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MARLENE J. ADRIAN
MARY LOU ENBERG

Sequential Timing of Three Qverhand Patterns

ACCORDING TO SEVERAL AUTHORS in the
arcas of mechanics and kinesiology — Broer
(1). Broer and Houtz (2). Cooper and
Glassow (3). and Wells (6) — there is sim-
ilarity in the pattern of overhand move-
ments. Broer states that throwing, a tennis
serve, an overhead clear in badminton. and
the smash in tennis and badminton arc the
same movement pattern in terms of me-
chanics. Indeed. the model in the photo-
graphic sequence in the Broer work docs
exhibit the same kind of pattern for the de-
picted overhand skills.

One of the investigators in the current
study was intcrested in the mechanics of
performance; the other was involved from
the learning aspect. since it is a common
practice in the teaching of new skills to relate
them to patterns previously learned. With
the emphasis in the literature on similarity of
patterns and the assumed transfer of learn-
ing from one skill to another, it was pro-
jected that a comparison of several overhand
patterns might indicate intra- and inter-indi-
vidual similarities and differences. One of the
investigators. Enberg (4). noted in a limited
descriptive study that interindividual differ-
ences might be important considerations in

Marlene J. Adrian and Mary Lou Enberg
are members of the faculty of Washington
State University, Pullman, Washington.
The authors extend their gratitude to sub-
jects Donna Chun, Cathy Burquist, and
Carolyn Jensen Hein, to Barbara Fecht
who contributed the drawings, and to Her-
bert Howard, research photographer at
Washington State University.
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the choice of descriptions for introducing
new movement skills, Mechanically, since the
musculoskeletal system limits the types of
movement possible at each joint, similaritics
in patterning may result primarily from
structure of the body rather than function for
a given sport skill. More subtle differences
may occur which are specific to the partic-
ular sport skill. Furthermore, this structure
may be a reinforcer of one particular sport
skill and serve to inhibit successful function-
ing for ancther sport skill.

The purpose of the present study was to
make a comparison of intra-individual and
interindividual performances on three over-
hand sports skills: the volleyball serve, the
badminton smash, and the tennis serve. The
portion reported here is part of a larger
study now in progress.

Procedure .

The subjects were three highly skilled col-
lege women: D.C. had competed on the
intercollegiate level in all three sports, C.B.
was a member of the intercollegiate teams in
tennis and volleyball and an intermediate
level player in badminton, and C.H. was a
badminton player of international caliber, a
member of the varsity volleyball team, and
a novice at tennis,

The subjects were clad in leotard and
tights, marked with standard tape markings
at the joints, and taped with two spines, one
at the upper spinal level, and the other at
the sacral level.

Subjects were filmed on the same day,
with a HyCam camera, frem a distance of
70 fect, and at speeds of 730 to 775 frames
per second. A timing device which operated

1
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at a constant 400 rpm was also included in
the filming to aid in the identifieation of the
frames. Each skill was repeated several
times to insure that the subject was uc-
quainted with the filming procedure and
could achieve consisteney in performance.
The skill which cach performer judged to
be her best. ic., badminton smash, volley-
ball or tennis serve, was filmed twice to
allow for a comparison and to insure that
the skill analyzed was not an isolated cvent
but represented a typical performance. The
films were analyzed while projected by a
Recordak MPE-1 film reader. Tracings werc
made for the purpose of comparing the
time involved and the sequential positioning
in the various skills. Tt was felt that there
would be disadvantages from the use of only
onc camera, but the advantages of the high
speed of filming could provide an important
addition to the literature in the deseription
of the sequences of movement.

Findings

From Figure 1, (a five-tracing scquence
of subject D.C. for cach of three skills), a
deseriptive  comparison may be made of
segmental positioning from the moment of
contact, backward in time at approximately
.05 sccond intervals to .189 seconds before
contact. In Figure 1A, at .189 seconds be-
fore contact, differences will be noted in the
three stances, the amount of knee flexion,
trunk inclination, and resultant angles of
shoulder inelination. The differences in
stance cvolved from previous foot action
which was: in the badminton smash, a de-
finite step forward with the left foot during
the stroke; in the volleyball serve, a plant-
ing of the left foot and continucu forgvard
movement of the unweighted rigit foot; and
in the tennis scrve, no step, but rather a
dorsiflexion followed by planter flexion of
both ankles. The trunk inclination in the
volleyball and tennis serves appeared to oc-
cur as a result of the action of both knees
and, to a lesser extent, both ankles. How-
ever in the badminton smash there were de-
finite trunk positioning miovements up to this
point in the cxceution of the skill.

2

Figure 1B, at .126 scconds betore con-
tact. indicates the extent of shoulder, clhow,
and wrist positioning. The body position for
badminten and tennis was more upright in
spiee; the volleyball position was lower be-
cause of protuinent knee flexion. The shoul-
der inclinations for the tennis and kadmin
ton skills were similar. However the two
skills that showed similar striking arm posi-
tion were the badminton and volleyball. In
the tennis stroke there appeared to be
greater humeral outward rotation, resulting
in a drop of the forcarm and racket. The
similarity of the tennis and badminton stance
will also be noted. At this point in the sc-
quences  hip rotation for only the tennis
stroke had progressed far enough into the
backswing to remove the sacral spine from
view.

Figure 1C, at .083 scconds before con-
tact, indicates the extent to which knee and
ankle action had altered the height of the
hody in spacc. Using the rectangular co-
ordinate system, onc would label the posi-
tions as a ncgative trunk inclination in the
volleyball skill but a positive one for both
the badminton and tennis. A noticcable
feature was the clbow lead tn badminton and
tennis which was not yet present in the vol-
levball skill, the one with the shortest lever
arm. Hip rotation had progressed evenly in
the three skills, but the upper spinal rota-
tion appeired to be less pronounced in vol-
leyball than in the other two sport skills.

