubber, tixes a short
'hop, and then lands,again some distance from the rubber,'and |
the pitching mqrion proceeds‘from this point. It is clear
that thlS technlque maY have some advantage in that the
velocity of the body is once agaln 1ncreased markedly, butw
it must'be rnoted that it 1s_1llegal. It is for‘thls reason
- that thelpitches of this Subject were not choseo for’tﬁe

1
1

most detailed analysis,\although if the criteri

n of maximum
velocity were used strictly\{or the chojeé of the most
effeotive pitches, his would be ¢

The nmeasured velocities of tﬁeeeiskilled pitchere were

/‘ N
seen-to be very consistént between pitches, and relatively

N
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consistent between the male and the female perfo?;e;§>\The
pitches of DS were among those chosen for the most detailed

§

analysis because |these pltCheS were closest to a legal pﬁtch

-

in a game $1tuat10n, as well as toose of SW aL these were.
the fastest of the female performers. - .\"-

One further point regardlng ball/yeﬂéizzles during the
pitch is the reletlonshlp between 4f11 veloc1ty and the
velocity of the hand at release of the ball. For all of: the
pitches tested, the'release velooity of the ball was found
to be up to four‘or_fife mete;s per second faster than the
vedocity of the hand at release. This pattern hlas been nored
earlier by Macmillan(1975) an HRoberts and Metcalfe(1968),
in studies of football kﬁéking. Both these investigators ~
found that the release veloc1ty of the ball was considerably
faster than the velocity of the foot at contactg Roberts and
Metcalfe (1968:317) stated: "Yhen cdntact isvgood the ball
speed is 5 to 7 M/s faster than the'footﬁ. This pafrerﬁ;may
be explained by the princigle of Frensfer of ﬁomentum,
wherebyjthe mass times velocityiof the hand and arm complex
is so much‘greater than thét of the bell'svmassltimes
veloc1ty, that 'the release velocitf of the ball after
contact is greater than that of the hand. }hls does pose
some interesting qoestions regarding tﬁe nature of|the
release of the‘beil by 'the pitcher, as it is possible that
the efficiency of this release may be a factor‘in the
efficiency of the transfer of momentum. More detailed

. S 4
analysis of this interaction is necessary before it is fully
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Ground Reaction Forces

are decreasing in magnitude, the upward forces are.

- ' 120

understood.

e

\

\ The graphs of the calculated and the measured ground
reaction. forces are shown in Figures 7 and ‘8. Since the
qeneral shape of these curves is very similar, 1t may be
concluded that the forces calculated from the mass center
displacement data are reasonably accurate estimates-of these
forces. The force curves,for Subject j (Figure 7) 1llustrate

iQat the peak X force is exerted prior to the peak Y forces,,

and that there is in fact llkely a summatlon effect of these
, | . N
two components of the ground reaction force. There is also a

‘perlod of OVerlap of these tvwo force curves seAP in both of
(. :

the representative curves, SO that while the dounward forces
‘ /
increasing. This occurs during the windup at the time that
the weight is bein ken onto the front foot, and the body
weight is actually moving downward onto this foot. At the

same time the X forces are reaching their peak, as the

pitchet is forcefully driving his body weight forward onto

this left leg. The peak Y force is reached very close to the
point of release of the. ball, and is 11kely caused by a very

forceﬁul extension of the joints of the right leg as ﬁhe
N - ¢

subject drives his body upward and forward into the pitch.

This- forceful hip, knee and ankle extension is also

accompanied by rapid and forceful rotation of the hody
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)
around the left hip (lateral .body rotation). These rapid leg

extension movements are accompanied by :h@ rapid shoulder
adduction and flexion:tall of which produce downward forces
whiich cause the peak at this point in the skill.

The force curves for Subject. 2 are quite different from
those produced for Subject 1,'indicating~that highly skilled
performers may be exerting their body forces in quite
different ways to produce a similar skilled performange
(?igure 85. The peak X forces are reached mach earlier in
the skill for this subject, and in faqt the X forces are
being exerted in a nega{iQé direction‘at the time of release
- of the ball for this subject. The Y.forcés are sémewhat
similar to those exhibited by Subject 1, aﬁd in fact the
peak of the Y ground reaction forces occurs ag almost
exactly the same instant in :he delivery for each .of tke
subjects. This‘point is approximately .04-.05 seconds prior
’to release of thé ball.

Although this is a very noticeable peak, a recent study

has indicated that a greater peék of ground reaction forces

is not necessarily better. Kermond and Konz(1978) studied

\

the force plate tracings of\é highly skilled football
kick?r, and they f.ound Fhat the vérfical force Eﬁak was
'signiﬁisantly inversely related to'the-predictedffick
dist;nce. They stated: "This implief thaf a greaier
predicted dist?nce is associated with a lesser ground force
reaction. In practical termé, a kicker should try to

maximize the force transfer to the ball and minimize the
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\

amo&nt of pushing down on the ground witﬁ the:suppoyt_leg.
It implies £ha§ fhe shpport leg ought to ‘caress' the ground
rather than *stomp' on it (1978:76)". Héwever, these authors
attempted no real‘explanation”for this phenomenon, and iﬁ
fact there are few expiana@ions to vefiéy this conclusibn.
It would seem more likel§ that a greater vertical force

_ - ,

component would produce a dgreater force against the ball.

More study is needed to examine this question.

Angulaf Kinematics |
Angular Displacements

The angular displacements éf each of the arm segments
igginsf time are shown in Figures 9,16,23}30,37 and the
Agmerical values ofythes msasurements are repdrted in
Appendix G, Raw Data Talfles. The angular displaceménts have
been ¢etermined by tw independent sets of\digitized data--
the first set of displacemehts were digitized‘frbm the
beginﬂing ot the windup (.40 secs) and ever{'secOnd frame
was aigitized through release and followthrough; aﬁd fha‘
. second. set of displacehents‘was digitized frcm a point atn
thé top of thé{backswing (« 20 secs) and evéry f;ame was
éigitized through release and'follow—through. The two sets
of data for each pitch then‘iﬁcluded: a larger overview of

the entire pitching motion, and a more detailed view of the

&

framééby-frame analysis of the motion of the segments

through release. There were therefore two separate sets of

14
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Resultant Moments at the Joints for Subject 1.
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displacement curyeS‘for the four pitches analyzed in detail,’

which Were differenthated by. the time scale along the
\\ 8

"abscissa., The marked151milarily \etween these curves for any,
.. . ’ LT . e

particular pitch was anuindication of the reliability of the

i

dmgitizing Jf the segmental endeints' and the 51milar1ty

between curves of different pltches\has an 1nd1cation of the
€

1milar1ty in technique between hlghly skilled performers.
us

Since t he- curves produced for each pitch uith different time

scales were SO Similar, only one set of these curves are'\

o
included here. Figures 9-16 ‘and Flgures 17-23 all represent

the_same pitch of subject 1, but digitized separately over a

i

different time scale.

e

The curves for each of these angular displacements ane

very similar for each of the pitches analyzed in that all

.'curves for each of the three segments exhibits an upward

v

\slopé indicating aukincreaslng anglé& when graphed against

%ime.'The wristrbeganlat'a lesser angle than the two

3

'prox1mal segments, which in this case was a 1arger'n%gative.

» ~

‘number—-all angles in this study were measured from the

.

fight horizontal; The two upper segments remained at almost_\

the same angle for the- first part of the wind up motion,

since the elbow 301nt was almost completely extended for the

first 12 seconds of the motion. ThlS resulted in the-
\ -

effisplacement curve which vas characterized by nearly

;azafiel lx*es for the pr011la1 segments in ‘the early part\i
§

ixd%s'so:a viriations durisq &bls ti-e,_vhich yere likely
. . A . N 9' ) } ‘. * . H . . L PR N r

13
! ) . \ i .
. & . ) o i : e .
o . , . . e )]
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due to the rotatlons which.’ were occurrlng in the uwgper

segments, Slnce these rotatlons were not\measureable in a

single plane, they were apparent only as they affected the

N
\

position of the hand segment dﬁrlng the wlndup.
\ . . L
After the first .18 seconds of the windup, there was a

,Shlft in the relative p051tlons.of the segi@nts» there was"
an increased flex1on in the elﬁow jolf{ SO Qhat\fhé upper -
£ ~
and louer\arm segments no longer. exhlblted t'he same angular
\

position. As these two dlsplacement curves were. mov1ng

further apart, the hand segment was alterlng its' position

Vso that it came to lle at the same angle as the lower arm.

This was apparent 1n.the graphs of these curves, 'in that the
: ‘ o ® : :

lines'for these tuo Segments lie almost parallel and in

A ,‘.s b A4
cd s% prox1m1ty»u& to the p01nh of release ogsthe ball,.

whlch occurs 1&0 seconds after the windup starts. At thls
“point the curVes for the hand and lower arm segments tutn

'sharplypupwards; and in fact the ‘angles of'both of these
) . / . S e
segments pa§§“that of the upper arm segment, as indicated by

"the\crossingfof the three lines. These two'curves céntinued -
2m W
to move upward at a rapld rate through the p01nt of\release

and the early part ofthe follom\through :at_uhlch tlmetthey,
were no longer parallel’ as their angles were changing in &)

N

relation to the wrist. ' IR %fﬂ,ﬁ

v ‘ﬁ% & ~,
The curve of the upper arm 1nc11na¢10n uas a flatter‘ ‘
— :»1&- N
curve, as it moved upward at a relatlve%? const rate )
through release. It was notable that thet max1mum slope of

the displacement curve for the upper arm motiof was reached ®

\' .

Gy
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t e

’

_ earller that that for the two distal segments,.indicating

that there was a sequentlal nature to these movements.
‘Pearson;et;al(1963) reported angular dlsplacement¥tmme
.?éhrves similar to those reported in:the present study, -
'walthough'the throwing skill analyzed in that study was only
- a modifiedwshoulder flexion movement, not a ballistig\
‘throwlng ‘motion. Mikler and Nelson(1973)‘also reportedh
dlsplacement time curves for the leg segments durlng
‘klckﬁpg,m nd these segments also exhlblted the above
pattern. Roberts and Metcalfe(1968) reported dlsplacement—,
time curves of a kicking sklll in whlch there are some |
opp051ng motlons occurrlng 1n the leg/segments. They noted
that as the thlgh segment moves forward td begln the kick,
ithe leg segment 1s still~ mov1ng backward 'S0 that there is
'_llttle net rotatlon of ‘the leg segment at thlS p01nt in the )

LN

Sklll. -

Angular Veloc1ty

The-angular. veloc1ty of‘eadh of the segments was also

y

'graphed agalnst ti me for thls skill. The most notable

~

finding from the veloc1ty graphs (Flgures 1o, 17 24,31, 38) 1s»"

the t1m1ng of the peak velocities for each of the segments.
In all the pltches studled in detail, the peak an%ular

K'co
~.06 Scearller than that for the loWer arm segment. As the

veloc1ty for the'uppet arm segment was reached frdm .0u

R

- .

peak veLocity for the-prox1mal segment was reached, the next

segnent (the lower arm) began to 1ncrease veloc1ty rapldly,

= W <:v -,.e
so-that, the velocmtles of each of the segmengs were added
m ! - o . ) ,;/161 Te .
. B } . G

is,‘-’

Q. . ) . _ { o a .'65&/\.%
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B

g

. ¢ 5 ) «

-~ successively. The other notable finding was that the peak
: | | . o N

velocities of the lower arm and the hand segment occur at

4

‘almost the same instant‘in time, or during the same 01
second interval between. frames in this study. There was a
siignt-difference in\this finding between the four subjects
tested. Subject 1 attalned the peak angular veloC1t1es of
these two segments .01 seconds apart (Flgure 10), so that

° the lower‘arm Segment attained thls peak flrst. However,\

'e'graph Sf Subjet{ 1 over the.longer time'period (Figure

b . siapn
?r

“@two peaks appear to occur at-the sane Lnstant, or

.02 seCond time 1nterval.‘These peaks occur st

. time same- trme for sub)ects 2 and 4 (Figures 2& 38), and

~:sm$3ect 3 agaln‘exhlbrted an early peak of the lower arm

n segment (Flgure 38). to the tlme of peak veloc1ty of the

- upper arm segment. Thls flndlng is in’ agreement with that of
Konlar(1971),;who also noted that a skllled performer will

)

\reach maxXimum ve1001ty of the segments at v1¢tua1}y the same

\ 1n‘tant. The angular veIOC1ty of. the ‘hand segment begmns to
;\, ‘s;lncrease_sharply ,Qu secondsrbefore release o}_theﬂ%atl,Aso
thatwit syrpasses the:angu}ar velocity of‘the’iower‘arm atva
-point just prior to re;ease/Q.OZ sec). - N
| -The‘shapetof thejvefbcity curve for the upper arm
.5@§ 'segment showed a'grddual‘increasevin Velocity,for the first"
. (.16 seconds gf the pltch at which time this segment

)

\malntalned a rather constant veloc1ty up to a p01nt some .06
seconds before release. At this p01nt, this veloc1ty.curveb

eexhibited a sharp drop,‘indicating a rather rapid‘loss\in
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.angular~velocity (Figure 10) . This is a most’interesting
,
finding, in that - 1t 1nd1cated that THE UPPER ARM SEGMENT

’AéTUALLY LOSES ANGULAR VELOCITY PRIOR TO RELEASE 0p THE

BALL, and in fact ds in agrement wlth the findings of

Plagenhoef(1966) who also noted that the proximal segments
.\slou down pr10r¢to release of thé\ball in tnroulng skills,

He stated' "The :Zioc1ty of 4 glven segment can be 1ncreased

’

by decelerating the ad3014iag'segment. (In-whole.body

»

- »
,3 motions\uhere' peak ve1001ty is de51red in the hands, the

!

roperlyvtgméd\stopplng actlon of each segment "in sequence - N

~

from foot to;&and produces the best results)#ﬂ%GG 110)

- - This’ flndlng 1s¢hlso 1n ag%fgmént with that of Roberts and L
¥ -
o Metcalfe(1368 316), whe& theg stated: "When knee exten51on %[ r
5_) o . %‘ N ‘* . &
"starts and accelerates the le alns aleed eantime .the e
| : ates, g g %P QP ’ . §%=@$

thlgh beglns to slow and almost stop....The thlgb sloWws or
\ o stops before contact so that it is contrlbutlng 11ttle, np‘a
| | kinematic sense, to foot speed at contact. ThUS‘lt seemsq “i
reasonable to assume that it does make ‘some act;ve. T 9
contrlbutron'to the speed‘ofnlower leg rotatlon. | \“. ~
o Tnis‘description raises interesting qdestions regarding
/ the mecnanzsms of mo entun transfer between segments_of_the

L " ‘body. It is likely that this\slowing down of theAproximal
segments has a dual effect on the skill belng performedh,
Flrstlythhere is likely a transfer of momentum effeé¢ from

- one segient to another, so that as the proxlmal segment 1s

slowed down prlor to‘release it's momentum 1s partlally T

=

'transferred to the_d;stal segment. This transfer of - nomentum"5"

D B \ . SN : \ RN \ ‘
~ ' ) . " . : R B

. . . : ) B . \
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v then serves to increase the angular veloc1ty ofﬁph1a

-

segment. Also the slowlng cf the proxlmal endpoxnt of the
. ey . A
- lowver arm,segment,-whlqh posesses a certaln'amount‘of

. y . . N ’ N
angular momeutum from previous movements, will cause the

~ ~ -

emalnder of*the segment to increase in anguiar velocity

Another factor which

mo,g\éntqm.

-l"m‘* by o S

.arouﬂd thlS p01nt due to thls

N

may enplaln thls segmental Sg quested by Roberts

~ azf Metcalfe(]968) as a neu imechqagsm. S{nce the
a 'ib dlstal segments trall the p ments for the first

. -part'of mosf, tic movements due to the inertia of\these

&

¢ sthe ago]ist muscle groups on a stretch

t\s thevmu cle splndles and the Joint

K N 2

. receptors and' causes a more forceful contractlon of these
e \ . .

N This stretch

\.muscles durlng the subsequent ]oint moveménts.

The curve of the w‘w veloc:.ty exhlblted a rather

o

gradual increase in ang%%ar velocity for the f1rstp.20'

-

. seconds of the.motion, at whlch point the elbow flexion
\ occurred rapldlygihrough the p01nt of release. Ehe curve
v ‘“%égA whlch showed llttle smoothness ;Zs that for the veloc1ty of
Ve S -~
S A”‘the hand segment—-there Were tHO'other notable peaks ;n the
L angular velocitY‘of this segment prior to release.\hs was

PV
stated earller; these 1rregular1t1e§ are undoubtedly due to
'e,,‘y%)\ -~

the, rotatlons whﬁsh were occurrlng 1n the two prox1mal

-v;ibments around thelr longx{udlnal axes*—51nce this ana1y51s
P B
~ was carrled out only in tde X-¥ plane, these rotatlons were .

~ not measurable even though they did have gn effect on the
(

, posxtlomnof‘the hand segmqnm. It 1s&notab1e, hovemer, that -

A . BT . ~ : : ~ s e o R
~ o Ny s : :

S IR : " ' -~ v G e ?‘ - L "1’;’ . .
2 i 5 N N : [ CRERL I
’ e ‘ gt :
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. . : S
although the veloc1ty time curve for the hand segment 1s

quite 1rregu1ar in shape, the same sghpe 1s apparent in all N

™

A O the graphs for this segment (Flgures 17 ZU,31 38v. All\of
-~ ,these curves have three peaks,'correspondiﬂg thevthree

J\)

N separate positions of this segment. The first peak occurs:aSs:
t . A
Q} the hand 1s*being9ralsed in front of the body durlng the @
\ first part of the wlmdup--the ‘rotation of the forearm causes ;,;Q

‘an apparent change in this angle. The second peak occurs-as

the hand is being lowered&from a po t the t0p of the \'

backswlng--as the\arm is g@ing f exed the wrlst bec0mes
}
hypecextended and cauSes fg%eéatively rapid!change in the

angle.(The final peak~occurs,fas stated earl'er, at the

1nstanh of" release as the wrlst is se@n to exhlblt rapld

fJ‘eié‘on, as V;Leved froy the X-Y p\lane%nlce ‘this set of = B
™ ¥

- data was aﬁalyzed only ;n the X—Y plane, from. the view of.

\

only one ‘camera, the movement of*the wWrist appeareﬁ to be

4
flex1on._However, the movements of the tgse markers-on -the = ;
\ ‘Aarm segments'indicated that these movemenﬁs weée aotually \ '
B \\ N ~
rotations- of the segmentQ around the1r longltudlnal axes,;

A

‘whibh could not be éccurately quantlfled in this part of the

N . \ - . - ~ . : ' ~
analy51s. @ ' \ . !

N - \ . oy
=~ ~. - . B N ’ .
. F [ "
“ { &
i, |
~ ‘ Angular Accelerations (
Lo The acceleratlon time curves fér the three segments of = -

the upper extremlty durlng the sOfthall'oitch show a more
Y
naf&ed dlstance—betveen their peak’ values than 1id t he

3
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, .velocity curves (See Figures 11,18,25,32,39).; The peak

"later, and then

."the process of differentiation magnifies any deviations in

\ : . ’ | a 7.\ ‘ - \ 17.53\ "‘u

- \

acceleration for the uRper arm segment 'is reached flrst, at '

)

a point .06 seconds prior to‘telease of, the ball; this is

~

followedwby the ak for the lover arm segment .05 seconds

he peak acceleration of the hand segment T
L

occurred .01 s€c prior to release of ths ball, It as

hat there is such a measurable lag between the

-~

1nterest1ng.

w,peak accele atlons of each of these segments, but as is

¥
apparskt from the graphs the aCCeleratlons are added - -\A

success1vely from the proxlmal to the more- dlstalusegments.ﬁ

1 &

,through reléase of the ball. f - \ = S \

>

‘After each'segmehtbreacheQ'its"peak acceleratiOn
value, the curves dropped sharply, 1ndléat1ng a deceleration
- '
or’ lOSS\Of veloc1ty. Otherwise the curves for the two \
proxlmal segments are sipilar to those seen in the veloc1ty-

\time curves;\and once again the most marked deV1atlons are

seén in the graphs for the hand segment. However, because

[
-

-

.

" the data, the original slight deyiations'have become very

M ; 3 ~ ™ V .
‘large deviations in the dcceleration curves--and those which \\
. A ‘ . : . . s
have no real effect on the skill as it is being presently
3 , R
analyzed since they are due to rotationsryhihh were not

measureable (Figures 25,32,39).
Another interesting point in the angulatfacceleration

curves is -the tlmlng of the peak velocity 'in the skill ' -\

Y~ o

co pared to the timing of the peak acceleratlons. ‘The

X

acceleratlon peaks are reached Flrst and after thd\perlod

e
/

N N
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of maxlmal acceleratlon ‘has passed, the veloc1ty curVe
reaches it's peak. At the time of these maximal veloc1t1es,'
then, the respective Segments afe"already in a- period of

deceleratlon, as noted by the ‘downward slopes of the o *&‘

acceleration cur ves. This is quite reasonable in terms of

-~

the attalnment of max1ma1 velOC1ty ‘on the ball at release,

> ~

< 1n that t he segments should have all completed acceleratlon

~

, ﬂphases prior to this point in t;me. "

. Vi ﬂ,\-”_ v ) S - i )
s P . - -_
P an N - \
PR \

N\ -

. ' A' \ . ) B Y;PA

‘Linear Velocities.

. » The llnear ve1001t1es\of each of the four segmental
endpoints have been graphed w1th the X- llnear velocities

A N\
‘aloné the 3bsc1ssa and the Y-linear veloc1t1es along the'

-
ordlnatev(See Flgures 12,19 26 3,4 0). These four segmental
endp01nts are the shoulder, elbov, wrist and flndertlps. -
Thls\method of graphdng »' ar ¥e10c1ty values enabled the‘
1nvest1gétor to report the X and Y. velocity. values on a- rl: o
. . 51ngle curve, and is one uhlch has been used in several
‘recent blomechanlcal 1nvestlgatlogs. (Pearson et. al.,1963
\' , Youm and Yoon, 1977) ¥hen the orlgln is® clearg§ marked on a
\ ‘ ’ graph of tnls type, the.resulrant reloc1ty vector.at)each
| ‘point aloné\the curve"mapibe‘represented bi\the Vector\rrom
rhe grigXB to rhat\point. ThuS'the;poinf in the pitch.in"
inch fhe'velocity of any of Epe segmental endpoints is

®
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. ' e .
maximal is the point at which the distance of that curve \

! . N - _
from the origin is greatest. Since the linear velocities of

y LS. ' .
the segmental endpoints increase frpm the proximal to the .

A
- ~

d%stal endp01nts, the graph appears \as a series of C}rcular-
shaped curves, The p01nts at which these curves cross the X
or f axes are the points at which one of the velocity
components are zero. Khe point of release of the ‘ball, for

\
example, is ¢lose to the p01nt where the curves cross the

-~

\ -

nright horizdntal X-axis. At this point the Y-values are zene'

Al

;‘QOCCuf»at?a poin%\where the velocity curves cross the Y;axis,

'relatively\cq€stant path along'with‘the whole body, ihile

or mlnlmal, and the\x- values of the velocities are, maximal.

The largest magnltudes of the Y-velocities are negatlve, and

and the X-values are minimal. This point in the actusi‘pitcff

v

occurs as the pltchlng arm is being forcefully\flexed from

HARE

_ The curve representlng the shomlder linear velocities

has a characterlstlc:shape unlike the graphs of of the other

the top of the backswlng .

endpoints. This-is of course due to the shoulder moving in a

the other arm segments follow a circular path around this
p01nt in the wlndup motion for the pLS%h. In’ the curves in

N
which the whole pitching motlon is belng.represented, the

curve is_sone;hat U-shaped due to the regular fluctuations

of the Y- values'of\the linear velocity, From zero at the’

beginning of the“pitch( the\I-values fifst rise during the

.. early part of the delivery (.08 s%,'thenvtheSe values drop o

for.the next'.1§ s, and finally\rise for ﬂwe final part of
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the pitch. These Y- value fluekuatiqnsoare due_to Qhe arm “
ahd'body motions during the delivery of thg ball. The'valhes
of the X—eomponentc of the linear velocity rise gradually as:
tWe dellvery of the ball progresses to a pifnt .20 s prf&r
to release of the ball, at thCh point the X—values remain
relatlvely constant tnrough release. This results 1n "a
velocity curﬂe which is almost a straight line paralle} to
the Y—axis, indicating a relatlyelf constant X—vafﬁe. (See
_ Flgutes‘26,33)‘The shoulder linea;ﬁvelocity values are a
. "good estin®ke of the v locity of the~body mass center, since
;thein»novements are {ery~similar.\1t.is possible ‘that a high

X-velocity of the body at release may contribute to the °
: \ .

\fiﬁal velocity‘of-the ﬁitch--th' Seem to be the case‘

for Subject CM in the present stu

noted that body veloélty was not %@lated to klcklng foot .

:velocity. This fact suggested that the true Tole of body

velocity lh skills of thls type is to contribute tg the

dlrectlon of the ball rather than to\itls\veloeaty. .

‘ The curves répresentlng the elbow linear velocjties

,(?igures 12,19,26,33,&0) are smooth oval shaped curves,
indicating.regular,and.constant changes,1n these veloclty
components throughout this skill. The maximum‘& linear

f ' veloc1ty values occur at a p01nt lou seconds prlor to ' \' :

G release of the ball, ‘at which time thére is also a rather

; larée negative Y‘compghent of.the velOQity; The linear

‘velocvty curves for *he vrlst and flnqertlp veloqlty

couponents are also smooth and regular oval shaped curves,

“
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which differ from that of the elbow joint in that ther is a
smaller Y velocity component at release. The maximal X

-values of these two éurvés are reached at a point where the
. _ _ €

. o _ \ |
\Y- velocity is very close to zero, o <
:‘ . . ;;\ "

Linear Accelerations
\\ - v .

The X and Y.épmpon?nts of the linear acceleratiops for
each of the ségmen;al endpoints hav§jalso been graphed_9?°a\ <
/ single page,fof each pitch stpdieg\in detai{\(See Figures
33,20\27,3u,u1). These graphs are bf the s;méVtyp? as those

. . . .. " .
for the linear velocity values, in that theilr for& ig that

-

of a series of concent;ic circle shaped curves representing

each of the segmental endpoints. The smallest inner cugve o

]

Tepresents the Tinear acceleration values of the shoulder.
_ R »
joint, and the curves go on in order to represent the more

distal endpdiﬁts_of the'ugpef extremity. The largest outer

curve therefore represents the X and Y acceleration values -

of the figgeffips, which exhibit s%§e irfegul&iities vhich
. ’ e . \
are-undoubtedly due to the rotations of the arm éegmenfs \

~N B ‘\ .
during these motions.

The linear acceleration of\the ghoulder joint-is_
represented by a curve which is almost a straight line. This .

"indicated that ‘the linear acceleration values of the

shoulder jOint\wefe small compared to those of thé'qthér

endpoints.-The most notable poiﬂt

: ' ..7 i f" N,
about the.bbﬁ%#‘t

e @

acceleration curves i§ftherdirectidh‘bf,the ac¢eleration

W f

N N . -~ . . A .,
‘vectors for the various points on the curve. Becayse the _ . . ~
. : - [ Y P

_ N ‘ N .
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‘

linear acceleration values for each of these poxnts was
composed of both a normal and a tanqentlal component , the
directions'of these vectors are different from the

dlrectlons of the velocxty or displacement Vectors. g o

example, at release of the ball the acceleratlon v
L 3

found in the first _quadrant of the graph, so ‘that g

)

is

direction is over U5 degrees removed from the dlrgdfion of

the veloc1ty vector for the same pitch. This fl%g is in

‘agreement Hlth that of Plagenhoef(1971) , wvho also noted

that the resultant dlrectyéh of acceleratlons are often

Q

quite ‘different from that of the motion occurrlng. In the

present skill, the direction of “the veloc1ﬁ¥ vector for the

.

“hand at release is in\ the dlrectlon of the path of the had@

\

and ball Houever, the direction of the acceleratlon vector
\

1s dlfferent from thls, md is not p01nt1ng An the dlrectlon

of the motion of the hands’ It is also notable that for each
o) |
of the segments, the acceleratlon vector becomes further

4removed from the dlrectlon of motlon of \ the arm segments, as

\
the segment becomes more dlstal.\Thls is of course due to

the fact that the acceleratlon is composed of a tangential
comp&nenﬁ as well as a normal component whlch is calculated

from angular ve1061ty values. The more dlstal components

have hlgher angular veloc1ty values, and because the normal

,component 1s at rlght ‘angles to the tangential component of

.,j l‘.,-.

the acceleratlong these hlgher values will. tend\to pull theFr

“resultant funther and fursher from t-he actuil dlrectlon of

\ . . \ a
mQLion\pf the segnent. ‘l. \
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Linear and Angular Klnetlcs

b

The aCCuracy of results from experlments of this nature

were llm&ted by “tvo 1mﬁ6rtant factors“ the validity of the

anthropomet ic model used and the methods used to obtain

acceleratlon from dlsplacement time data (cavanagh and

Gregor, 1975). Assuming that the anthropometric model used

is'valid for the subjects in the present study, the major

\

problem may be that of the Valldlty of the technique used_to

_produce smoothed acceleration data from which the forces

\

. -

\ . . .
were calculated. H owever, recent 1nvest1gators=have stated

that- the cubic spllne

method of data smoot hing produces the

most accurate estimates of accelerqglon of body segments

durlug sports? performances. (Zernlcke, et al., 1975

-

- McLaughlin, ‘et.al., 1976r\These estlmates arerparthelarlw

‘critical 1n klnetlc analyses u51ng the force- massT 23

acceleratlon method of calculatlng forces at the, joints and

o

301nt moments, as an incorrect estimate of acdeleratron

values at a certaln point in the sklll will produce A

inaccurate force and
. \ i
\ _
A

joint couple values,

’ .

o Resultant Forceskat the Joints o e

»

Wlth these llnltatlons of kinetic analyses .in mind, the

s

\

graphs of the reSul ant forces at _the ]Olnts are reported in

Figures 14, 21,28,35,42. Once again, the X and ( Componen's

J
of- the joint forces a

t\each of the three 1olnqs of the up pper

extremlty nave been plotted on a slnqle graah, ¥nich 1s

. ) R 4 : >
again formed of three concentric circles. Tho 1arq3r dsuter

oo
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c1rc1e in these ‘graphs is formed from the 301nt forces at

‘\

the shoulder joint, thch are greater in magnltude than
those of the other ‘two. .joints, The next curve represents “the’
forces _acting on the shoulder ]01nt; and the flnal 1nner
curve represents the forces actlng on the wrlst joint., Thls
order\ls opposite to thdt ‘seen 1in the earller 11nehr
velocity and acceleratiomn curvesl in that in these earlier
curves the pfbx1mal cegmentQ Here found represented by sthe

k 5 N\
inner circl The reason for thls change 1n the order of(

'representatlon of the segmental_end001nts is that ‘in thlS

kinetic analy51s 'Wwe are now concerned wlth nhe product of

s,
LR

the mass and the acceleratlom.aBecause ‘the prox1mal segments .

3 S . :
have a considerably greater mass than the distal ones, the

resultant”joini,forces are also larger for these'Segments.

It is notable tﬁat once .again the resultant force
o

'Vector actlng at each of twe joints is acting in.a direction'¢

approx1mately 90 degrees\to the dlrectlon of the uelocityf
vectors at these‘jolnts, s1m11ar to that described earller(
for the'acceleration curvgs. As Plagenhoef stated' "EFach
0

body segment has a normal Lnd tangentlal acceleratlon that
produces unpredlctable force dlreétlons--—A slow moving but
greatly acceleratlng segment can have a force drrectlon
almost 90 degrees dlfferent than if that segment~were moving

at a unlform velocity (1966:110)". For example, the

resultant velocity vector at release for the wrist for

subject 1 was . calculated tg be approx1mately 90 degrees from

the direction of the resultant force vector for this same
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segments of the whole arm.
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. joint. This is once again due tq~the fact that there.are two, =

¥

cémponents in the accelEration‘acti
Onp!

’

ng at“right angles to one

dre relativly

symmetrlcal for each of the 301nts wree of these force

cirves begln in the fourth quadran uoth'X“and‘Y

ot

components being negatlve. ThlS indicated that the 1n1t1al
forces at all three jOlnts p01nt downvard‘\nd backvand

(Vlgures 14,21, 28 35, uz); The X force then become pOSLtl/é o

1nd1cat1ng tnat the force at the ]01nt is now in a forward o ;

Fl

dlrectlon. The ¥ componeht of the joint force remains

negatlve for the fIrst 10‘5, at which p01nt the Y ]Olnt

force is reversed and becomes p051t1ve~-1e. the vector

‘p01nts upward. Thé forces at the shoulder ]Olnt have.the

.

largest magnitude, whlle those at the Wwrist jOlnt are the

smallest, ohce again due to the greater;lnertla of the.