Figure 1D, at .034 scconds before contacet,
indicates a strong similarity in striking and
balaneing arm positions but also a difference
in the angle of the body, and henee in the
angle of projection of force. An analogy may
be made between the position of the racket
as a lever in the two implement sports and
the position of the forcarm as a lever in the
volleyball skill. At this time the badminton
racket had a greater distance to travel before
contact than did the tennis racket. There
may be implications here for timing of the
sequence in relation to weight, length, or
absenee of a siriking implement.

Figurc 1E, at the moment of contact, in-
dicates a similarity in badminton and tennis
body positions but a difference in the angle
of and point of contact with the projeetile.

KINESIOLOGY REVIEW 1971



BAD.

Figure 1. A film-tracing sequence of the badminton smash and the volleyball and tennis serves for
subject D.C. A, .189 sec before contact (bc); B, .136 sec bc; C, .083 sec bc; U, .034 sec bgc;
E, contact.
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BAD. (D ¢}

wrist
fexion

backward move.
right _shoulder

Ilo.r.

backward move.- elbow |forwc|éd move.
forward move. - shoulder shoulder 3lbow

5

shoulder extension

r upper spinal rotation

L hip rotation torward

l knee extension

left step forward
1 ! 1 1 1 1 1 1 1 1 1 1 1 i

375

275

175 075 c
TIME 1IN .025 SECOND

Figure 2. Segmental movements for the badminton smash from —.375 seconds until contact for
subject D.C. P, pause in movement; h.o.r., humeral outward rotation; ¢, contact.

ve. (D.C)
backward move. .
right elbow extension
backward move. { g forward
right shoulder hor move.

pause

left shoulder extension

I upper spinal rotation

L hip rotation forward
knee flexion I pause knee extension
right step
forward
1 i 1 L 1 1 1 1 2 1 1 1 i
375 275 178 075 [+

TIME IN 025 SECOND

Figure 3. Segmental movements for the volleyball serve from —.375 seconds until contact for subject
D.C. H.o.r., humeral outward rotation; ¢, contact; (¥ ), approximate time.

4
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TEN. (DC)
F wrist
flexion
backward maove. T elbow flexion -
rt. elbow 1P forearm pronation extension
?ﬁ%’%ﬂ??jer hor. I forward move. —l
left shoulder extension

I upper  spinal rotation

hip rotation I hip rotation
forward tlexion

knee tlexion

—1 1 1 1 1 1 1

P \ knee extension
P e e |

375 275

TIME (N .

175 .ag75 c
025 SECOND

Figure 4. Segmental movements for the tennis serve from —.375 seconds until contact for subject

D.C. P, pause; h.o.r., humeral outward rotation;

The volleyball position was higher (no trunk
flexion as in badminton and tennis) and
more crect, and the point of contact was
much closer to the gravitational line of the
body than in the other two skills. Again,
there may be implications about the influ-
cnce of the purpose of the skill and e
state of learning of the performer. as well as
the influence of the striking implement, on
segmental timing. The movement patterns of
D. C.. and particularly her body position at
contact, were individualized for cach of the
skills.

In Figures 2. 3. and 4, the time sequences
for the segmental movements are graphed
for cach of the three skills executed by D.C.
These movements include only the foree-
producing phase of the skifls. The time is
from -.375 seconds until contact and rep-
resents an analysis often blurred in 64 fps
filming and indiscernible to the human cye.
In alt three skills the -.375-sccond point in
time is onc in which the nonstriking arm ap-
proached the termination of the pausc be-
tween flexing and extending,

Figurce 2, the badminton time sequence,
indicated that the establishment of the basc

KINESIOLOGY REVIEW 1971

¢, contact; (), approximatz time.

of support (left foot forward) occurred just
prior to:pelvic rotation, typical of classical
summation of force patterns. A combination
of striking arm movement (right elbow and
humeral outward rotation) was deteeted at
—.227 seconds, or about .009 seconds be-
fore completion of the cstablishment of the
base of support at —2.18 scconds. Both
movements were followed closely by a hip
rotation, detected at almost —.210 seconds
before contact. Upper spinal rotation began
shortly thereafter at —.185 seconds and was
followed by knee extension at —.163 scc-
onds. The onset of the final striking motion
of arm and forearmy at —.085 scconds and
wrist at —.033 seconds were indicative of
the veloceity these scgments must have at-
tained prior to contact. Tt will be noted that
the single camera led to some confounding
of movements, but the number of frames
per sccond still allowed a much finer anal-
ysis than has been previously reported.
Figure 3, the volleyball time sequence,
indicated that the basce of support (right foot
forward) was cstablished almost simultanc-
ously with the beginning of the Ieft arm ac-
tion at —.300 scconds. Again, there were

5
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TABLE 1. SEGMENT AND PROJECTILE VELOCITIES FOR SUBIECT (.

Activity Elbow Extension
VB Serve 30157 /sec.
BAD Smash 1619" /scc.
TEN Serve 13717 /see.

positioning movements of the right, or strik-
ing clbow. but the hip rotation forward was
the main detectable unwinding movement
and occurred at —.217 seconds, very close
to the same action in badminton. A differ-
ence in sequence was observed in compari-
son with the badminton skill. Here the knee
extension at —.150 scconds preeeded the
upper spinal rotation at —.115 seconds.
Therefore. the time span of the upper spinal
rotation was less than that in badminton.
The final forward movement was a com-
bination of elbow and shoulder extension
and humeral inward rotation beginning at
about —.065. The latter movements wce:
confounded. but the last movement was cl-
bow extension. No wrist flexion was de-
tected for this subject on the volleyball serve.