P
v

Resultant Moments at tke Joints
o SeoL ' '
The graphs of the resultant moments at the joints are

K]

reported in Fiqures 15,22,29;36,43;&ﬂ,u5wandnthe'caiculated

values from which.these graphs have been drawn are reported

»

in Appéndix G, Raw DRata. These curves have-been drawn so

!
that a p051t1ve value of the curvearepresents an-

s
antlclockwlsev or flex1on moment aﬂ the 301nt' and a
neqatlve Value ‘of the curve represents an exten51on moment

at the jOlnt. The most marked curve in each ‘of these graphs

" is the lar@e negative mOment which represents the slowing, '
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vdown, or‘&eve{sal of movement of the upper extremityJaround‘“

- [

‘the shoulder ]Olnt prior to ‘the tlme of release. This large

negatlve moment occurs at a p01ntk.03 tL .04 secopds prior
. . A §

to release of the ball, and is closely followed by a large

mp051t1ve moment at“the elbow and wrlst ]Olnts which .is

representatlve of ®their period of rapid flex1on prlor to

1

reIease. Thf moments at the wrist: joint are really qulte

\mlnlmal, as ca% be seen from these flgures.
“ t "N, ; .

bPlagen}ioef(1971:4(ly has stated that: "The magnitude of\

1

the moments of force ;%dicates the extent of muscle ~
contractlon,--besause the eye cannot percelve the change
from acceleratlon to deceleratlon, nor calculate the effect

of gravity relatlve to the speed of motlon, it s also

.evident that muscle action cannot be determihed visually for .

’

~a simple segment motion except in a Very general way." ﬂn

\
terms of the muscle action abcompanylng these moments at the

\

joints of the upper extremltyv the large negatlve moment at

\

“ the shoulder ]Olnt can only_be produced by the actlon of'the‘

extensor muscles of the shoulder, cau51ng‘a reversal, or

slowing down of this motion. It is therefore likely that the

shoulder flexors (pectoralis major,‘anterior deltiod’long

i

head of biceps) are most active relatlvely early in. the

action, and this act1v1ty is reversed .06 seconds prlor to

release. It 1s at this p01nt that the shoulder extensors

. come strongly into the actlon to reverse the moment at the

/

‘shoulder 301nt and cause slowing down of this segment. This

slowing down of the proximal segment then facilitates the

k]
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rotation of the distal segm(nil—ignce it's relative rotation ™~

is. greater when the proximal endp01nt is stogged or slowed
\

down. As Ar1el(197u 75) has noted, muscle actlon at one

\jOlnt can produce muscle action at an ad301n1ng jOLnt just

1
-

_opp051te to that 1nd1cated by the movenent. "The moments

“indiCate the domlnant muscle forces and he effect of one.

. segment on the ad301n1ng segment. 1In any human performa
}
one segment may affect the ad301n1ng segment in a manner
\
whlch is undetectable by the human eye. At tlmes, the

»moments of one. segment are SO large that they w1ll be the
' dominating muscle force at the next segment——ﬁ" (197&;75).
) » In the moment curves reported in Flgures
15,22,29, 36 43,44,645,, the large negatlve moment’ at the
shoulder jOlnt produced an accompanylng negative moment at
ffthe elbou»and’wrist joints, even though both these jolntsh
are flex1ng at that p01nt in ihe pltCh This indicated»that
the domlnant muscle group at release of the‘hall vas the
shoulder extensors which were actlng eccentrlcally as a
brake to slow down the flexion of the upper arm.at the
'shoulder joint. This is a. most 1nterest1ngH%1ndlng‘rﬁ L;ght
of the fact that the major forée producing musoles }n thls

sKill were thought to aot\strongly,up to the point'of

‘reléase. These findings indlcate‘that an electromYographic

““‘*‘;“analfsiSlgi_gﬁf‘igffzf"muscles during the softball pitch

would be interesting to compare with the moment analysis. It
. 1 1

. . \ |

would appear.possible from the present analysis that the

most important muscle forces in this ski'll may not be those

1 : . V0 ' -
-1 - i - s 4
: / 2 . .
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\
, \\Qf the agonlst muscles to these movéments, but rather those

Y

‘segmental endpoin

——

ofthe angagonlsts. 0551b1y in tralnlng hlghly skilled
pltchers in- the fu@ure, we should be tralnlng the shoulder

extenéors to act as a strong brake to thlS actlon, rather

‘than to work for a more forceful agonlst contraction.

< -

Three Dlmen51ona1 Analy51s . : , . (

’

From the dlgltlzed film data from the t wo cameras, it

\-‘ B

was po 'ble to produce spatlal\coordlnates for each of the

of interest for the pltdhes of two . of

)

the subjects. These spatia oordlnates for five seémental

endpoints for sixtqsframes of;fiLm a repor ted inuhppendix
F. The: mathemati§e1 probablllty of the value of-each of.the

computed p01nts being correct is also reported/{/“kppe
/

F. It should be noted that a number ogthESe computed poxnts-

'havé\very low probabllltles, yhfgh/;;e likely due to ome of,

the folloulng sour S/of‘error-'1. The error accompanyiug

the dlgltiZlng of any p01nts from film data due to location

of 301nt centers espe01ally when the p01nt of lnterest is

not in the camera v1ew as when being hidden by another body

part. 2. It was found that~mauy of the digitized data points

had been incorrectly alteﬂed in'the‘transmission process
from the HP cassette tapes to the Ahmdal computer. These

were corrected as well 'as possible, but some of these

-
o

: A :
" transmission errors may. have escaped detection. 3+ The

digitizing board is only calibrated to .01 inch, so that the

\
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‘significant‘digits'were limited to two. &. On several
B . ; 7

occasions, one'of the frames of data stored on the cassette

) .

tape could not be read back,:éo”that\both files had to be
‘. ‘,/'/ . ' : )

corrected for this error. 5. The most critical problem Vas

PR

. invthevéynchronization of the frames'of each film of this
skill; The frames were sllghtly out of phase with one \

'another,'s? that even though the frame rates were the . same,
it was not p0551ble to digitide the points at exactly the.
same instant in tlme. However,‘notnlthstandlng these errors,

'4the X, Y and 7 coordlnates for each of the segmental
endpoints of the arm and the ball were calculated over 51xty
frames of the pntch Each of these p01nts were then read
1nto a computer program wrltten by ‘the author, in which the
X Y, and yA dlsplacement,‘veloc1ty and acceleratlon values

were calculated for these’ points. - Thls procedure was . carrled

hﬂ"‘“‘—’outﬂfor\the best pltch of twd of the subgects. Although the
/

\ ,
— rav data was avallable for the other two subjects, these

ial coordlnates were not calculated due to the expense

The veloc1ty graphs Qf’fhe spatlal coordlnates of the

\'u( o M

_shoulder and elbow p01nt are qulte similar for each of- the
subjeqts (Figures 5&,55,56,57); The alternating peaks\of the
X-and . uelocity values ofnthe”elbow are characteristic of
this skill due.to the circular motion of the arm. The
,velocity.curves of'the shoul@er show little dewiation, with

EPT

the Y component exhlbltlng the gveatest range. The Z

S

component of these ve10c1ty curves has a’ characterpstlc



186

0

{

‘1 uuoﬁnﬂm 10] vcmm jo § 9110013 A nmccuA Z w ‘X .ow_ 2an3dr g -

quP w> wm:mzHomoou »:uolﬁ; (vYE NG Ho; (X

wozouuw NI mz: \
0¥ 0 2e°0 vg0 910

| 1

mwnow

08 .
S3ILIJ073A 2°A*X

e
i
-J-

031



187

2 323lqng 103 vzmm JO S.211100[3 A oIBUTT Z ‘X ‘X °16 2Ind1 g

pmzHDmoou ALTJI013A ~ V)£ oz¢ (o)A (X

SaNOJ3S zH mzHH y
0v:0 Nmo/" AL

—d
R
’

-
081

-+~
T
L od
s

-
012

S3ILIJ0T3A Z°A*X



188

1 uuwanzm uou 1STIM JO SOTIIDO[IA umoﬂad A Nr ‘x . *26 2and1g |
quH m> wuhazHDmoou »HHuo4u> (v)Z. azc.ﬁou> (X ,
) SaONDD23S NI 3IWIL o ‘
r9°0 mmp. 0 mﬁ. 0 _ ovp 0 A NmP 0 v,Np 0 _m:P. 0 oor. 0 00°0
T :
+ un ) IW.
T q ..W
.,T. ,
>
=<
T Ny
: «Z
+ m
Q
-
.AT —
v o
+ , .
+ - S
»
G @




189

-

N uuo?_sm 10§ umﬁ? jo moﬂauoﬁw\w\u.mby:ﬁd ZX°‘X ‘g adnd1 g

m_z: SA SILENIAN00] ALT2073A .E;oza.?;;nu.x
B © gON0J3S NT 3JWIL
¥9°0 950 87°0 0¥'0 . Ze'0 ¥2°0 91°0 80'0 000
T )
{ b - Tm._
i s
T+ B e roo.
1 3
Jr rm.

SIILIJ0N3A 2 A*X



190

5

‘1 192(qng 10] aa&m JO SOMIDOdA I®IUTT Z KX "G ;@Swi _

INIL SA S3ILUNIQ¥00D ALID0TIA (V)Z ONH* (o)A’ ({)X
o SONOJ3S NI 3IWIL - .
¥9°0 AL AL - 2ET0°7 | v2*0 81°0 80°0  00°0 -
% B 5
f &
# b
,w
+ T
m
t s
—
1 o
- m
w
.4.. . o
2 ‘ B
T o e
..A.. = ’ | 5 . #9



191

Q»" b

[
L

- AW

°Z «uoEsm I0j] BOAZH JO S9TJID0[9A Jd®2UTT Z ‘X ‘X 99 _ouﬂwmh
m_‘.:F SA wm.—mzHomoou ».:uoqu\/ (V)Z Dza.ﬁo;.:uvx,
g SANDDIS NI uzﬁh - )
ww_.o : mv_.o : ow» 0 .Nmu_o vN 0 m:_.o : DO».O 00°0

-
-t
-
L o
-

-

g1

S3ILIJ0TI3AN Z*A°X



1v2

4y

*1 32alqng 103 umEdOr_m JO SaTITIO0[9 A Ieaury Z ‘XY Om aandr g

INIL w> wupmzHomoou »hHqum> ﬁqwm ozm (o) A*¢DIX ?
SONOJ3S NI 3JWIL !
R vwk..o ww_.o mfp.c . ow_ 0 Nm_ 0 va 0 mﬂ.o mo_.o 00-0
i - ] o
+ N )
o , «
} i
+
_~ i
. T
_ {
L.
+
#v | ro
% q |
“ h T e \ <
! v
,+ | R
% : f t + + “ — f o

.

S3IILIZ0T3IA Z*A“X



193

*2 ¥dolqng Suou%?.osm Jo seU0[eA TROUIT Z ‘K ‘X LG 2AnBri

a

IWIL SA SILUNIQYO0D ALIJ0TI3A Uw)Z ONH* (o)A (D)X

v SONOJ3S NI JWHIL

¥9°0 950 8v° 0 - 0¥°0 2E" 0 ¥2°0 91°0 80°0 00°0
: [ 1 N L 1 o | 1 .
E “ : N 9
+ L
Af : Fw
\
T P
T
T ,
T
T ) o Fw
T == L o
e
+ + + - = 1 —— } =

. S31L130713A Z°A*X



194

"1 300fang 10y [eg JO-SaNII0[9A LedurT Z ‘X ‘X "8 2andtg

JUIL SA SILENION00D ALID0TIA (¥)Z ONB*(e)A' (LIX

. o — SANQDJ3S NI 3WIL. -
9'0 -~ 950 8y° 0 . 0¥°0 Z€°0 yz'0 - 91°0° 8o*0-  00°0
] 4 1 — 1 Il , 1 L ...
1 I
7
T
1
T D
T
L 1\u‘|¢‘ + 4 1 1 i
T R T 1 1\ v .N

0s-

. 0,_

0s

S3I1130713A 2*A*X



195

. o L o . "

7. 303fqng 103 :mm jo mw_ﬁ.uoﬂ; »wocﬂﬁ .w.x. .om.om,&ﬁ .
WL SA SILUNIOY00D ALIJOTIA (V)L aNB* (o) A* (P X

o A | gaND23S NI AWIL
¥9°0 - 99°0 gv'0  0¥°0 - 2e0 73" 0 - 81°0 go*0.  00°0

'y
L

g
e
-

S3IL1IJ0T3A Z°A*X

0SE



1

s

196

shape for‘these tvo endp%ints, consistifg of a slight rise
\ : ) : N o

. . \\ '\ .
early in the pitch (increased veloqity laterally from the

pltcner), followed by a drop 10- 12s prior: to release and

then a rlse into release of the ball This curve lndlcates'

/ e

i}

\

that these endpoints are mov1ng laterally during the actual

' release of the ball 11kely a reaction from the mody

;i, rotation in the OppOSlte dlrecélon to keep the arm moving in

a relatlvely stralght 11ne.‘These ﬂurves for the elpow and

A

shoulder joints were- found to be 51m11ar to those produced

from the‘planar analysis (Figures u8,49).

s The curves of the three component velocit

ies for the

hand, wrist and ball (Flgures 50 51,52 53) are‘open to

questlon, as they do not exhlblt a marked 51m11ar1ty to the

I
curves of these same p01nts in the planar anal

u6,47) « They are generally accurate, in that t.

.
in the X-veloc1t1es for these p01nts at the ti

y51s (Figures
here is a peak

me of release

of the ball. The curve of the Y component of the veloc1t1es

exhibited the same general shape throughout these graphs.

\

However, there are numerous eratic data points

which make

the velocity curves appear rough, which arellikely_dne to

the difficulty in exact synchroniéation of the
graphs of the larger endpoints, yhich diu not
_between frames, were reasonably consistent. Th
endpoints showed up more of . the error incurred
eachkframe slightly out of phase. However, the

_useful in 1llustrat1ng some of the major veloc

f}lms. The
move as Ruch
ersmaller

in having

se graphs are

ity changes in

these p01nts, and in the t1m1ng of the peaks of these
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values. Probably the nost ‘useful outcome of the three-
dimensional analysNs was to‘prbyide a means of producing
spatial coordinates of a high velocity ballistic rovement,

which had not been done in any other studies located by the

‘author. = ' _ ‘ T

‘

Three Dimensional Angular Veloc1t1es .

The results of the angular velocity calculatlons for.

“the lower arm segment are reported in Flgures 60,61,

\

,Although these values provide: reasonable eétlmates of these

angular velocity values, some of the poifits were not as
R ; :
accurately located as would have been desirable, The

LI

determlnatlon of these angular velocxty values regulred that
there were three non collnear points visible on the’ segment

of ‘interest for all frames analyzed However, for several of

the frames analysed one or more of these points of the - \

lower arm segment were not v151ble from one of the cameras.

Thls was due to the rotations occurrlng in this segment

,durlng the Sklll thch were unav01dable. In future analyses

of this type it would be more accurate if numerous 901nt
markers were placed on the arm segment »so that any-tWo of
these markers which were v1sub1e to both cameras could be

used. A further source of error in this analy51s is the i:\

problem Qf inability to exactly synchronlze the frames from. .

each of the cameras.

‘

The magnitudes of the computed angular velocities for

\
|
|

N
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each of the piﬂches analyzed are illustrated in Figures

60,61. It should be noted, that these magnitudes may be open

to question, due to the small number éf;gbints which were

‘.

avdilable to digitize in this analysis. Because the points
‘necessary to digiﬁize were obscured from the view Qf'the

rear cdmera, only eight frames were available to digitize
A\
for this skill. However, the cubic spline routine us$d to

. smooth this data has questionable values at the endpoints,

- . ) \
-so that it is recommended that three extra poinﬂs are read

in,at the beginning and end of the frames of interest. In
' e . P ' ! . Ty : T .
the present analysis, it was not possible to pro&idexthese

‘extra po&nts, so that the values reported fd; the firét
R . _ . b .

frames may be open to guestion. A

¢f the graphs of the two pitches analyzed, ‘it is likely

lth@t.ﬂﬁﬁ,graph of the pitch of Subject 1, Figure 60, is open
~ .%A'.. . . - . » X ‘ . .

to quedtion. This ,is likely due to a larger lag in the

1 oo T ‘ .

synchronization. of the frames, or a less accurate estimate

=

of the points.digitized. However, this graphiaoés illustrate .

a peak angular velocity in the w1 direction, wh%éh is that
’ ) : : ) 5 e . o . ;. BN . B - .
' of the flexion movement at the elbow jointy which is likely

- accurate. However, thi% graph failed to illustrate the

'magnitqde'of the w2 rot%ﬁionw which was the supination-
pronation of this segmeﬁt, probably due to these sources of
5 E ’ v * . N o .

error. The gnfph of the pitch of Subject 2, Figure 61, is

n

likely a reasonable estimate of the magnitudes of these
rotationé.'This graph illustrates’ a .peak in'the fleﬁign :

angular velocity at the same instant as a peak in the

€
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N o

pronation>angu1ar belocity,.so that both df these joint

movements are occurring at the same tlme to produce the

P
I

-

resultant veloclty of the ball. The magnltude of the P

Lm

abduct ion-adduction angular velocity is seen to be minimal, ' .~

L

as is likely the case during this skill.

Although the'reported ingular velocities may provide

fairly)accurate estimates of the segment rotations, no

attempt was made in. the present study to verify these
results. However; the development of this technique to

estimate-the amount of roLation occurring arognd all three

. axes of a given body segment should prove very useful to

\ ™~

other researchers which are concerned with analysis of these .

movements in'other, simi1a:fbdl1istic skills. @

R
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\ CHAPTER V :
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- SummARx‘AND CONCLUSIONS , - o
SUMMAéY |
This study was undertaken in an attempt to bainigreater
understanding of the factors which comprise"a“SKilled

.

performance in executing a ballistic'movement.fhlthough the

'\Speclflc movement chosen for the present analysis was, the

softball pltCh the\general pattern of the segmental motioms
in this skill should be applicable ﬁp”many similar skills.
Four hig*ly'skilled subjects were filmed'whilefperforming

-

the windmill pitch in softball. The ﬁilming was done'using

tuo cameras; a side g}gﬂfgka~a rear view. The fllm from the

side vView Camera was analyzed in a single plane, and the
relatlve motions of each of the segments of‘tqf pltchlng arm

were. cal¢ulated The pltches were alsp performed while the

'subject pltched from a force plate, so thats the recorded

«

ground reactlon forces could be compared to those calculated
from film data. The film récords of two of the pitches were
synchronized and the digitized endeLnts were read into a

computer program whlch determlned the spatlal coordlnates of

each of the points of 1nterest. The X,Y, and 2 llnear

.Velocities of each of the‘seQmemtal endpoints of the_armfr

were calculated fron these spatial coordinates. A method‘uas
also devised to calculate the angular veloc1t1es of each of

the segments of the arm around their owh prlnc1pa1 axes.

202 °
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These valﬁeé‘were determined for the release frames\pf th

]
of the pitches.
: e

)

' N
CONCLUSIOWS
Oon- thé basis cf the present study, the followlng /
conclusions seem justified: ./

1. Highly skilled softball pitchers are often larger than

the average peqson, and this greater size may afford some

e

a@vﬁnta?efig_gerformance of’thi? skill.

2, The ﬁ;ieéity of the pitched ball at release is
Cons1derably greater than the valocity of the pitching hand,
and the magnltude of this difference may .be related to the
skill of the pitcher.

3. Thelforee platform provides an eccurate‘record of the
ground reactierrforces being exerted by the‘pitcﬁer\during

A

u.\The peak vertical ground'rgaction forces occur just prior

"to release of the ball, while the horizontal force peak

occurs much earli in the skill.

~

5. There is a aeflnlte‘sequence of segment motlons which
characterlze the' highly skllled performer in thls.act1V1ty.
6. The larger, more proximal sSegment reaqhe$ maximum

velocity at the earliest pbint in the skili,\folloued“by the

next segment, and finally the most distal segment. THis" -

.éequence is seen in many other ballistic sports' skills, ‘and

is likely a necessary characteristic pattern of skilled
performance.
7. The proximal segment also attains peak acceleration

~
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earliest in the skill: followed by the peak acceleratlons of

204

the dlstal two segments Wthh occur at almLFt the same

instant. “This, pattern is also likely characterlstlc of

’

skilled performances.
8. The vector representing resultant of the X'and Y

_component accelerations.for each of the segments has a

)

\

dlrectlon approx1mately 90 degrees to thaT of the resultant
ve1001ty vectors. N

- 9. The magnitude of the joint forces at each of the joints
is greatest just prlor to release of the ball, at the“point,
of maximum acceleratlon of the segments.

10. The vector representing the resultant direction of the

\

]01nt forces also has a direction approx1mate1y 90 degrees o

to that of the resultant vé1001ty vectors.
| ’ ’ ;“
11. The joint mQment of greatest magnitude in thlS Sklll was

that occurring when the'upper arm segment -was slowing down

prlor to release of the ball.

12. It is llkely that the most forceful muscle contractlon

in thls skill is that occurring uurlng t he deceleratlon of

N

the arm segment.

~

13. The computer program used in this‘study to produce

A

three-dimensional coordinates from two-camera film data is a
valid %nstrument to produce<these points.,

4. The Z-comoonent of the ;elocity for each of;the
segmental endpoints:of the arm is not especially'important

»

in this skill, as it maintains aarather constant . low value

K

throughout the Sklll.
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15. For ballistic skllls of this type in which the vast
ma jority of the motion is occurﬂlng in the X-Yy plane, it is

not necessary to use three dlmen51onal analysis,

L

“Jé. Wheén the coordinates of three non-colinear p01nts are
available f&r a given body segment, 1t 1s possible to
estimate the magnitudes of the " angular veloc1t1es occurrlng
around the“prlncipal axes of these segments,

17. The peak mglpe for the angular velocity of the
supinatdon movement of the lower .arm segment occurs at rhe
' same instant as the peak value for the eibov flexion
velocity. - l ‘e
18. The movement of‘the lower arm segment occurrlng around
lthe lonqltudlnal axis is of con31derab1e importance mn
contrlbutlng tQ the flnal veloc1ty of this segment

The followlng flndlngs are included as practical
conclusions for the teacher or'coach of softball pitching-
‘i; An extremely long step- from the rubber is characterlstlc
~ of ail hlghly sKilled pltchers, both to ensure a maximal .
push-off from the board and to improve accuracy by |
flattening the arc of the hend. N
"An important coordination pattern to develop in the’

windmill pltch is the 51multaneous motion of the Stepplné
l¢g and the pltchlng arm at the beglnnlng of thls pltch

R

*3. This motion must be accompanied by a rotatlon of the

whole body 51deways toward the pitching arm, which\iiaces

the bddy in a more advantageous position for the subgequent

T ,
rotatilon towards the pitch. | N
- ! .

1
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4. Thp}non—pivot foot must be plgéed in a position with the
toe pointing directly towards the pitching platv; A5 any
~positian with this toe pointing io t he Cijhf causes a loss
of medial rotation of the body around the left hip.

5. The pitching arm must be kept extended throughout the

circular backswing motion, as the linear velocity

maximized at the end of a longer leveng

6. From the top of the backswing motion, the upper pgrm

segment mugt be accelerated as forcefully and rapifdly as

possible. For this reason, the pitcher must have ffery strong

shoulder .flexors (pectoralis major, teres major, latissimus

QOrsi)vand adductors;

" 7. The next important movement which occurs in the pitch in
. ]

the Iy pid deceleration, or slowing down of the arm segment

~ [

prior %0 release of the ball. Thlis is an extremely critical
movement>\and tﬁ% pitcher must have very strong shoulder
gxt9956f§’7b%sterior deltoid, rotator cuff muscles) to

execute thisreffectively.

LA . . .
8.hﬁnother\1mportant force-producing movement in the pitch

is the rotation of the arm segments medially. These

<

movements include medial rotation of the arm segment at the-

shoulder joint, and pronatioﬂ of tﬂe’foiearm segment just

3

prior to release of the ball.

9. It is recomméended that pitchers work on specific

strengthening exercises for these rotation movements, rather

. .
3

than on the movements of wrist and elbow flexion which are

of relatively minor importance in this skill. "5
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10. The ability of the pitcher to impart maximum ?elocity to -
the bpall at- release (the effectiveness of the release of tﬁe.

v
ball), is llkely dependent upon the strenqth of the athlete,
and on the angular veloc1ty of the pronatlon movemont at

release.

Recommendations:

1. That a further study be ‘attempted in which the films from

each camera are exactly synchronized, so that the accuracy ro

of»the spatial coordiniates may be improved. . \-

4

2. That a further study be conducted to examine more clésely
. <

the rotations occurring in each arm segnent during the

pitch.

- . LVl

o
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Filming Data
Date: February 25, 1978.
Location: Dance Gymnasium, Univérsity of Alberta

Camerd Placement:
Camera 1: 50 feet 9 inches from center of force

platform ' |
-Camera 2: %O feet 0 inches to the rear of the force

\platform
~Camera Settings: ‘ .
Frame Rate: 100 fps =~ o 7
Shutter Angle: 30 degrees :
Exposure Time: .0008333 sec
f/&top: 4.0
Light Reading: 12 din =
Artificial Lights: 6-1200 watt television lights and
overhead -dance lights ‘
Background: Black curtain
Film: Kodak Ectachrome 72840 ASA 125
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\ ;3-D PROGRAM DESCRIPTION ’ \

INTRODUCTION S

=3 /

. - '/’ N '_ N
: . / . o .
“Continuous improvement of instrumentation and technical procedures 1s

a general and basic char»acteristlzkc in all experimental scrences. A re-

| - ,

view of the last decade proves this to be true for cinematographical

S

movement analysis in biomechanical research: from planar or twg
. ) ' ) ’ ’ - . 5

dimensional filming to the first threedimensional recording systems
N ;'&' )

with cameras aligned alorhg the axe's of a o‘rt}}ogonal»Cartesian-._'redfere'nce
frame (Noble & K_ell;r,b 1969; Duquet, Borms ahnd Hebbelinck, .1973;

Miller, 1973) and fl.irt}’fer.to.more sophisticated techniques with camera
. v N .'..«-\ ) . - ‘ : ‘ . é o
‘set-ups free from positional restrictions except for optical axes inter-

sec\tior; (Bergefnan, 1974; Van Gh.e.lu'w_é. 1974)

Ina recent study (Penrose, Wood and Blanksby, 197_6‘) it is even no lon-

ger necessary for the optical axes to intersect one another, although a
theodolite is ‘required in order to get precise spatial‘infor_mation\of

I

cameras and reference poi‘hftsv. - . ' . S
. . . . R . ‘ -' B - v
= ¢ |
This paper preg'ent's a further refinement in the area of thréedimensional
cinematography. ']Rhe camera set-up is completely free of any geo- .
metrical or sp,\@tiyal restriction (optical axes intersectican is not required).
* . LT . : ' ‘ o ‘
The use of a theodolite or other alignment or measuring toolis absol-
utely unnecessary as the external parameters (defining the spatial posi-

tion and orientation of the cameras) are automatically calculated 'b‘y"thié

computer, KnoWledge.of intrinsic péx/‘ameter s, such.as focal length,

!
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- film format etc; .. is not required either. - \

All these features mak‘e'thre‘edimension_al filfning so flexible that it can

be used in game- or competitive-like situations with. relative ease of
A v ) ) o
O ' v
' Al Co ) P .
operation and without tedious and time consuming preparations.
METHOD;{ | ‘
‘ i & Ne ot [~

The basic principle of this ‘system relies on the ifnplic';t mathematical

reconstruction-of the position of the cameras in space using the known
oA . ‘ . L
N

life size coordinates and the image coordinates ofscertain reference:
e . \
.. points, T’h‘é\se are located on a steel three-axial reference {rame (fig. 1)
- v . . ,
which coingides with the mathematical coordinate system defining the

-

objects space (= space where the real movement is described analy--

B
<

o otically by its X, Y and Z. coo'rdina'te's).' » _/;-J
s \ ' . 2 o

With the foregoing information about position and orientation of the cam-

eras it is possible to_pél»culate the X, Y and 24 coordinates of any arbi-

Sy
.

trary point in space; provided its image coordinates are known.
. L . N * i :

Theoretical basis of the method.

o — e ——— o — o —— —— — ——— —

£

- The mathematical th"eor& ﬁn_de%ing ‘.the metl'-lo“d is \)asically.%che same as
vdescribecni by t_ﬁg au;tho’r’ in ;3 preceding publication (Van G'h'el(u‘we, 1974').
: Dg/fining an orthogonal coordinate system (O, >X, Y, Z) in space, the
ﬁot’ibg»qf an;r arbi'Frary point \;;an be descri.b,eiannalytvically by its Spafial
coondinates X, Y and Z (rig. 2) @)

‘Using m‘atri.l( calculus and analytical geometry, it is possible to derive

vé
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» a set of four linear equations expressing a relationship between ‘the life
size X, Y and Z coordinatgs of an arbitrary point in space and its known

image coordinates (x1 » ¥,) and (XZV, Yz) :

~ coo N

1l
(o]

gy mxng ) X dngp - xyng,) Y4 (ngy - xng,) 24 x)

~
§

(a1 = ¥iR31) X+ g3 - yyngp) Y+ (npg - yyng3) 24y =0
| AT o
\ (mll._- y,my ) X+ (rnl‘2 - x,m 5 Yt (my; - x,m;3) Z +x, =0 \

\

- - ST | | \; B}
(myy = ypmyy) X+ (my, - y,myy) ¥ Him, - ypm33) 2+,

|
o -

..andm (i=1,2,3;3=1,2,3) a\re matrix coefficients I:elat-
ij ij : . -
©

. ing to the position and o}rient.atiobn of the cameras.

where n

These toefficients are calculated at an earlier stage of the computing

§ N .
process using the same equations as above, w,

'e help of the known
L .
re c;e points.

: . "i‘%’)"y]‘; . . 1)
Taking 21 of these points (7 on each axis of the steel reference frame),

spat\\:ci_al X, Yand Z coord}nates ol certain refe
L i . ‘

"

one can derive b sets qf 14 linear equations. Solving the.r‘n_ yields respec-

tively n;;, n, 1‘, ny) for the first set, ?12’ nZZ' ns, for the »sé‘cond‘, etc...

N ; - \\
botill m 5, mzi, ms 4 for the last or‘ie.b
~ Substituting them in the set of equations 1 above, makes it possible to
solve these equations for the life size X, Y and Z coordinates of any ar-

3

bitrary point-in space.

All the mentioned sets of equations are overdefined (having more equa-

tions than unknown variables), especially the sets defining the matrix
coefficients nij‘and mij’ in order to assure the accuracy and the “stability

~ 3\

.



plication of iterative "least square fitting" methods.
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of the results. -

1

The solving technique for all t:Iieée sets of eduations\relies on the ap-
i ‘ '

N
o ~

Reliability of the method. | | o . o

Several experiments pro'\’;eid the accuracy of the final X, Y and Z coordi-

nates to depend strongly on the measuring precision of the operator col-

8
~

1écting- the image coérdinates and on the resolution of the used x-y-reader.
\On the contrary, calculation errors, inherent in sotlvin'g the set of equa-

tions using the ''least square fitting'', and the rounding errors during
computation, were Sgligible.' - \5

-~

The results of one parﬁcg_k\lar test reconstructing 17 linear distances be-

el

tween knots of a grid located on a transparent cylinder, are shown in- - ¢
table 1(®), : o S

The Iargést deviation found in this test did not eicc_eed .2 cm and the- S

3

mean deviation fluctuated around .1 cm. |

APPLICATIONS ' .

4
\

It requires but three simple preparative actions before real filming can
. B ~ ) . : / '

{
e

~
x



cameras - q ' o A ' . -
3. film this reference frame with both cameras and remove it after-
. :
- . o A\
. wards if necessary. . . .

o

Therefore this method is especially appropriafe to field-work in game-
" or compétition;-like ‘situation's, where minimal interfe;ence fro-rh "out-

side people' is allowed and where speed and eagey of operation are de-
cisive factors whether thnlre'edimensidnal filming will beé possible or not.

;Ihe’méfhod as des_cfri‘t.)ed abo/v:a ;vé.s applied sich:essfullsf in é. study ana-
’ ily'»si(ng different st.yil“‘e"s of iong jurﬁping an’jd‘ v>v‘és algo used iﬁ an indoor )
s“wil.'nrfiing. pool for a com;a‘lfative study of four‘dikffvere'nt Starts in swim- -
ming. | s o o . | \\ ' .

. In another, ‘ymedically oriented study, the spatial position of 120 elec-

[

trodes all around a human toréo‘ had to be reconst‘krﬁcte‘d.. Not fewer

than six cameyas were positioned around the body in order to have each

eléctrk)de redorded;by at least two cameras: \

!‘S, . A
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APPENDIX C
Equations for Planar Analysis
N N J%.



KEY TO SYMBOLS -

. A - shoulder joint ‘ o ' ‘ \

B - elbow joint L .
C - wrist joint |
™~ —~—-D - fingertips .