Figure 4. the tennis time sequence, in-
dicates that there was no forward step in-
volved in performance of this skill. The
skill is otherwise similar to that of badmin-
ton in tcrms of order of segmental move-
ment: hip rotation at —.190 seconds, upper
spinal rotation at —.170 scconds. and knee
extension at —.123 scconds. However, all
of these movements occurred later in the
total sequence, as if the tennis required a
faster explosion. Hip flexion was detected at
—.095 scconds and accompanied the con-
tinued hip rotation. Again, as in badminton,
the final striking motion oceurred with the
clbow extension at —.080 scconds and wrist
flexion at —.043 scconds.

Angular vclocities of the scgments for
five frames (average of .006 scconds) prior
to contact and projectile velocities were cal-
culated for subject D.C. and arc given in
Table 1.

5

Wrist Flexion Projectile Vclocity
45.5 fi/scee.

3748 /sece. 183.6 {t/sce.

2743 “sec. 128.9 ft/sce.

Although rotation aceurred during various
partions of the skills, there appeared to be
no forcarm rotation during the final .006
second, as determined by length of secgment.
Apparently the bady, including the shoulder,
was stabilized, and the movements occurring
were clbow and/or wrist actions. Therefore
the movements were basically in the antero-
posterior plance and sufficiently parallel to
the camera that measurements were accurate
cnough to report. Tt is assumed that any
inaccuracies of reporting would be an under-
estinute rather than an overestimate of the
velaeities. since some translation did occur.

It is evident that the badminton smash
and teanis serve represent high velocity pro-
jectiles, while the vollevball serve velocity
wis above average but not much above the
minimum of 40 fi /scc. reported by Temple
(5). However, since the clbow extension
velocity was over 30007 “sec.. the lower pro-
jectile wvelocity might be attnibuted to the
cocfficient of restitution of the volleyball,
the short lever arm, or the performer’s con-
cern with accuracy and spin.

Since the findings reported here are only
a portion of a larger study. the films for the
other two subjeets have not been analyzed in
as great detail. However, somce interesting
comparisons arisc in the positioning of the
subjects at contact and at .034 scconds prior
to contact. The tracings in Figures 5 and 6
are the equivalent of the last two trocings
in Figure 1, i.c., drawings 1D and 1E. Figurc
SA, at .034 scconds before contact, indicates
that subjeet C.B. had a narrow stance which
was similar for all three skills, The amount
of knee flexion was minimal, but hip flexion
was pronounced iw. all three skills. Again,

KINESIOLOGY REVIEW 1971



BAD.

A

VEB.

TEN.

Figure 5. A film-tracing sequence of the badmin-
ton smash and the volleyball and tennis serves
for subject C.B. A, .034 sec before contact;
B, contact.
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"\

BAD.
&
| Ao [,
Q 8
L
I
A B

TEN.

!

Figure 6. A film-tracing sequence of the baumin.
tion smash and the volleyball and tennis serves
for subject C.H. A, .034 sec before contacy;
B, contact.
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the racket and forcarm analogy suggested for
D.C. applics, but the clbow flexion was more
pronounced in the volleyball serve than for
D.C. at this point in time. The kind of tennis
serve (slice) probably accounted for the dif-
ference in the upper spinal rotation and
head position in the tennis serve as com-
pared with the other two skills. The right
and left arm co-action was similar on all
three skills.

Figure SB indicates the similerity in the
point of contact for all three skills with ref-
erence to the vertical line of the body. These
points of contact differed, in terms of dis-
tance from the gravital line, from thosz of
D.C. A somewhat exaggerated hip flexion
at contact on all three skills was utilized by
C.B.. indicating that the trunk movement
was an important part of her moment arm,
C.B. still had a flexed clbow position, yield-
ing a lower point of contact and a more up-
ward flight of the projeetile than for D.C.
The trunk position for C.B. at contact in
the tennis serve differed from that of the
other two subjects and was necessitated by
the kind of serve.

In Figure 6A, at .034 scconds before con-
tact, C.H. exhibited less intra-individual dif-
ferentiation that did cither of the other two
subjects. That finding might cuisry the impli-
cation that, as onc <kill reaches an cxtremely
high level, similar inovement patterns might
actually replicate the one best skill. Tn the
tracings, the stance, knee and hip flexion,
amount of hip and spinal rotation, left and
right arm action, and head position were
wery similar for all skills. Tt will be noted
that the badminton racket was angled more
sharply downward than the tennis racket.
The major difference among the skills oc-
curred in the amount of clbow and wrist
flexion, with the volicyball clbow still flexed
and the badminton wrist still cocked. The
latter contributed to the velocity of the strik-
ing implement recorded later in the paper.

Figure 6B, point of contact, indicates dif-
ferences in width of basc of support, but the
overall body positions were similar. The
volleyball and badminton points of contact
were closer to the gravital line of the body
than that for badminton. This subject, like

8
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C.B., used hip flexion at contact on all three
skills.

The velocity calculations for D.C. indi-
cated a direct relationship between lever and
projectile velocity. Therefore only the veloc-
ity of the final contributing lever was cal-
culated for the other two subjeets in this
portion of- the study. Bicause other factors,
¢.g., length of lever or cocfficient of restitu-
tion of the striking surface in volleyball,
might have affected the projectile velocity,
calculations and subscquent comparisons of
these velocities were not made. Wrist flexion
was caleulated for C.B. at 3432°/ scc. in
badminton and 3977°/scc. in tennis. The
volieyball clbow cxtension was 3165°/sce.
The greatest veloeity was achieved in her
most proficient sport despite the fact that,
theoretically, wrist flexion velocities with a
badminton racket arc faster than with a ten-
nis racket. C.H. had slightly greater elbow
extension velocity in volleyball, 3200°/scc.
The slow wrist action of 2500° /scc. in ten-
nis was indieative of C.H.s novice status.
However, the wrist flexion of this highly
skilled badminton player was 6200°/scc.,
a figurc which excecds any published data.
Cooper and Glassow reported wrist velocity
for a highly skilled woman thrower at
5250°/see. on an overhand throw, a skill
without a striking implement.

Discussion and conclusions

The data presented indicate that theore
arc some intra-individual and interindividual
differences in the patterning of the three
overhand skills discussed: the badminton
smash, volleybzll serve, and tennis serve,
The differences in bodily movements may
imply differences in necuromuscular pattern-
ing. An interesting question to pursuc from
the mechanics-learning aspect would be
whether the ncuromuscular system rccords
pattern parts (loops or subroutines) which
may be assembled cither in a given order or
with ccrtain substitutions allowed in the
chain, leading to different ncuromuscular
patterns.

Two overhand patterns arc noted in the
literature, and variations therzof were noted

KINESIOLOGY REVIEW 1971



in thcse data. Onc pattern involves a step
forward followed by pelvie rotation and the
classic unwinding scquences for force pro-
duction. Another pattern introduces flexion
in the anteroposterior plane, as a hip-trunk
action and/or a knece-trunk action. Another
question arising from these data would in-
volve an investigation of the mechanical cf-
fectiveness of the two patterns. That is, is
one pattern more cffeetive for an individual,
or is it more cffective for a specific over-
hand pattern? And, more generally, wiil the
anteroposterior pattern find more aceeptance
in the teaching of certain overhand skills?

The subject with a high degree of skill in
all sports (D.C.) showed greater intra-
individual differences in the contact position
than did the other two subjects. For the
subject who was very highly skilled in one
sport in particular (C.H.), the position at
contact in the other skills greatly resembled
the contact position in the best sport. The
slice serve in tennis for C.B. was responsible
for somc of the interindividual differences
noted in that movement pattern.

KINESIOLOGY REVIEW 1971
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On the basis of the data presented, it
scems possible that the differences in per-
formance of similar overkand patterns might
be as important as the similaritics, especially
at the highly skilled level. In genceral, then,
there are implications for transfer of learn-
ing as well as for mechanical improvement
of performanec. The results of the study in-
dicate the need to pursuc some of the ques-

- tions evolving from the findings.
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J. E. LINDSAY CARTER
BARBARA H. HEATH

Somatetype Methodology and Kinesiology Research

IT 1s Now THREE DECADES sincc Sheldon,
Stevens, and Tucker (40) introduced the
concept of somatotyping. This basic concept
was unique and has proved useful in many
ficlds of study during the past 30 years. In
response to the nced to overcome some in-
adcquacics in the originally proposed system,
a number of modifications to somatctyping
have been developed. However, an cxamina-
tion of articles using the technique of soma-
totyping, and books in various disciplines
describing the technigue, reveals two prob-
lems: a) the authors in gencral scem to be
singularly unaware of the developments and
modifications in somatotype mcthodology;
and b) inappropriatc somatotypc methods
have been used for examining relationships
between sematotype and other variables such
as growth and motor performance.

The purpose of this paper is to describe
the developments in somatotype method-
ology and to point out their relevance to
kinesiological studies,

ETHODS OF SOMATCYYPING

Sheldon’s sematotype methods

Prior to 1940 the physique of an individ-
ual was usuzlly characterized by individual
or combined anthropometric measures or by

J. E. Lindsay Carter is professor of physi-
cal education at San Diego State College,
San Diego, California. Barbara H. Heath

is a consulting physical anthropologist in

Monterey, Caljfornia.
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grouping people into broad discrete cate-
gorics or types on the basis of measures or
visual impressions. There was a nced for a
classification of total body form on continu-
ous scales which could be expressed in a
simple value. A technique directed towards
this end was described by Sheldon and others
(38, 40), who called it “‘somatotyping,” a
term they defined as follows: *.. . a quanti-
fication of the threc primary components
determining the morphological structure of
an individual cxpressed as a series of threc
numecrals, the first referring to endomorphy,
the second to mesomorphy, and the third to
ectomorphy.” Sheldon wrote that endomor-

vy, or the first component of the morpho-
1 . ical level of the personality, is character-
ize. by rclative predominance in the bodily
economy of structures associated with diges-
tion and assimilation; mesomorphy, or the
second component at the morphological
level, by relative predominance of the meso-
dermally derived tissues, which arc chicfly
bone, muscle, and connective tissuc; and
cctomorphy, or the third component at the
morphological level, by relative predomi-
nance of cctodermally derived tissucs, which
arc chicfly skin and its appendages, includ-
ing the necrvous system. The somatotype,
Sheldon holds, is a trajectory or pathway
along which the individual is destined to
travel under average conditions of nutrition
and in the absence of major illness (38,
p. 337).