G, - center of _gravity of the upper arrn segment N

, G, - center of gravity of the lower arm segment l | \

% / G3 - center of gr vity of the hand segment ’ EERAE
T] - p031t10n vector of the upper arm segment .
rz - pos1t10n vector of the lower arm segment - - , \ \

T3 - position vect\ior of the hand segment - ) e

1 2,3 - subscripts representing the upper, lower and hand segrnents of
the upper extremity, respectively '

Gi - ‘the angle of segment 1 w1th the rlght horizontal - : \\
85 - the angle, of segment‘z with the rlght horizontal

93 - the angle of segment 3 with the rlght horlzpn al

N

, Y -~ subscripts representlng vectors in the x a\.n y d1rect10ns

~SAx’ SAy, SBx’ SBy' Cx; SC » SDxs SDY' - the\ drsplacement vectors
\ of the four seginental ndpomts \

Vex s ch, VDy » VD‘y - the velocity vectors of =

Vax:» Vayr VBx VBz
al ndpomts

the four se gmen

CApy, AAy’ ABx: ABY' A ‘x' ACy’ ADx' ADy - the acc:eleratlon Vectors
of the four segmental ndpoints :

Wl , WZ , W3 - angular veloc1t1es of the three segments
o x2, &3 -.angular accelerations of the three’ segments
M, Mg, M3 - masses of the three segments \ |

II» IZ' 13 - rnornen\ts of inertia of each of the three segments around an
axis through the center ‘of grav1ty \ o

\ o , Wl , W, W3 - weights of each of the three \segments
, , \

~
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- CALCULATION OF GROUND REACTION FORCES

In the;/calcul\a\tion of the ﬂgr0und :reactiori f.oric\e\s, the system is defined
as the b‘oc‘ly of the sul;je;t;\ Rota't»ion of the body may be neglécted in

the measﬂr{ement of forqes in t}lli's-,Skill“ (Miller and Nelsoh, 1973: 54),
The s.ystvem may‘-be repre sented as a‘paxl-t\i\cle (the rrias.vs center) with

-

mass equal to that of the subject.

T‘?*‘*«g -
Ry -

. . " i ) - )
Figure 63. Free Bod\)( Diagram of the ‘Softball Pitch

The free body diagram indicates that the body weight' a\ct‘s vertica\%ly X

cessive points during thL takeoff were determined by application of -

New\ton' s second law of motion. The b‘\equations of motion may be ex-

Al =

\

?

downward from the mass center. The magnitudes of the forces at suc-



| pressed as: (Milﬂle_r & Nelson, 1973: 55) S

in = MaX\ S f-'Fy = May
. \ : : .
M | | R_=M_+w
X ax - - . Yy ay i .

£
: \ Jdoos
|
e

| The gpplicatioi‘l\of these eéﬁations to the forceé exé;rted by the pitcher

at suc’ce‘s‘sive points during the pit;:h wé‘s a‘cco‘l‘npli‘shed by a compu‘n‘ter
program wr-it"cen‘by the author. The R, anél Ry rgaction forces were

then displ-a:yed against t;rr}e to illustrate the magnitudes and direc;cions \
of such forces. These calculated body r.eaction forbces were then com-

pared.to the tracings from avforce plate from which the: subject pitched’

the ball.



1. Let SA be the absoi}lte linear digpl\acement of\point A, which repre-

4.

A

\
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KINEMATICS OF THE UPPER EXTREMITY MODEL

“sents the shoulder joint. Then Sa may be divide'd into two compo-
s | A may : P

\nents,\}h the X and Y directions; and each of these positions may be

plotted against time to produce a displacement-time curve. This

curve méy then be differentiated once to proguce _'velocity in the -

X (or Y) direction; and twice to produce acceleration in the X (or Y)

direction. N

2. Tofind V, (eibow"joint): T, =TV, +W X7

B B A -1 -1

%ﬁ"%x FVax t (W Xrp)x
VT LY W.oOXT.
ey =V, + (W X))y

3. Tofind Ky (elbow joint): g = A, +&) X T, + W X(W X T

— ,,':"— & — ) — ' ' — ‘o ..__-

—E\ABX AAx * 1 X rl)x ¥ Wl X(Wl X rl)x
ABy=AAy+(;‘1Xr1)y+W1X(W1 Xr‘l)Y \

To find'vc (wristX joint): '-'\_/C = -\7B +—WZ X r,

or Vey = VBx * (W X r2) X

va :-’V\Cy‘ ¥ (WZ X _FZ)Y

\CBZ 2 2 2 2

1
P

5.: Tofind A (wrist joint):\A  =K_+e XT. +W_ X (W XT)
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Cx Bx 2  2'x

2
Cy ° ABy + (o<2X rz)y_+ WZ X r,’Z)y |
VC

To find Vp (fingertips): V= V. = +'W3 X-;3
95va :“VCx TWy Xora)
T,Dy = VDy + (W, T3,
To flndID (flngertlps) 'KD -K +~=‘<3 X r + W3‘ X (W3 X ?3)
orAn =AL +tWy X 4 W, X(W, XT,)
KDy Dy * W3 X'F3Y +TN‘3 X (W, >}<”"3)y ,
- | .

1

Using the above method, the Kinematics of the centers of.gravity
for-ea‘lch'\\\ouf the three segments were *'determined. The equations _\\‘— |
\\ SO R |

used were ”exactly the same as those listed above, except the mag-

e

nitudes of the vectors Ty, Ty, Ty were altered to fepresent the

distance. to the C of G rathef..thah‘~-the léngth of the segment.
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\ KINETICS OF UPPER EXTREMITY MODEL

ol

The upper extremity ;nodel was represented by free body diagrams of

each of the three segments. The segments were assumed to be con-

N . .

nected by hinge joints and friézion at the joints was assumed to be negli-
gible. The net forces and moments of force at each joint we calculated

from the equations of Newtonian rigid-body rﬁe‘\chani\cs. .The genéral

° | | P |

equations of.\motion are as folldwg; (Meriam, 1974: 240)
: - ' ?

\ ” \-\\ - : e

gy i B
For each rigid body, the sum of the forces, either horizontal (Fy) or

Vertical‘(Fy) was eciuivalc;nt to the product of the mass of the segment
(M) and thef‘corresponding vertical or horizontal acceleration of the
segment'scente.(-if masg. Similarly, the sym of the moments of force

was eqﬁai to the pr‘(;du'ct\\ of the segment's angular acceleration and the
: \

. . , : | .
appropriate mass moment of inertia (I) at the segment's center of mass.
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| \ Eguations of Motion of These Segments %
§ . R )
! iy l
- . Selgment 3: ‘
“ \
Rx3 - M3 x AL‘x?: '

e

%};3 = M3 X Ay3 +-W3

| A

Gy =Igs 3+ (R ;X 1, X Sin8)) + Ry, X1, X COS 8)) \ o

N
ﬂSegrznent 2: \ | : ~. ‘ T

— N - [ _ ’ ) - !

Ro,=R+M, XA, S . | v

/ : “ i /
R _=R _+W,+M, XA
. - Sy 3 2 2 2 !

&x Gy =Cytlg,u, - (Ry\2 X 1; X COS 85) + (R, X 13 X Sin 6, - =
o (Ry3 X 1, X COS 8,) + (R, 3 X 1, X COS 8,) oy .

o

;.'“Segment l“ . ) L : .
Ryl R # M) XA
Ryl :Ry2‘+wl +M1XAY1
C1 = CZ\ + I»C‘}'lql + (R}‘{1 X 15 X Sin’ 93) + (Ryl X 15 X COS 83) +

\ N
\ - n
(RyZ X 14 X COS 83,)>+ (sz X 14 X Sin 63)
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UEqUati%ns for Thrée\Dimensional'Analyses : ‘

\
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 SAMPLE SEGMENT CALCULATION-TWO PLANE,

: . , N A
\\ Y 1. HeAR>

l ¢
A
\

\

1. ~Let_S.A“_be the absolute linear displacement of point A over some _

time interval t. Then .S-A may be divided into three .compokneqnt,s,A

SRR ~in the X, Y, and Z directions. Each of these positions overds v-

eral“\ time per-io‘ds\‘may 'pe, pl.ptted against timev.to form a displace-

v _ | 1 ) N\ . ‘

. ment-time curve. ‘This curve may then be differentiated once to ‘
produce velocity in the X, Y, or Z direction:and twice to produce .

[ ) ‘acceleration in the X, Y, or Z direction.

2. Let-SB be the absolute linear displacement of point ? (elbow joint)

over some time interval t. From the se displacements, the vel=
. ) : " N _\\ » . )
\

I . ocity and accelera‘tio'r\ values r'nay‘_b"e ‘determined in each of the 3

directions of intere st.

3." " 'This procedure may be continued forh'each of the segmental end-

a
-

points of interest.

. : . |
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ANALYSIS OF FOREARM ROTATIONS IN THE SOPTBALL, PITCH i .

~

‘The objective of this anal?sis is to describe the magnitude of the fore-

arm rotations with respect tq the three piincipal"ixes of the forearm.‘,‘

i \ ‘ v

S"?'Ihi’s analysis will be described in terms of the _steps taken in calculat~
ing these values using a FORTRAN computer p;ogram written by the

' present Vauthor. This technique of ar\xal\ysis is based on the assumption
- that there are accurate X, Y, and Z coordinates available for three - -
N . N Y

distinct, non-colinear points on the forearm segment. These points

must be- cleariy wisible in the Lfilm record frgm both camerass used in
. . . . ‘ “ \ . e . E -~
~filming the subject. i \ _ » :
. | : N . ‘ BN
Step 1: To determine the total angular velocity of the forearm segment
with\reSpect to reference frame R in the various time intervals of in-
terest, the X, Y, and Zé’coordinates_of tilre,i:;‘;;époints must \be‘known.

St
° N

When the X, Y, and Z coordinates of a point have been d_etermit&e-d over'

~
~

a b_time interval, the velocity over \§.h‘at interval may be determined. vﬂl‘

2
=

and vz\arke the ‘relativélinear velocities of points Cand E with re spect :

to __B.

Te -~

Si Vo=
ince Vv,

=l
e
H|

and V. = W xT . ,
2 2 A

/

Where W is the total angular velocity of the system, then the

magnitude of W may be calculated from:

W

L
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/ v

~

-
N

Step 2: To determine the vectorsngl aI\'id_B3 defining the reference frame
in the forearm lsegrnent,\ the cross product of ¢Xd must be formed.

- Sincé%i-is parallel to ©Xd, then E’XH can be divided by its length to

formthe u\nit vectorr'E_l.’ o, ' \ . N \

1
4

The véctor?3 may then be determined .frorn"—'g3 :—‘1 X_bz, since ?2 is
defihevd'by the forearm segmental endpoints. The three unit v\gctors

defining the reference frame in the forearm segment are as follows:
g > ’i g _

\

Pr=Pyymy tPy Myt by

e - ;
\2 = bz.l n, + b22 n2 +b33_ n3

b3 =b3yny +byy ny +byyng

Step 3:  To detérmine/the three components of the total. rotation of the

\
o

 forearm (W) calculated in Step 1. The total rotation is

W-=W 5 +W.E +W =
S D BT B T € T T . -
A system of three equations in fhrge unknowns may be formed from the

I4

above known quantities. For the case of a general vector k, where

K=k n +k 0 +k_ T then )

4

To apply this general case to the unit vectors forming the reference
fra_ime in the arm (Q), we have: : . \

\



Wb = 13 - \
Wby \wl". B, T Wiy, '
~ Wb = t Wb _+W.b
b, =Wt | 222 223
W-E =Wb +Wb _+Wb__ :
3 131 2732 333 /

.

ire
M

ST
and W;. These sym-

1

Whe re\the three unknown quantities are W1 , WZ R

'

bols represent the following rotations: ' \\

Wl = flexion-extension at elbow joint

\ A
> = PT nation-supination of, the lbweX' arm segment

. \ : \ .

abduction ahd,adduction of the lower arm segrrientvat
- " the elbow joint. . . \ :

=

=

The total rotation W in refefencggframe Q may be represeniéd as:
W = _(W-;bl)bl +.(w *B,y)b, t (W‘b3)b3 T

W
\ Y
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: : . ’ . Y .
. T " N . : R N
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. Sy
. Figure 64. Reference frames of Arim Sggmentsﬁ

’ ' .
. ) _ .
) :
. . . . . .
v k l . B . y ) o
S . . ) '

-~
~

(XB’Y&‘ZS — - h — = ""L“‘ = =2 (e, Ve, Z)

Fisuxje 65,  Points on Lower Arm Segment
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APPENDIX E -

Computer Program for Segmental Analysis

~
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PORTRAN IV

1.000
-2.000
3.000
8.000
5.000

.400,
7.d00

8.000
$.000
10.020

11.000

12.000
13.000
14.000
15.000
16.000

17.000°

18,000
19.000
20.000
21,000
22.G00

23.0000

24.000
25.000
26.000
27.000
28.000

29.000 .

30.000

- 31.000

32.000

33.000.
34.003

35.000
36.000
37.000
J8.000
39.000
40.000

41.000

82.000
43.000

34.000°

85.000
86.000

47.000 -

4b.000
49.0J90

-50.000

51.000
52.000
53.000

.54.000

§5.000

0001
0902
oVl

6o0a
0005
006

0007
0008

0009

0010

[ AR

0012
0013
001a

. 0015

0016
0017
0018
0019

0020
0021

0022
0023
0024
0025
002s
0027
0028
0029
0030
0031
0032
0033

0034 .
0035 .

0030
0037
0034
0039
00uo
oouY
00ag
00l
0ouy
o0us

-~

|

G CORPILEL (

T

P

nnnnn

CBR

502

c

503

"soy

. : 244

. ~

. \ ‘ﬂ
b .

o/S Wil 21.8) ) " RAIR 06-17-78 23:02:4) PALGZ 0001

HREE SEGBENT ANALYSIS DPHOGKAPR : . ~

WRITIZR kY AKRIUN ALLXANGLK, U OF ALUEXTA, SFALNG 197H : % L

RUGRAL YHITTYN TU ANALYLZ THE KINETIC ANL KINEZATIC A

FOTIOM PAAPEYENS OP 1HE TIUNLE SEGERENTS OF THE ANg -

Duklhﬁ THE SKILL OF SOrThALL I'1TCHING
AL ooN

N, DIZ¥ASION SiUX (29) ,SBY (25 .DS(Zb) Y x(2J).!s!(25).cx(2u 3),
S CY(28,3) ,DU5 (45) ,LISK (25) XRISY. (29) DLDS (29)
DIPZNS1OY IV2LX (£5) ,YELY (25) <CI(49) ,ALCY (25)
DLAERS TON ALPita (20), ALK (20) ,ALP (20) AL (20) ,ALPU2 (20)
DIFFNSIUN ALFITE (20) ,ALIUY P20)
DIrEns 10N ALP&J(ZU),ALPNA4‘U),lLPHS(?O),ALPLb(;O),ALP?‘T;O)
DIAFNSIUN Fl\(ZJI,hl\(tﬁ),nxz(LS),NYZ‘25),KIJ(2‘),RYJ(25),
3 C1(25),C2(2%),C (2
DIZEWSION xlxcqzb),VJJu(za),xxAG(zsj,vJAr(zby,112u(25),1J2u(2M
.3 lIl?u(lbl,YJ\?n(Zb),IIJC(ZS),IJJG(IJ),XIAJG(2S),XJAJh(Zﬂ
DIH)N'XUH DISFE (25),9rL (25),ACC (2%) ,¥Y (2000)
DInzxcluN D!SPI(‘b),VL.Z(Ihl.ACLZ(ZS),DISPJ(Zﬁ) ~ \
DIMENS10M VLLS(25) ,ACCI(25) N \
DIARNSION G (25),H(25),YY (5),YT1Y (25),X1(25),Y3(2%)
DIPEASION XIA (D) ,YJA(25) ,X22(5) ,1d2(25) ,12 A2(25),tJA2(‘M
DIALaSl0s 113 (25) ,Y03(25),X1A3(25),YIA3(25)
DIFPENSIOK XIX(25) ,1JJ(25),THETA(25) ) . ~
DIFRENSION X (2Y),r (25),ur {25),Y(24) ,C{24,))
DisrznrslON CC(ZH J) €CC (24,3

10V=o - ’ '
EAD IN.MASSES UP 3 SEGFLNTf TAND TORIR FOBERTS or INZRTII
- READ(S,502)81,42,83,1G6%,162,1G3 2

FOBAAT (6210.5)
BEAD IN LENGTHS .OP EACH OF THEZ SEGPRERTS :
READ (S,502) UNL,LAL,HL . -

POK®AT (3210.5) ; . .

AG=9.814 i ' fo .

SL1=0)1e.4Q36 :

SL2=LAL® .43 . N

SLi=iLe. 28" . S

LAEY R EYY- i
- W2zp28AG Y

Vi=r3eAG . .

12225 :

1C=24 S

S8225.0 . : E \
RLAD (5, 501)(ALPHA(I),I=1 20)

FULRAT (20A9) B . .
READ(S,500) (ALP(I),T=1,20) : : ) A
READ(S,5%010) (AL(1),I=Y,20) ¢
READ (5;50 1) (ALFU(I),I=1,20)

READ S, 50 (ALFY (1) ,1=1,20)

READ (5,%00) (ALFNI (1) ,121,20) .
REALTS,507) (ALPBU (1) ,121,20) . -
Keab {5,200 (ALPUS (1) ,1=1,20) .