Sheldon also used the terms morphophe-
notype, or the present body type, and mor-
phogenotypz, or the genctically dectermined
body type. Nevertheless, Sheldon maintained
that a given individual’s somatotype is un-
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changeable, even though it can be asscssed
through inspection of a sequence of pheno-
types through time. Sheldon’s system intro-
duced a seven-point rating scale for scoring
the expression of ecach of the three compo-
nents of a somatotype. The sum of the
ratings on the threce components is between
9 and 12. The system also contained tables
of age corrections (at intervals of five years)
for somatotype distributions ranging from
18 to 63 ycars, based on the height-weight
ratio.*

In its carliest form the somatotype was
determined from 17 mecasurcments taken on
a negative or photograph, but this laborious
process was seldom used after its replace-
ment with the photoscopic procedurc. To
assign a somatotypc rating, Sheldon used
somatotype photographs taken from the
front, hack, and side; a rccord of weights at
various ages, where available; a table of the
somatotype distribution according to the
height-weight ratio and age of the subject;
and standardized photographs and deserip-
tions of the somatotypes against which to
match each subjeet’s photograph. Although
the mecthod appears simple enough, there
are many subtletics, and satisfactory ratings
cannot be achicved without considerable
practice and training.

This new method of cvaluating body
form had its critics and the fact that it sur-
vived the somewhat acerbic but masterly
eritique of Howard V. Meredith (24) prob-
ably indicated the viability of the concept
and at least laid the groundwork for future
developments.

Sheldon (37, 39) recently summarized the
main objeetions to his system: a) the soma-
totype changes; b) somatotyping is not ob-
jective; ¢) there are only two, not three,
primary componcents; and d) somatotyping
omtits the factor of size. He offers comments

* The height-weight ratio referred to is the
height/cube root of weight (HWR). Strictly
speaking, there are many height-weight ratios;
one of these is the ponderal index which is the
cube root of weight/height, and it is the re-
ciprocal of this form, called the reciprocal
ponderal index (RPI}, which is used in soma-
totyping.
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on these eriticisms and presents some in-
formation on further objectification of his
method. Sheldon’s “new” method, apparently
in use since 1961 (36), is still inadequately
deseribed, and the associated tables have
just been published (39). The cssential pro-
cedures in the new mcethod are as follows:
a) standardized photograph and weight
rccord are taken as before; b) maximal
stature and minimal height-weight ratios are
established from height and weight historics;
¢) a trunk index is derived from planimetrie
measurcments of the thoracic and abdominal
trunks as marked on the photographs; d)
the somatotype is obtained from a table of
height-weight ratios and trunk indices, then
a sccond table of somatotypes plotted against
maximal stature, and finally from the “basic
tables” for somatotyping which combine the
three  parameters, These tables arc age-
corrceted, and they are read differently for
men and women, and the scven-point rating
scale is retained. The sum of the three com-
ponents is not limited to a range of from 9
to 12 as in the previous methods, but now
ranges between 7 and 15. Whether or not
these changes mecet the objections to Shel-
den’s carlier system is quitc debatable, as no
supporting evidence is given by Sheldon.
However, it is important to notc that the
trunk index system bears little relationship
to his previous systems (38, 40) so nuust be
regarded as another somatotype method.
Furthermore, beeause maximal stature and
minimal height-weight ratios arc required
for the trunk index system, its practical ap-
plication in growth studics is questionable.
To obtain this information would requirc
testing annually until maximal stature is
reached.

Hooton’s somatotype method

Hooton'’s ‘mecthod (18) is cssentially a
phenotypic representation of the somatotype.
He and his colleagues used this method ex-
tensively throughout the 1940’s on United
States Army men, and he based his ratings
on inspcction of the photograph and the
height-weight ratio. When compared to Shel-
don’s 1940 mcthod, the first component

11
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ratings in the lower grades were more “lib-
cral,” while the seccond component was rated
more strictly, resulting in scores approxi-
mately one unit lower. The third component
was derived directly from scaled height-
weight ratios. The height-weight ratios of
approximately 40,000 army men were di-
vided into seven cqual categorics and the
third component rating units were assigned
dircctly. Hooton's system did not limit the
sum of the three components i 9 through
12. Another departurc from the Sheldonian
systcm was the use of the tcrms fat, mus-
cularity, and attcnuation for the three com-
ponent names (12, 18, 28).

Cureton’s somatotype method (8.9)

Curcton’s system combines inspectional
ratings of the photograph, palpation of the
miusculature, skinfold measurements, height-
weight ratios, and assessments of strength
and vital capacity. His studies were mainly
concerned with young college men and ath-
letes.. Cureton stated his system *, . . will
place any given case at the location in the
Sheldon-Stevens-Tucker triangle at  least
closely enough for all practical purposes by
objective mcasurements.” (9, p. 15). How-
cver, his ratings differ from Sheldonian ra-
tings in the third component. Curcton’s ra-
tings average closc to one unit higher than
would be possible by using Sheldon’s height-
wcight ratio tables. In sonmie of Curcton’s
samples of athletes the differcnce in ratings
is even more marked; for example, the mean
height-weight ratio for Danish gymnasts is
given as 1243, while the mean somatotype
rating is 2¥2-5%2-4 (9, p. 26). According
to Sheldon’s distribution of somatotypes by
height-weight ratio (38, p. 267), the 3-5-4
somatotype has a height-weight ratio of
13.10. A height-weight ratio of 12.40 is op-
timum for a 3-6-1 somatotype. In regard to
Curcton’s inclusion of performance scorcs
for assessing somatotype, such criteria are
arbitrary and may lead to spurious rclation-
ships, because the component ratings are
not independent of performance. Another
difference in Cureton’s use of sematotyping
is that ke constructs his somatotype triangle

12
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with ectomorphy on the left side and en-
domorphy on the right side of the triangle —
a procedure which is opposite to that of all
other authors.