REAT (5,50 %) (ALFLo (1) ,121,20) . . \
RLAD (5,501 (ALen (1) ,121,20)

NE=25 - N\ - \
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ATS  PORTRAM 1Y G COMPILEX (O/5 KL 21.8) AAL N 0b-17-78 24:02243 ’$AGL vou2
. . . 7 °
56.000 0U4b WEAD(5,%0%) (ALI'HB (I),1+9,20) . . '
57.000 0047 KPAD (D, SUT) (ALKIHY(S),121,20) . X :
54.000 . € REaL L THE DEGRYEL OF SPOUTHING TO OCCUR $% 10z SCLINE HOUTISE
59.000 ¢ vArky PP 1S TAE ULGhek OF SrOUTHING POR 1db UPP YR ASE SPGEENT
60.000 C AND DSt 1% THE DEGREL U SMUOINING FUR Tt LONER Ak# SEGAYRTT
61.000 € kSu uSS 15 TH® VEGREL OF SnUUIHING PO TH® SKG ENDPOINTS
62.000 C AwD LSY 1S 14F LKGREE OP SLOOTHING PUR THE HAND SEGRENT
63.000 004l \ N RELAD (5, SN r¥, 055,081,052 . : \
64.000 vou9 51 FORPAT(MP10.Y) : -
5.000 C hEAD IY Tu¥ »iniZnr YALUES OF PARAFPLTEXS TO BE GEAPUED ’ -
615.200 & WEELY D13 1S THP ALulmum NG DISPL OF BAND :
65.400 C ASu LYIZ 1S THE =IN ANG DISKL OP TIF LOwWER ASH
65.600 ¢ AD LYY IS TliZ BIR A4G DISFL DF THr UPPLRE ARR
\' 65.050 O C wiZHE R3 15 TME rI1nlrUS A¥G ACCFL oOF TUZ HAND
65.700 TCOMNDE A2 1S Tnk RUN ARG ACCEL OF 1HY LOYER Ak
6€5.750 [+ \Nu A1 IS THE FIN ANG ACCEL OF 7TyE& UPPER ABA
66.000 0050 hun(s,bn)nu-,mz,bn,u,az,n
67.000 0051 580 FORRLT (6P 10.5) S
68,000 . C R2AD 1% THE LINcAY KINETATAC PASARLTERS TO BE GHAPHED
68.100 . C JHEaE YPX 1S GNE|AlNlNuz X-YEL OF 78I PINGFRS . .
68.200 . C AND YPY IS 'TDE ALK Y-VEL OF THF FPINGESS
68.300 i . AND APY 1S TRE PIN 1-ACCEL OF THE PINGERS | “ -
66.800 ' AND APY 1S THE AIN T-ACCEL Of THE PINGERS 3, !
69.000 0052 ‘ HEAD(S,902) VWX, VPY , APX APY ' h
70,000 <. 0053 -~ - 562 PONEAL (4PI0.4] :
71.000 0054 RELAD (S, 562) RPX,EPY,CAY,CA2
72.000 C AND THER'BEAD IN TLE KINETIC FANAMETERS TO EZ GHAFRED
72.100 C 'wodbyE KPX 15 THE P141387 X-POXCE AT SHOOLDER g
72.200 € AND SPY IS THE KINL#US Y-FOKCE AT SHOULDLER ) . :
72.300 C AND CMY IS TH® RININURM TImE wOA TI'E MOMLNT CURYES
72.800 Y C  AND CP2.1S ‘ﬁl! nlN YALOYR POR\TH! SHOULDYR POPEXT
73.000 © 0055 EAD=57.29577
74,000 0056 po 2 1=1,NK . g '
75.000 0057 . READ (5, 37 X (I} 7(I),6 (1) ,B (D), SHX(T) LSBY(T)"
76-000 0058 3 POREAT (6P10.5) .
77.000 V059, DP (1) =r?
78.000 0060 o DS (1) =0SS- '
79.000 0061 pOS (1) =0S Y
80.000 0062 ! . . ,DDDS (1) =DSZ
81.000 . C CHAMNGE DISPLATEMEENTS It DEGKEES TO RADIARS
82.000 G0b3 F.(I) 2P (1) /RAD >
83.000 0064 G (1) =G (1) /RAD o .
84.000 0085 . H (1) =d (i) /¥AD . : )
85.000 00cb ’ 2 - CONTINUE e ‘ }
86.000 0067 nerX—3
87.000 00uB s call 1cssv (X,S41,D5, N1, S, YSX,CX,TC,P¥, IEh)
80..000 0069 : CALL TCSSCU(X ,5MY,05,M0,SA,¥SY,CY,IC, »K, IER)
89.000 0070 CALL ICSSCU (X, P, DF, NX,SP, 1,0, 1C, ¥, 18X )
90.000 L0071 - : CALL I1CSSZU (X ,6,0pDS,Nt,S¥,11,C¢, 18, WK, TER)
91.000 0012 \ CaLL ICSSCU(X,H,!)Y»S,ux,_sn,Hr,ccc,lc,v.\:,lzm'
92.000 | 0073 ) pOr 4 I=V,n . .
93,000 0074 N DISX (1) =YSI(I) | . . N - L
94,000 0075 | DISY (1) =YSY (X) . - :
95.000 ou7e VELX (L) =Ct(I, V) |
96.000 0077 vYPLY (1) =CY(1,1) ! B
’ LN R o \\ .
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VEITE (b, 55Y)
-

.3

- Y
° WTS PONTRAN IV G COmPLLER (U/5 MEL 21.8) N > nAlN 06~17-78 24:02:
& 97.000 0078 ACCX (1) =2,CX ({1, 2) >

96.000 0079 LACCE (1) 22.9CY(1,2) 5

99,000 0080 VLSP (1) Y (1)

100.000 0081 DISF2 (1) =1t (1)

101.000 0082 veLr2 (1) ~o (L, 1)

102°.000 0081 ACC2 (1) 22,%CC(L,.2D)

163,000 0084 DISF3 (1) ~rvY (1) R

304,000 0065 YELI (1) sCCCHT, ) °

105.000 00u8b ACC. (I)=2.%CCC(1,2)

106.000 0087 YEL(I) =S (L, 1)

107.600 0083 \\ ACC (1) 22.°C (1,2)

108.000 ous9 4 CONTINUE

109.000 ve9o . WKITE (b, 15)

110.000 0091 15 i runnu(-1',Jox,'szm:rrn. ARALYSIS PEOGRAM=3 SPGRFYTS®)
111,000 0092 waI1TY (0, 595)

112,000 4093 555 PORPAT(® ~*,30X, ANGOLAR KINEEATICS ‘or THE UPPEK ABY’ )
113.000 0094 WRITE (0,6)

114,000 0095 ° PURBAT (*U*,10X, -x)‘yur' sox,'ounur )

115,000 0096 VAITE (b, 7)

116,000 0097 7 PURENT (*0°,5K50X7,10,°P", 10X,'TI'\",BX,'DISPL!CEHH?'
117.000 . aBX, SYPLOCITY', tfx 'ACCEL’RLTIOI')

118,000 0098 DO B 1=1,r
\119.000 0099 8 VRITE (6,4 X (D) ,P(I),X(I),D1SP(I),VEL(L),sCC(T)

20.000 0100 WRITE (0,500) (u.wnu) x=1 20)

21.000 0101 500 ©  POREAT (¢/,20A4) .

122.000 0102 L MRITE (6,15)

123.000 0103 WRITZ (b, 550)

, 124,000 019a 556 PORNAT (*=*,30X,*ANGOLAR KIWEMATICS OP TRZ LOVER Agn‘)

L} 125.000 0105 . "WBITE (o,

Y 426,000 0106 un i N
127.000 0107 ~ ~
126.000. 010y 13- -nlr 9, X (1) ,6(I),X (D), stnm,vzx.zm .Acczm
129.000 0109 : VRITE (s S0vU) (AL vn‘l(x),u\ 20)

130.000 0110 MLRITZ (6,15) '

131.000 3R %) VEITE (o, 557) b

132.000 V112 597 PORSAT (*~',30K, *ANGOLAR KINERATICS .OF TIZ RAND SEGRERT®)
- 133.000 0113 WEITE (6,06) R )

134,000 0118 VRITZ (6,7) - - *

135.000 . 0WS . 0C 14 I=1,n

136.000 0116 14 RRITY(0,9) T(1),R(1),T(1),DISP3(I),VELI(I).ACCILT)
137.000 0117 WRITY (o, 509) uu’m\(n I=1,20)

138,000 0113 NEBLTE (o,boo) .- ° °
139.000 . O0W19 606" rosun-n-,mx.'uuuﬂ\ K1SEEATICS OF SHOODLDLR *//)
1a0.000° 0120 WHITE (0,0} N
141,600 0121 ¥HITE (0, 7) :

Wz.000 0122 9 ~pONFAT (3X,25.3,5X,P7.3,01,P5.3,3 (62,712 n))

143.000 0123 . WRITE (o, 558) - A

T 188,000 0128 . 558 PORALY (40?,30X, ‘l-LOORDINATZS OF SYOULDER')
1a5.000 0125 Spu A6 131,m
186.000 . 0126 18 wRITF (o,%) V() /SHX (D) ,xm /DISX(I), VELI() ,ACCRLD)
W7.000 " 0127 YRITE (b, SUV) uunun,x 1,20) .

187,200 0128 - Sx1rE(b,000) -

147,400 0129 ¥KITY (0,0) ~ .

147.000, 0130 WRITE (6 ,7) ~ :
148,000

246

paGe QUGS
¢




i ‘ . : ' 247

N T
ATS  FORTUAN IV G COAPILEG (0/5 KEL 21.8) AALN " 06-17-78 24:02:03 racr 0vua
149,000 0132 . . 559 rohr,n(-u-,‘aoY '1-COOFDIMATES OF SNHUULDPKY)
150.000 0133 R Lo 1y I=3,n \
151.000 0134 . 14 WHITELL, 92 (1),S »n(n,xm.uxsrm.vru(r),nccym i
152,000 . 0135 WK1TY (b, 500) m.p-uu.)x 1=1,20)
153.000 C TALCULATE LINEAK YFLOUCK
154,000 C IRSELFT THUL LENGTHS Ur LIP‘B SELAYNTS )
155.000 . . C. VA IL LINBAR YEL ur SYOULDER JOLNT oy
156,000 : C VB IS LIN®AN YEL OF RLNON JOINT :
157,000 \ c ‘\vc IS LINMLR YEL OF ¥KIZT “
158.000 . . C YD IS LINEAKW YEL OF PINGERTI1FS
159,000 * € VYECTOR WUTATION PUR TRE IRHLE VECTORS 15 XI,YJ,ZK
160 .000 0136 - ) ' wRl1L (o, 28) : ‘ ,
161.000 0137 1] T POLFAT(*1°,151, 'LINEAN VELOCITIES AND ACCELERATIGYS OP SEGrENTAL
101.200 §  EZNOPUINTS?) . : ’
162.600 . 0138 S WRITY(6,29) -
163,000 0139 - =28 POLPAT(//,40X, "ELAOW KINENATICS', //)
164,000 - 0140 WRITE(6,23)
105.000 0141 23 fOBFAT (* PRARE®, 41X, *X-YELOCITY',10X,*Y-YELOCITY', 10X,
166 .000 N GYX-ACCLLERATLIUNY b2, tY- A\.(.ELERAI!O‘{ ) R
167.000 C CALCULATE VE2LOCITY AND ACCELERATIUN COMNPONENTS OF THE PLbLOW
168 .000 0132 CALL: YECTUPR (DISF,UaL, X1, 1J) a
169,000 0143 Lo S 1=1,n ,
170.000 0144 xum-v-x_u)-t w(n;»vu.xu) : N
171.000 014s JII (1) =VPL (1) ®(XI (L)) +VELY (I} - ’
172.090 . 0146 “ XIA (L) = (ACC(L)*(=YJ(X))) ¢(T2L(1)% (- VJJ(I)))MCCX(X) _
"173.000 0187 : wux)xuccm-x.m)o (VEL(T) *XII (L)) *ACCY () N
174.000 0tug VEITL(0,27) L, IIX (L) ,Y3J (1) 4X1A (L}, XYJA (L)~
174 .000 G149 5 CONTINUF
176 .500 0150 WRITL (6, 500) (ALPHT (I),1=1,20)
177.000 "C CALCULATZ VELOCITY AND ALCFLEHATIUN co~po-«°ns OF T3E ARR COFG
178 .000 0151 WKITE (b,24)
179.000 0152 YRITE (U, 50y - " ) ;
160.000 0153 56 FOEPAT (*=%,301,'KIKERATIES OF TAE ARM CEXTER OF GHASITI', /N
YE1.000 0154 . WRIT®(o, 23) ‘ !
182.000 0155 CALL Y2CTOR(DISP,$L1,X1,7J)
193.000 0150 - bu 55 I=1,M
168 . 00 . 01587 - X126 (Z)=Vel (1) s (~1J (1)) +YELX (1)
165.000 0158 * - : ‘!JJu(I)—V‘L(I)‘(XI(I))'V"LY(I)
186.000 0159 ' TLAG (1) = (ACC (L} * (~YI (L) )) ¢ (VEL (I} ® (- YJJu”wkccxu)
180,000 0160 YJA«-(1)‘(ALC(1)‘XA(I))’(VE‘_(I)‘(IL(1))'\CCY(I)
148,000 0161 WAITE (0,271, xIlu(l),YJJG(I),XIAU(I),YJAb(f) o
190.000 0102 55 CONTINUE R
190. 500 0163 WR1Z (o, 509). (ALrwv(l),xxl 20) R
191,000 0loy 27 PURNAT (IS, 5X,3 (F10.4,10X) ,210,4) ’ Rk
192.000 - C CALCULATE VELOCITY AND ACCFLERATION cu-wo-«zns or TH! vﬂs‘r ¢,
* 193,000 0165 MRITE (6, 24) i
198.000 0166 L \WRITE(6,28) .E kS
. 195.000 (ALY 5528 _roqrupx u0x,-vusr KINERATICSY, /) B
190.000 - 0168 . : uazrr(e,zw) \
197.000 0169 T CALL V2CTON(DISP2,LML,XI,YJ) B
198000 0170 N0 L3 r=1,m i
199 .000 0171 X1Z(1)=VEL2 (1) ® (~TJ(T1)) ¢X114I) e
200.000 0172 ~ YJ2 (L) =VYEL2(I)* (21 (1)) *Y00 (I} &
201.000 0173 ; ’ XIANZ(I) = (ACC2 (1) ® (=YD (1) )) o (VIL2(L) d(-Ta2 ﬁ))) Al
202.000 oﬂu/' wum-(uczu)~x1(1))‘(vu°(u-xu(xn'rb&uw ¥ . . iy
sl . < P v -
5 * ;‘ A Y ~ 5
i 4_2__‘&;&."_ 4 ki . kD
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ATS. PORTRAAY 1V G COPPJLER ({U/S WEL 21.8) nAle 0uL-17-78 23:02:8) raue 0uusS
203.000° 0175 WRITE(L, 27 1,202 (1) ,Y02(1) ,X2A2(1),YJA2(])
205.000°° 0176 R CuNTINUE .

20%.500 0177 - WILTE (R, S0D) (ALPUT (1), Ix1,20)

206.000« C CALSULATE YrLOTITY AKD ACGELELATIUN LDI’POVLITS OP THE L ARP COPG
207.000 0178 WLt E (o, 24) LR

2068.000 0179 ‘1Tt (e ,92) : '

209.000 0140 92 PnPr!l('~' 30(,'K1'¢EPAA‘16'~'- OF THZ LOWSR ANA CYUNTEF OP CAAVITY',//)
216.000 0161 wAl1E (6,23}

211.000 0182 CALL v=C1OR(DISP2,SL2,11,YJ) -

212.000 0183 DO 96 1=1,nm .

213.000 0164 X123 (1) =VEL2(1)® (-TI(I)) ¢X1I (1)

216,000 0185 ) YJ2U (1) =VRL2 (L) * (X1 (1) V1+1J3J(T) '
215,000 0186 TR IA 6L RAACC (1N S (mYI () A (VYEL2(1) S (~TI2(I)))SYTA(L) |
216.000 0187 YJAZG (L) = (ATT2(T) »X1 (X)) ¢ (VEL2(1) *LT2 (1)) +1JA(I) N {

1217.000 ~ 01u8. : © MRITE(0,27)1,M125(L),1J26 (1), 11 A2G (1), 1JA26 (1) !

. 219.000 0189 .96 contINUE f
219.500 0190 ValdP (5, 500) (ALFAT(I),I=1,20) ”
220.000 € CALCULATY F2LOCIT! ANU ACCEL OF PINGERTIPS--VD |
221.000 0191 © WHLTE(o, 28) \ . | |
222.000 0192 QALL VLTTUR (DISP), su 11,Y) i \
223.000 0193 i "YRITE (o, 29) . .

224.000 0194 29 | PURZAT(*~', 40X, *FLXGERTIP KINEFATICS,//) )
225.000 0195 - WRITZ(b,2)) .

226.000 0196 ,. Do uuI=1,a ' .

227.600 0197 : SXI3 UL = Ve LI e (=TI (1)) ) +1I2(D)

228.000 ~ 0198 PyI3 ()% (VL3 (L)% (XD (I)))+YJd2(T)

229.000 01995 : TOXIAI(I) = (ACCIQI) S (~YI (L) ))SY(VELI(I) » (-YJI3(L))) ¢XTA2(T)

230.000 0200 : TINI (1) = (AQCI(I) *41 (1))~ (¥BLI (L) XI3 (1)) +11a2(l}

FSENTT 0201 ) WRITE (o, 27)_,114(:),ru(r),xuam,mum N

233.000 02 44 CONTINUE

2331.500 ﬁ\g ’ wRITE(6,5u0) (ALPH7 (1) ,1=1,20) o
234.000 C CALCULATION UF THE HAND COFG KINE\ATXCS

,239,000 . 0208 7 MKITE (b, 26) . - '
236.000 €205 WRITE(S,Y9Y)

237.000 €205 59 CPUR=AT (=7, JOX,'KINE!&ATICS OoF THE BAND CINTSR OF GRAVITY',/))
238.600 0207 ¥SITE (o ,23)

239.000 0208 v CALL YECTUR (DISP3, <L3 xx?»y‘u)

240.000 0209 PO 9o I=1,n

241.000, . 0210 XIZG (1) = (YEL3(I) * (- w(!n)‘xnm
262,000 0211 YJ3G(2) =(VHLI(L) S (XTI (1) )) T I2(])

243.000 0212 Y1AIG (1) =(ACCI(1)* (- 7.1(1;))‘““.3(1)-4 YJI(T))) *+XIA2(I)
244,000 0213 ©OSJA3G(L) =(ACCI(I)*XI (L)) 4 (VELI(L) *LI3(1))+IINc(Y) .

- 245,000 0218 ) wSITE(b,77) 1,XT30 (1) ,7I36 (1) ,X1A3G (1) ,TJAIG (1) |

' 247.000 0215 9y CONTINULEY . |

. 247.500 021b RRITE (o, S00) (ALPHT (I),121;20) ’ T

Y ' 24R.000 C CTALCULATION OF THET JGINT PUITES AND PO"E‘ITS POR EBEACH PRAZE o
. 249.000 0217 DO 80 1=1,m
' 250.000 C  CALCULATIUNS PON SEGPRENT 3--THE RAND
291.009 0218 ) BX3 (1) =P 3¢ IA3G (I)
252.000 0219 . RYI (1) =w3enJeTIAI ()
: 293.000 0220 C3(1)=IG3%ACCI (1) +RII(1)*SLI®SINGDLSP3I (1)) +KT3 (1) eSLIe \
. 254,000 . 3 Cus{DISPA(I})
255.000 c CALCULATICNS FOKR SLGRENT 2=THY LOSFR ANM SIGPENT
256.000 0221 RX2 (1) =R13 (1) +r2*XTA2G(I)

257.000 0222 MYZ (I)=NY3(L)ewler2erIA2G(])

\

i



RTS
258.000 0223
259.000
260.000°
261.000

., 262.000 S
263,000 0224

-264.000 0225,
265.000 + 0226
266,000 i
267.000 .

©268.000 ¢ 0227
20L9.000 0228 -
270.000 0229 ,
271.000 023u
272.000 0231
273.000 0232
274.000° 0233
275.000

-276.000 az23u
277.000 . 0235
278.000 ‘0236
279.0006 0237
280.000 0238
281.000. 0239
282.000 0240
263.000 0241
284.000 02u2
285.@09' 0243

. 286.000 02ae4
287.000 0245
2€8.000 0246
289,000 v247
'290.000 024l
291,000 0249
242.0600 6250
293,000 €251
294,000 0252
2945.000 0253
296.000 -
297.000
298.000
299.000 0254
300.000
301.000 0255
302.000 -
303.000 0296
304.000
305.000 02%7
306.000
307.000 0258
308.000
309.000 0259
310.000..
311.900 02p0

. 312.000

©

. 87

FORTERW IV G COAPILER (O/5 Azi 24.8) SN AAIN

g

,

N ~
Ob-l?-?ﬂ 23:02:43

S1G29ACC2(1) » (nx2 (1)oS2ss51n (DJSrZ(I)))-(MZ(I)"Z-

$ CUS(IISFZ(L1)))

3
s

*CI(L)e (KX2(1)® (LAL- SZ)"II(DI’PZ(I)))-(HYJ(I)‘(LAL $2)e°
Cus (LIsr2(1)))

i

C CALTULATIUNS PUL SEGALNT 1--THE UPI'Eh ANM SFGRENT

8y "~
85

84

82

83
88

12

89

560

C s

CMRITE (S, U3 I,RXT1 (I} ,RY (!) LD

RXV(I)+LTI2 (1) ¢ 107 1AG (1)

FYV(1) ch Y2 (2) 2P ISYIAG D) : ;
Cl(l)'~1(1)';C1‘ACC(l)'(RXZ(A)‘(UAL 5L1)-51~(01:r(1)))'

(Y2 (1) 8 {UAL-LLYY®
CUJ(UI'P(1)))‘(“11(1)'5L1‘51N(D!SF(l)))’IRY1( )°5L1'cus(ol<r(1);)
CORTINYE ©

VRITL (6,67) e
rou-n-(-vv1 20X, 'KIHLTLICS or THy urrzn zYTRtrXTY‘//) ~
MEITE (b, 895)

PUPHIT(ZUX *PORCYS AND HUHB'(T' AT THAE WJHIST JUXHT'//)

WPITF (b,84)

PURAAT (24, ' FRANE *,3X, *X—JOLNT YOKZES *, 3X, "1 -JUIAT . POACES?,
SI,*ARUNENT AT 'TH? JOINT ) -

L0 B2 1=1,n . ' R

WHITE(6,83)1, xxJ(I),mxs(ly,cJ(I)
VRXI'(n,bGO)(ALPP/(!),1=1 20)
POBLAT(IS,3(5X,r15.5))

WRITE (b, 81) !\

FRITr(b,HB) ) v
ronnAr(f--,zox,-rnaczs AXD POPENTS AT TEBE FLBOW JOIST!,//N
WBITE (6, b4) . .

Lo 86 I=1,n . ‘ .

YPITL(6,83)1, rxz(ry,nxz(x),cz(z) N
VPITP(e.SOO)(ALPh?(I),I‘l 203,

WRITL (5,61) 4

¥PIT2 (6 ,B9) s
"FORMAT (="', 20X, *POXCES AND HOHL‘TS AT TLE S'UULD"H JO'H"',//)
WKL1P (b, 84) . .

DO 87 s,

. .
|

¥s5ITE (6,500) (ALPY7(I),1=1,20)
‘WRITE (b,500).

FORSAT(* 1)

CALL CePEPY (1.0,1. 0)

C GRA¥MS OF X AND ¥ LINLAK VELOCITIES ¥S. TIFE - \"
C PO8 THE FODR StGAZNTAL L.DPUINIS OpF THRE ARRA

3

3

CALL CGPL (X,T13,X,%,.1,1,71,3,2,0.,-9.9,4.0,vrX,
=9.9y,4.0,AL1IH9,100) ©

CALL CGPL(X,YJ3,1,%,2,1,1,3,2,0.,-9.9,4.0,vPY,
-9.9,4.0,ALrHY,100) ] ) i
CALL CGPL(X,£12,X,Y,7,1,1,3,2,0.,~9.9,4.0,YFL,
-9.9,4.0,ALPY5,10U)

ClLL CuFPL(X,¥D2,X%,r,2,1,1,3,2, 0.,-9.9,8, o,vrr,
~9.9,8.0,ALPYY,I0U)

CKLL Corl{x,XxIl,x,s, 1,1,1,;,2,0.,~9.9,-.o,vrx,
=Y.9,4,.0,ALIHS, 10 K .
CALL CePL (v,YJdu,X,”,2,1,1,3,2,0.,-9.9,4.0,ve1,
~9.9,4.0,ALEYS,10u)

CALL C&PL(X,¥FLX,X,n,1,1,1,3,2,0.,-9.9,6.0, YKI,

T=9.9,4,0,ALPYY, TOY)
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313.000 . ° 02615 T L CALL can(x veuy,1,e, 2 141 3,2,0.,-9.9,%.0,veY,
314.C00 ' : $ -9.9,4.0,ALFA&, JUV) -
314.200 " C GhAFR OF uulun DESPLACKPENT 'S 118E--13 "PGS
315.000 - 0262 CRLL CLPL(Z,bLSP3,10,7,3,1,1,3,2,0.,-9.9, 6.0,013,
"316.000 ) 1 -9.9,h.0,ALFAM,I00) , )
o 319.000 0263 ’ o Call CGIRL(Z,DISEZ,G,N, 2,1,1,3,2, o.,-s 9,6.0,012, =
320.000 - $ -9.9,%.0, LPHA,IVY} B .
321.000 o268 . CALL CGrL(X,DISH,¥,n,3,1,1, J 2,0.,-9. 9 6.0, DY\,-O 9y,6.0, lLPHAn SR
322.0007: - ‘ 3 10U) :
322,200 : ol € GRAFAS OF ANGOLAR YPLOCITY ¥S TIrPZ '3 SEGS B
L 323.000 0205 . CALL CGFL{L,VELS, H, B, ,\1,1 .1,2 0.,—5 9,6.0 P .0, . "o
32k, 000 \ . 3 -y.y,5lu,LLP,IV0) (. “ g
: 325,000 0266 e CALL CGPL (X, TEL2,6,1,2, 1,1,3,2,0.,-9.9,6.&,0.0, : ’ e
jvt 326,000 § -9.9,r.0,5LF,10U0) \
Ve 327,000 v207 CALL CCrL (X, VEL,P.A, 3, 1.1, 3,2 ¢0.,-9.9,6.0,0. o ~9.9,¢.0,ALP,
A 328,000 ¥ 100) : %
© 3285200 C GRAPHS OF ANGULAR ACCELERATION ¥5. TinP 3 SEGS !
329.000 0268 CALL CGPL(X,ACC3,H,r, 1,\,3 2,0.,-9.9,6.0,43,
330.000 . .8 -979,8.0,AL,100) .
331,000 0269° CALL CGKLI(X,ACC2,G,H, 2,%,1,3,2, 0.,-9.9,6.0,42,
©332.000 Co . £ 7~9.9,8.0,AL,100)
333.000- 0270 o eatL'céeLie, ALC,P,P 3,1,1,3,2,0.,-9,9,6.0,A1, ) T
334,000 . $ -9.9,6.0,rL,10U)
334,200 C GRAFVES or LIN'AR VkLOCITIES X ¥S., Y POR KACH SEG .
- 335,000 0271 CALL CGPL (£13,733,X,7,3,9,1,3,2,7F%,-9.9,6.C, vyy,-s 9,8.u,ALFS, :
T 336.000 3 10V) .
. 337.000 0272 "™ CALL CGPL(XI2,1J2, m.z,z 1,1,3, 2 vre, -9.9,6.0, vr!,-s 9,8.0,ALPH,
' 338.000 B 3 100) ~
: . 339.000 0271 . caLl CCPL(XII 13J3,1,8, 5,1 1,3, 2 VFX,-9.9,5.0, vPY,-9.9,8.0,ALES,
’ ’ 340.000 - $ 10Uy
341,000 - $274 CalL CGPL(PLLX, ery x,r,%,1,1,3,2, vrx,-9 9,6.0,vr1, A i
-3w2.000 . $ -9.9,K.0,ALFH,I0U) o
. 342,200 ot C GRAPbS (€2 4 l«l\"l\ ICC:.L"FATXO"S ! ¥S. Y POB SZY}S ’
0 343,000 0275 - - CALL CGPL{XIN3,YJ23,X,F,1,1,7,3,2,APL,-9.9,6.0,2F1,
344,000 : 1 -5.9,8.0,ALPHY,100)
345,000 ' 0276 : : CALL CGRL(XIAYZ,YJA2,1, r,2,1,1,3,2,hP1,-9.9,6.0,APT1,
) 3u6.000 \ o $ -9.9,b.0,ALF42,100) R o
; 347.000 - ' 0277 Co CALL CGPL(ZIA,YJIA,X,m,351,Y, 3 2,0P1,-9.9,6.0, ALY,
348,000 s $ -9.9,8.0,ALPH2,I0U)
349,000 - 0278 CALL CGrL(ACCL,AGCY X, F,&,0, 1,.3 2,071,-9.9,6. O,APY, N
. 350.000 . L% =9.9,E.C,ALERZ, IOV} o
B 351.000 0279 ) CALL CSFL(RYT,hYY,X,m,1,1,13,3; 2 RPX,-9.9, 6.0,RPY,
351,200 C GRAPHS UP KESDLTANT PONCES AT TnE JUINTS o
352.000 L. 1 =9.%,n.0,ALPI),T0U) - . - o
353.000 0280 ‘ CALL CSPL(EX2,1Y2,1,r,2,1,1,3, 2 RPX,-9. 9 6.0, EPY, - RN
. 354,060 . $ -5 9 ,F 0,ALFY4,10D)- i ~
e . 395,000 0281 i CALL LUPL(th Y 4,0, 0, :,1 1.3,2.RP1,-9. 9,6 0,RYY,
‘ 3%6.000 $ -9ie,n.0,5LPRH3, 10U
356.200 \X “ € CGRAPHS OF KLSULTANT COOPLES AT TOE JOINTS
357.000 028 CALL SGYL{X,C1,%,8,1,1,1.3, 2fcx1,-9.9,6.0,Cn82,
358.000 ' . $ -9.9,5.0, A%FHO,IOU)
i 399,000 7/ 0283 . CALL coriqt,c2,M,%,2,1,1,3,2,CR1,-9.9,6.0,CA2,
7 360.000 : $ -9.9,b.0,8LkHe, Iou)
361,000 0288 CALL CG¥L{X,C3,6,m,3,1,1,3,2,CP1,-9.9;¢.0, cr2,

362.000 $ -9.9,8.0,ALPHT, I00) y

e \



-

N

aTs IOI‘I’III 1' ¢ compPILER (O/S IZL 21.8) -~

s

B

367. 000 0001
368,000 0002
389.000 0003
~ . -7.370:000  ~ 0008 . .
* . 371.000 000% 1"
372.000 0006
2 .373.000 0007
-~ 37%.000 0008 -
. 375.000 . 0009
- 376.000 0010 3
:377.000 0011
378.000 0012 .
BTS  PORTEAN IV G .COBPILEX
3637000 028% 4
368,000
365.000 6286
366.000 . 0287

. !(x)-ltoflx(rnzrn(x)) . \

(ors

CatL CGPL(I,DXSP,P,#,O,1,1,3,2,‘.,-9.9,6.0,'

YECTOR 06-17=78 23:02:87

sopROURINE vzcrul(r,tt 1,1) .
plagision 7(25),1(25),!(15) ztzsy,rwzrn(25)
PO 11 121,25 y ‘

1(1)=0.0 iy . @

X (1) =0.0 S X

D0.3 121,2% . - S
TOLTA (1) =P (1)

X (1) »XLOCOS (TRETA (1)) . N

cosTIsOE »
2ZTOND = .
1D \

X

2EL 21.8) Bazse 00-17-73 23:02:93

106)
stop ‘ .
x8D -

s -

1.25,-9.9,6.0,ALPHA,

251

PACE DULOY

'PAGE 0008

s



\ APPENDIX F

~

Computer Program for Ah’gular_ Velocitie‘s



ATS

!

1.000
2.000

o 3.000

8,000
5.000

6.000"

7.000
8.000
s.va0
10,000
.. 11.000
12,000
13,000
14,000
15.000
16:000
17.000
18.000
" 19.000

20.000,
21.000

22.000
3,000
4,000

25.000

26.000

27.000

, 28,000

30.000

. 31,000

32,000 .

33,000
. 38,000
35.000
38,000
37.000
38.000

39.000 .