Parnell's M.4 deviation chart method

Parnell (29, 31) suggested and developed
thc usc of the following anthropometric
measurements in conjunction with somato-
typc photographs to obtain component ra-
tings: bonc diameters, muscle girths, and
skinfolds. These data were cntered on the
M.4 deviation chart, which included all nec-
essary tables. The anthropometric somato-
type thus obtained corresponded with Shel-
don’s cstimate of somatotype, but Parnell
substituted the terms fat, muscularity, and
lincarity (along with their respective abbre-
viations F, M, L) for the component namcs.
The cendomorphic estimate is derived from
the skinfold measurements, thc mesomor-
phic cstimate from height, bone diameters,
and limb girths, and the cctomorphic esti-
mate from the height-weight ratio. Each of
the component scales is corrected for differ-
ent age groups. Although the chart is based
on male data, it is also used for female
ratings. Parncil developed similar M.4 charts
based on anthropometric mecasures for chil-
dren aged 7 and 11 (30, 31, 32).

Damon’s anthropometric method

Damon, and others (10) predicted soma-
totypc from anthropometric measurements
on white and Negro soldicrs, using a multi-
ple regression technigue. Forty-nine anthro-
pometric measurements, including weight,
lengths, breadths, depths, circumferences,
skinfolds, grip strengths, and pulmonary
function were used. Eighty percent of the
predictions came within half a rating unit
on a seven-point scale of the photographic
ratings made by Damon (an experienced
Sheldonian rater). Multiple correlation co-
efficients (R} for endomorphy, mesomor-
phy, and cctomorphy were .78, .66, .90 for
whites, .83, .84, and .88 for Necgroes. Up
to 10 different measures were used to predict
some of thec components and the other com-
ponent predictions were also used in some
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of the cquations. The grip strength scores
and pulmonary function were not used in
any of the cquations.

Petersen's somatotype method for children
Out of a group of approximately 12,000
children, cvery child showing an illustrative
or striking build was selected to be somato-
typed. The children were mostly Dutch, with
some Belgian children, undergoing school
medical examinations. They ranged in age
from approximately 5 to 14 years, with the
majority prepubescent. The body build of
these children was cvatuated in accordance
with what was actually seen in the photo-
graphs (a phenotype), without taking into
consideration possible expectations with re-
gard to future development. The somato-
scopic criteria were thosc for Sheldon’s
young adult males, and the ratings were
made by Petersen and Van Galen. The data
presented is all cross-sectional and is the
hest published series of photographs on chil-
dren’s somatotypes. However, the author
bascs his general theme and orientation on
Sheldon’s concepts and believes in the con-
stancy of physique, although he really avoids
examining the issue in detail (33).

Medford somatotype equations

Equations for predicting somatotype comn-
ponents for boys 9 through 17 years of age
have been examined as part of the Medford
Growth Study conducted by the University
of Oregon under the direction of H. Harrison
Clarke. Sinclair (41, 42) and Munroe (26,
27) derived regression cquations from an-
thropometric and performance measures for
predicting somatotype components as rated
by Heath (sce below). A varicty of cqua-
tions are presented with the multiple regres-
sion corrclations for the first and third com-
ponent usually quite high, but with lower
relationships  for the second component.
The prediction for the second component
was improved whenever values for the other
components were uscd in the regression
cquation. It was found that the regression
equations were specific to the age at which
the measurements were taken.

KINESIOLOGY REVIEW 1971

Q

RIC

Aruitoxt provided by Eic:

The Heath-Carter somatotype method

Heath (135) criticized certain limitations
of Sheldon’s method and described modifica-
tions designed to overcome these limitations,
To begin with, the author stated that the
scven-point scale was arbitrary and then
proposed a rating scale, with equal appear-
ing intervals, beginning theoretically with
zero (but in practice at one-half) and hav-
ing no arbitrary upper end point. Sccondly,
she saw no good reason for limiting the sum
of the components ranging from 9 to 12, so
this restriction was eliminated. Thirdly, she
observed that in Sheldon’s table of somato-
types and height-weight ratios there was a
logical lincar relationship between some
ratios and somatotypes, but at other points
the distribution scemed quite arbitrary.
Heath then reconstructed the table to pre-
scrve a linear relationship throughout,
Fourthly, Hecath scriously, questioned the
“permanence” of the somatotype; therefore,
she e¢liminated extrapolations for age and
used the same height-weight ratio table for
both sexcs and all ages.

Hcath’s somatotype ratings were present
somatotypes, or morphophenotypes, and
were ncither predictions of future somato-
types nor estimatcs of the somatotype at
age 18, as were the Sheldonian somatotypes.
The eclimination of extrapolations for age
strengthened  somatotype methodology in
scveral ways. The concept of a serics of
somatotypes for each individual replaced
that of one somatotype for a lifetime. In
growth studics it was possible to study the
cvolution of adult somatotypes from a suc-
cession of pre-adult somatotypes. Further-
more, subjects in a reference population, but
with different ages, could be compared di-
reetly, as they were measured on the same
measuring scale. In the past 12 years Heath
has applied these modifications to somato-
type data involving approximately 15,000
ratings used in over 30 published studies.