O 80,000

- 80,2000

81.900
82,000
43.000
48.000

45,000

86,000
* 87.000
28.000
89,000
53,000
sl.ooo
LY 44 ‘000
53,000
sp:ooo

295000

0001
00027

.
e

0003

“¥o008
0005
0006
0007
10008 ¢
000Y
0010

~ 0011

0012
0013
o018
0015,
90
0017 !
0018
0019,
\oozo

0021
0022
- 0023
- 0028
0025
0026
0027
0028
0029
0039

003Y
003
003

0038
0035
0036
0037
0038
0039
(DY)
004

€ CONPUTER PROGAAN

10 .\"\

FORTEAR IV G COMFILER (O/S REL 23.8)
' ~ ca

-~

SAIn

0629

T0 D!TZIHIIP HIGIIT"DLS or R
pIPERSION 1A (20}, '18(20) ,1C(20), ID(20),X:?;0)

DIAENS10W YA (20), Y5 (20),¥C (20) .30 (20) .12
$ T4 (20),28(20),2C(20) ,20(20) ,ZE (20} » XC1(20, 3) .

$ YCV(2v,3),2C1(20,3),XC2 (29, 3),!:2(20 3),2€2(20,3) ,-
$ XC3(40,3),7C3(20,3),233(20,3),YELXN(20) ,VELTYE (20),
SYELLA (20) , YELIC (20) , VELYC (20) , Y2LZC (20) , VELXE (20) , "
SYELYE (20) ,VELZE(20F,82 (20) 552X (20) , 621 (20} , 522 (20}, "

N

s

-78
EARR BUTATIONS

0’1 ' h

. 3b|x(20),b17(20),b11|20) CI(20),C!(20),Cl(?O).h\!(ZO),

SR1Y(20) ,R12(20) ,R2X(20) ,32¥ {20) ,k2Z{20) ,B31 (20§,83Y (20),
:asz(40),rxrz(20) 4K (3000) ,WB1Y(20) ,d02 (20) 153(20),
SY1(40),72(20) ,13(20) ,T4.(20) ; !5(20),!0(20),77(20).

sra(zu,,oi(zo),19(¢o),
$ ws1(20),

N RBAD(S,2) XD (1) ,Y0(I),

24NV 4
‘!

=3
APInged

’lsz(s,iyurlan:,rxu,bss

POREAT(12,2025.3)

© A=sNPRANE~Y)
10026

po 12 I-‘,l?llﬂ!

oS (1) =DSS
IC-I!IA!! -3
lx-lrll!ly
SA=RPRANE
TIAR (1) 20.0

DO 11 I=2,NPRANE

TINAZ (I) =TIAE (I-1) .01

\

VRITE (6, 66)(11!!(1).181,!7!15!)

PORART (10P5.4)

DU 10 I= 1, NFRANE

READ 1IN COOYDIWATES OF S!G!BITIL.IIDPOIlTS

%240 (5,2) XA (1), YA (L) ,ZA(L)
READ (5,2) XB{I) ,Yb (T} ,ZB (1)
READ (S, 2):28 (1), XC (1), 2C (1)

" COFTINDE

B {1)

READ (5, 2) X2 (1) , YR (1), 22 (1)

“Rm.Q258

DO 84 I=I, NrRANE

XA (1) =3A (f) #.0258
TA(1)=YA (1)2.0254

TA (1) =LA (1) *2
=XB(l)*L’
) =¥8 (L) *2
2B (1) =ZB (1) 2
IC(I)=3C (1)02
1G.(1) =¥YC (1) o2
2C(I)=2C (1) o2

XD (I) 2XD (L) *2Z

YD (L) =xu (1) o2
LD (1) =zD (1) 2
XE(L)<XK (1) *2Z

S DE®1 (20} ,uZ¥2 (20) ,DESI (20) , DENG (20) ,DENON (20),
DEXS(20) ,4N2(20),UN3(20) ,¥(20)
cosnox ®,A(10, 11),!!1

06:56:23

PACE 0001

/
/

%



110.000

K}

08:56:2)

C AND

\

ve2)

R
> ~
- .
\ \ -
‘ ) B .‘ ’ ,“ i ™

ATS YORTRAN IV G COAPILER (U/3 REL 21.8) ) BAXD 06-29-T4

55.000 - 0082 YR(L)sYE (L) *2 _

56.000 - 0083 “LE(l)wxZ (1) o2 .

56.200 00as (1} CusTInug

$7.000 0045 2 PORPAT (70X, 3(212.9, zxn : it

63.000 0046 CALL I1CSSCU(TLAE,X8,DS,NX,SH, n 1C1,YC,¥Y,I2R)
61.000 0087 CALL ICSSCU(TIAE,YH,DS,NX,SA,Y2 #YC1,1C, VK, IEK)
62,000 0oas - CALL ICSSCU(TIAE,ZB,DS,KX,S58,13,2CV,/IC, VK, IBR)
63.000 (113 ] CALL ICS55CO0 (TINE,XC,DS,0X, sn.n,xcz. 1984}
61.000 0050 CALL ICSSCu(TINE,YC,DS,¥X,59,15,1C2,ICHUK, IER)
65.000 0051 =~ / €ALL ICSSCO (TIAZ,2C,DS,¥X,SN,¥6,1C2,IC,} l,lll) :
66.000 0052 CALL ICSSCU(TIRE,XE,DS,NX sn,n XC3,IC, VN, 1ER) -
67.000 ‘0053 \ CALL ICSSCO (TIAE, u,ns,u SA,Y8,YC3,1C, 0K, Deh)

. 68,000 0058 ) \ CALL ICSSCO(TIAZ,2Z,DS,NX,58,Y9,2C3,1C, Jx 128)
65.000 : C/ CALCOLATK THE RELATIVE LINEAR ¥EZLOCITIEZS OF POVETS
70.000 c/z ¥YITE RESPECT TO B : .

71.000 ° 005S ; Bapx=1 : /
72.000 0056 / DO 13 Y=1,p FAN
73.000 0057 VELYS (1) =ICV(I, V) — g / SN
74.000 0o0sa VELYB(I) =¥C1(X,1)
75.000 0059 VELZB(I) =2C1(X, N)
76.000. 0060 YRLXC (i) =XC2 (X, 1) -VELXB(X) . s
77.000 - 0001 VELYC (1) =YC2 (I, 1) ~VELYB (1) )
78.0006 0062 | YZLZC (1) =2C2(I7) ~VELZB(T) S
79.000 0063 YELIE(X) =2C3 (I, 1) -VEZLIB (I) / - .
80.000 (117 SN VRLYE(I) =YC3 (I, V) =YELYB(I) K
81,000 0065 © VELZE(I) =2C3(I, 1)-vnu (I e
82,000 0066 13 CONTINGE . q,../ R
83.000 ' 0067 o D0 8 I=1,8 = \
85,000 0068 [} WRITR(6,27) TIRE(L) ,n((n nn(r) n(x) .vu.um
‘85,000 " ' 0069 D09 1=1,n
86.000 0070 . WRITZ (6, 27):15: m,utxg.nnz (I),Y2(D ,V2LYB (1)
87,000 2071 DO 100 Iay,
,\/ae.o‘oo 0072 - 100 CWBITE(6, znnu(n,u}n rxn(x) !3(1).mum
"' 89,000- 0073 27 PORRAT (FS5.3,710.5,r5.3), 7r15.5 -
90.000 ‘€ 'CALCULATE TR® TOTAL ucﬁx.n YPLOCITY ®
91.000 C BUST PIRST DEPIYE THE VECTORS LYIRG IN TWE ARE SEGEENT
92,000 0078 \ DENY (D) -suuuxcu) “IB(I)) %2+ (1C(L) ~TB (I)).£%2+ (2C (1) -28 m)
93,000 007% \ DO 50 1=1,8
.. 98,000 0076 D2y2 (1) -son((uu)-xam)o-io(n(x) -um)"zo(nm ZE(I))“i’)
. 95,000 0077 RX(I).a(XC(X) ~XB (1)) /DENI(T)
96,000 0078 RIY(L)a(YC(X)-YB(I})/DERI(I)
97.000 0079 R1Z (1) = (2C (1) =28 (1)) /DERT(I) .
98,000 0080 R2X(I) & (XE(X) ~XB (I} )/DEN2(X) =~ e
. 995000 . o081 R2Y (I)=(YE(L) ~YB (1)) /DEN2(I) T
100.200 - 0082 R2Z (1) =(Z2(1) ~YB (1)) /DEN2(I)
101.000 0083 .puoau)-uzucmuzxmpo(vzucm 227 (1))
102,000 S (YELAC (1) ¢R22(I)) . \
103,000 0084 ¥X1 (D) = (YELYC (1) $VELZE (1) ~YZLZC (1) ¢ YELYE (I} ) /DENON (I}
104.000 0085 M2 (1)~ (VELZC(I) SYTLIE (1) ~VYLXC (1) oV ELZE (I} )/DENOA (I)
105,000 0086 WR3 (1) (VELIC(J) ®YZLYE (L) “VELYG (1) s VELIE (I})) /D2NOA (1)
106,000 C FISD IHEZ VECTORS WBICH DEPINEZ TBE ARR SEGRENTS:B1,82,D3
107.000 - € 32:82X+B21ep2z

. 108.000 0087 DER3(I) =SQRT ((XC(T) uun--zo(rcu)-nm)'ozo(zcm—zau))uz)

109,000 0088 B2X (1) = (XC(T)~XB(I)) /LPRI(I)
0089 nun-ncm ~YB(I)) /DEN3 (1)

254

raGe 0002

~



255

¥ .
Y

A N L n N , . -
”~ |
N N ) " N N ' - ) N
ATS PORTEAN IV G COWPILER (O/3 REL 21.8) © RAlE \ 06-29-78 ou:st:zl PAGE 00U3’
T . ) . . : . .- N
191,000 7 0090 B2Z (I)= (ZC(I)~LB (1)) /DERI(I) .
112,000 0099 R . nzuu)-sonf((xau)-u(xn'-Zo(nm-u(x))-Qo(uu) \ v
. 113,000 ' T8 ~IA(D) Y C N
114000 0092 ' CX'(X) =(XB(L) ~XA(T))/DERS(I) \ . a0
115,000 0093 CY (1)=(YB(I)~TA (1)) /LPNB(I) : N
‘116,000 . 0094 o Cz (1) =(2B (L) ~2A (1)) /bENE (1) '
117,000 “C PORM C X b TO PIND-BY VECTOR :
118.000 ¢ 0095 o B1XI(1)=(CY(1)*B2Z (1))~ (CZ(1)*B2Y (1)) : . C
119,000 0096 B ; B1Y (1) =(CZ (1) *B2X(T)) ~(CX (I)*B2Z (1))
120.000 00917 B1Z (1) = (Cx (F)sB2Y (1)) - (CY (1) *B2X(L))’ ) ) v -
121.C00 0098 DEXS{T) =SQRT (BIX (1) %2+B1Y (1) **2+B12Z (I)*92) ’ o
122.000 . 0099 BIX (I)=B1X (1) /DENS (1)
123.000 0100 N B1Y (I) =811 (I) /DERS (1)
-424.900 0101 ’ b12Z (1) =B1Z (1) /DENS (1) I\ . R
125.000 - . € PORE b1 X B2 TO PORP-B3 VECTOR - : . % :
126.000 0102 BAXAT) = (BIY (1) #B22 (1)) = (BYZ(T) *B2I(I)) o - -~ N
127.000 0103 o B3Y u)-(auupazxu{)—‘(nuu)oazz(xn . \
120,000 010% b3Z (1) = (B1X (I) # 27 (1)) - (BIY () *B2X(I)) A ,
129.000 C MOST PORM T4E DUT PRODUCT OF OSEGA VITR BACH OP TH \\
130,000 C UXIT VECTORS TO FROM 3 EQUATIONS IN THREE UNTMOERS ‘
131.000 , C WHICH MAY BZ SOLVED PuB THE CORPONENTS OF OFPEGA
132.000. 0105 s ¥BT(I) = (R4 (1) ¢BIX (I) +@ N2 (1) *BIY (I) SUN3 (1) *B1Z(I))
133.000 010 ¥B2 ()= (VN1 (L1)*B21 (1) ¢WN2(I)*B2Y (I} +NN3 (1) *B2Z (D))
134.000 . G107 WB3(I)=(wN) (I)®83x(T) +¥N2(I) BT (1) +¥N3(I) ¢B32 (1)) )
135.000 . C BUST SOLVE THIS SYSTES OF EQUATIORS FOR THE UNKNORWS ox}(nnrz_s
136.000 : ) -~ € 0SE SUBROUTINE SOLVE TO SOLVE THISE ’ .
137.000 0108 - A1, ) =BIX(1 : RN .
138.00Q 0109 1(1,2),s511(1:\ ) . o
139.000 0110 . S OA(1,3) =B (1)) . . : o I >
140,000 ['RRR) ’ AT, 4 =WBI(T) . L . X . . [N
141,000 0112 . A(2, 1) =B21LI) )
142,000 0113 ! s A(2,2)=B2Y (1) : B \
Y 143,000 0118 . 1(2,3)=B22 (1) , . o
\ Wy.000- .05 . A(2,0) =¥B2(I) o . - :
145,000 0115 ’ A(3, H=BIX (D) N .
146,000 01172 A (3,2)=B31(1) ’ . L T
Y 147.000 ‘0118 . Coa{3, s =B32(D) ~ .
\§3.000 0119 LA (3,4) =WBI(]) .
149.000, 0120 CALL SoLve
140,000 0121 - , VBITZ(6'60) N ¥ T : -
.15v.000 0122 60 * PORALAT(*~%,*SOLUTION-OF THE SISTEH OF EZQUATIONS') ‘ AN
152.,000 0123 ) VRITE{(6.,62) 1, (K ,A (X, NPY) ,K=1,¥) B B
153.000 012k 62 . POKIAT{®PRANE WONSERS, I5,°¥°,13,P10.5,°¥",
154,000 $ I3,F10.5,'9°,13,P10.5) . U
. 0125 S0 CONTINDE
0126 . STOP = ’

0121 - r¥D e : . Oy




)

Iy

nrs | Iouf’an ‘1Y G COMPILEN (O/S

159.0
10.000
161.000
162,000
163.000
104,000
165.000
166 .000
167,000
168.0L00
169.000
."170.000
171.000
:172.000
173.000
174,000

175.000

176,000
377.000

178.000

£179.000
180,000
181.000
182.000
183,000

184,000, .

185.000
186.000
187.000
138.000
139,000
190.000

~

N

0001
0002,
0003

- 000w
0005

00U6
00 Q7
o008

‘0009

0010
0011
0012
0013
006
001$
0016
0017
0018
0019

0020
0021

0022"

0023

- 0028

6026 .
0027 -

0025

0028
0029
0030

:003Y

.

92
99

237
65

28 ",

18

: 20

70

A : - »

REL 21.8) . soLve 06-29-78  0W:56:25

SOMROOTINE SOLYE
cosfox #,A(10,11),WP1

Key, L -

Do 7Q llou-T ] : N
l-x01 : ‘ . '

ISWAP=IROV : D . -

DO 50 1M=K,N

xr(xas()(xsvnr.xnou))-Ass(l(rn xubu)) GP.0.)GO TO 50
IS¢AF=IN .

COXTINDE,

1P (ISWAP.2Q.14OV) GO TO 99 _

Do 92 J=1,mpl

TE¥P =A'(1BO¥,J) . ~
A(IROV,J) =A (ISVAP,J) . -~

A{ISWAP,J) =TERP

~.PIY0T=A (IRO¥,IROV) TN
IF. (ABS{PIVOTy=1. z—06)27 27,28

WRITE (6,65) BLVOT,

PORRAT (*-1,'PIVOT 1S TOO SRALL. VALOE OF P1YOT
=12710.5) )

STOP

Do 10 JI=1,MP1

A (IROW,J) =A (1RO¥, J)/vaot ’ ¢
DO 20 I=3,¥
1P (1.2Q.IROY) GO TO 20

.RATIO=A(I,IROW)

DO 18 J=1,uP1.

A(I1,J) =A (X, J)-l(llOl,J)‘ilTIO
CONTINUE

CONTINTE

RZTORY

EMD

FAGE 000



257

D

APPENDIX G

© Raw Data for'P}a\nar Analysis



258

-~

95
(AN
17
A1 AN
om

Hm

L

er«;g

qy

.
~
N

°qfL
Of "1
rHTLL
A€ 9y
LO= Gy
usSl iy
£S”G7
Lh oL
00"
1DV

e

m
x
w
o8]
wl

e6nLY
fITGEeY
PF.LJ [
£9La"nt
TR A
Z0nG° 5L
GOnYT (L
Aol
fLohT 2L
Lezet it
G95HTHL
HGwE e
.L:

0630 LY
(VISR E |
aganshl
L g

[ ~
CIn6T oL

—'NJ‘\v\\o

9ol U
N6HoL S
a2l L
nvda.h

HJﬂ4w>_

P:._HDC

. -

wmﬂrq

HE ! m
)

1] '4

1

fin

7760
LG 6Ll

allid &0

y .mlrc.xJD

,q.

5 )H LY
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