Hcath and Carter (17) further objecti-
fiecd Heath’s system by incorporating Par-
nell’s M.4 technique. Heath and Carter de-
finc the somatotype as “present morpho-
logical conformation.” This somatotype is
expressed by a three-numeral rating of the
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Figure 1. Somatochart showing distribution of the somatotypes of 35 San Diego State College foothball
lettermen. Somatotype ratings were made using Parnell's M.4 Deviation Chart method. The mean

somatotype (triangle) is 4.7-5.5-2.1.

three primary componcnts of physique which
identify individual features of body morphol-
ogy and body composition. The first, or en-
domorphic component, refers to relative
musculo-skeletal development for the in-
dividual’s height. (It may be thought of as
relative Ican body mass). The third, or ecto-
morpnic component, represents relative lin-
earity of individual physiques. Its ratings,
derived largely but not entirely from height-
weight ratios, evaluate body form and longi-
tudinal distribution, or “stretched-outness”

14

of the first and second components. Ex-
tremes in each component are found at both
ends of the scales. That is, low first com-
ponent ratings signify physiques with little
nonessential fat, while high ratings signify
high degreecs of nonessential fat. Low sec~
ond component ratings signify light skeletal
frames and little muscle relief, while high
ratings signify marked musculo-skeletal de-
velopment. Low third component ratings
signify great mass for a given height and low
height-weight ratios, while high ratings sig-
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Figure 2. Somatochart showing distribution of the somatotypes of 35 San Diego State College footbalt
lettermen. Somatotype ratings were made using the Heath-Carter Anthropometric somatotype
method. The mean somatotype (triangle) is 4.2-6.3-1.4.

nify lincarity of body segments and of the
body as a whole (little mass for a given
height), together with high height-weight
ratios.

For the assessment of somatotypes by
nicans of the Heath-Carter method, the fol-
lowing data arc needed: height, weight, four
skinfolds (triceps, subscapular, suprailiac,
calf), two bone diameters (humerus, fe-
mur), two muscle girths (flexed arm, calf),
information on age, and a revised height-
weight ratio table. By entering data on the
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Heath-Carter somatotype rating form the
anthroponetric somatotype is obtained di-
rectly. Details of this procedure are fully
explained elsewhere (17). The Heath-Carter
anthropometric somatotype rating relates
very highly with the criterion rating by
Heath. However, a final somatotype rating
based on both the photograph and anthro-
pometric somatotype is determined by these
two sources of data and the distribution of
somatotypes for the given height-weight ra-
tios. For those trained in the method, a
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rating may be made from the photograph
and the height-weight ratio table.

In addition to the above mcthods, Hunt
{19) warns us of idiosyncratic rating meth-
ods — these micthods develop when different
raters (simply because they are different
people) place different interpretations on the
criteria for the components, in making sub-
jective photographic ratings.

It can be seen from the descriptions of
the various methods above that they differ
with respect to the basic premisce of whether
or not the somatotype rating is an attempt
at assessing the constitutional and unchang-
ing pattern of somatotype, or whether it is
a phenotypic (i.c., present) estimate of the
somatotype. The cstimates of the compo-
nents are based on onc or more combina-
tions of photoscopic ecstimates, planimetry,
anthropometry, and functicnal performance.
When using any of the above methods the
validity of the method, the reliability and ob-
jectivity of the ratings, and the measurement
uscd in the ratings are intecgral parts of a

study.

Obviously, somatotype ratings calculated
by various methods arc likely to be different,
For information as to the magnitudes of the
differences between mcthods and relation-
ships between them, the recader is referred
to the following studics (10, 11; 12, 14, 15,
16, 17, 19, 21, 23, 25, 26, 27, 28, 29, 31,
34, 44).

As illustrations of the differences Detween
methods, two examples are given. In Figures
1 and 2 the same group of footbali players
(4, 5) are somatotyped by Parncll’'s M.4
deviation chart method (Figure 1), and by
the Hecath-Carter anthropometric method
(Figurc 2). Comparison of both the mean
somatotypes and the distributions on the
somatocharts shows considerable differences
between the two groups. One particularly
noticcable effect is the compressing of all
somatotypes with a mesomorphy rating of
7, 7V, or 8§ by the Hcath-Carter method
onto a 7 rating, which is maximum for the
M.4 method. This lack “of discrimination at

weight — 145.5 Ibs.; height-weight ratio — 12.84. Heath-Carter Anthropometric somatotype, 214~
614-214; Heath-Carter Photoscopic plus Anthropometric somatotype (authurs’ indepencent ratings
agreed), 2-6-21/; Sheldon’s Trunk Index somatotype, 215—4-315; and Parnell's M.4 Deviation Chart

sormatatype, 214-615-4.
16
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the upper end of the scale has forced a lower
mean somatotype rating by the M.4 method
for mesomorphy compared to the Heath-
Carter method.

A sccond example is given in Figure 3 in
which a middle-aged male is rated by the
Hecath-Carter anthropometric method. the
Heath-Carter photoscopic method, the Shel-
don’s trunk index method, and by the M.4
method. Only the two Heath-Carter ratings
are similar on all three components. The
other two ratings arc dissimilar from cach
other and from the Heath-Carter ratings,
cspecially for the second and third compo-
nents.

The essential point to be gained thus far is
that there are different methods of somato-
typing, and that the relationships between
these methods are gencrally known. Thus,
the word somatotyping is a generic term em-
bracing a number of different methods.

THE RELEVANCE OF SOMATOTYPE
METHODOLOGY TO KINESIOLOGY STUDIES

The choice of the method of somatotyp-
ing in kinesiological studies is determined
largely by the purpose of the study. In gen-
cral, we arc looking for structurc-function
relationships; thercfore if we measure per-
formances at a given time (and perhaps
again at a later time), then it would scem
logical to rclate thesc performances to the
somatotype ratings at the same time. With
respeet to the ratings, two simple criteria
arc applicable: a) the rating method should
be independent of the functional measure-
ments; and b) the ratings should be allowed
to vary for the individual. The appropriate
methodology, thercfore, is onc in which the
ratings arc based on present somatotypes
(i.e., they are not age-corrected or presumed
to be constant), and the performance scores
arc not part of the rating method. In growth
studies, just as it is important to record ab-
solute valucs such as height and weight on
the same scales at different points in time,
it is equally important to rate somatotype
components in the same manner so that dis-
tance and velocity curves may be plotted.
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If, on the other hand, we merely wish to
identify the subjects as belonging to a parti-
cular somatotype group, then the use of a
fixed or permanent somatotype rating may
be uscful. In this casc, the rating should be
regarded as one would regard blood groups,
or cthnic classification. This procedure
would appear to have little to recommend it
because of its limited uscfulness in strue-
turc-function studics. Furthermore, the gene-
tic basis of somatotype has never been
proven or even the possible magnitude of it
established. In spite of Sheldon’s statements
to the contrary (37, 39), for which he pres-
ents no supporting data, the majority of the
cvidence in growth and development studies
is overwhelmingly in the direction of plas-
ticity and inconstancy and somatotype values
(1,2,3,6,7,13, 20,21, 22, 25, 26, 27, 28,
35, 41, 42, 43). Of course, the results of
such studies themselves depend on the spe-
cific mecthodology used. If one wishes to
prove that somatotype is constant from age
to age, one mercly has to shift the scales for
cach age group, as is done in the Sheldonian
system and in Parnell’s M 4 system. In these
systems, different “looking” amounts of the
components at different ages are given the
samc rating.

In summary, then, we have scen that there
are several distinct somatotyping methods
which have different bases and meaning. Be-
causc of these differences, several questions
need to be answered: a) What method of
somatotyping is to be used? b) Is the method
appropriate to the problem? ¢) Who is to do
the ratings and what is his reliability? In
kinesiological studies the use of a method
which is not age-corrected, and is based on
a scale which reflects changes in somatotype,
is recommended.

That certain important and substantial
relationships have been shown between so-
matotype components and structural and
functional variables is cncouraging, and al-
though different systems with different mean-
ings have been used this does not obscure
the fundamental fact that such associations
do exist. An understanding of the different
methodologies may help us to clarify some

of the relationships and to discover others.
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ERNEST W. DEGUTIS

A Problem goiving Approach to the

Study s Muscle Action

IT 1s coMMoN PRACTICE for physical edu-
cation majors, in their study of the human
body, to put considerable emphasis on the
study of the skeletal, or voluntary, muscular
systcm. The emphasis is justifiable since the
skeletal muscular system: a) makes up over
40 percent of the total body weight; b) by
virtuc of its contractile propertics, produces
movement for utilitarian, recreative, and af-
fective (expressive) purposcs; c) contains
kinesthetic-proprioceptive  sensc  organs
which, from one point of view, render mus-
cle as man’s most :mportant sensory mech-
anism; and d) is critical to the develop-
ment of thc various organic systems because
of the supportive role of these organic sys-
tems in muscular activity.

Onc aspect of skeletal muscular system
study includes its gross structure. Invari-
ably, the study of gross structure involves
a detailed description of many of the body’s
muscles in terms of cach muscle’s attach-
ment and the movements the muscle is pur-
ported to produce when it contracts. Learn-
ing points of attachment and movements or
actions attributed to contracting muscles
calls for considerable unattractive memori-
zation. Thc problem of dealing with a new
vocabulary, the cxtensiveness of the infor-
mation with its similarities and differcnces,
and the infinite detail can make the study of
Ernest W. Degutis is professor of physical
education at Western State College of Col-
orado, Gunnison. The art work for this arti-
cle was provided by Don Oden.
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muscles and muscle actions a tedious, bur-
densome, and difficult chore. Consequently,
many students are likely to lose interest. This
is unfortunate, as the subject is important
in itsclf and is fundamental to the student’s
professional preparation, since such knowl-
edge is rclated to the ability to deal satis-
factorily with content in other courses (e.g.,
kinesiology, physiology of exercise, athletic
training).

Most teachers are aware of the shortcom-
ings of rotc learning. When the attempt to
learn is obstructed by unattractive, boring
memory work, searching questions should
be asked regarding methods. This is espe-
cial'y true if waning interest, low level moti-
vation, and undcrachievement are in evi-
dence. Thoughtful questions directed to the
cvaluation of methodology might include the
following: Is there concern for the mastery
of principles, or only for the mastery of lim-
ited content which seems to lack significance
and is readily forgotten? Is the student chal-
lenged in a stimulating way? Is the student’s
curtosity aroused, his appreciation deepencd,
and his motivation heightened? Does the ex-
pericnce contribute to the student’s ability
to “lecarn to learn”? Is the overall experience
satisfactory? TIs it productive? Affirmative
responses to these questions are consistent
with a mcthod that has much to commend it.

Various mcthods may be employed in the
study of movements or actions purportedly
produced by contracting muscles. A good
way to initiate such study is through a prob-
!em solving approach, herein termed “mus-
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Figure 1. Fundamental body and movement planes (sagittal, frontal, and transverse), and funda-
1nental motion axes (transverse, anterior-posterior, and longitudinal). When an axis is named by the
planes in which it lies, the following applies: longitudinal or frontal-sagittal axis; transverse or
transverse-frontal axis; and anterior-posterior or transverse-sagittal axis.
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cle action analysis” (MAA).* This method
has the potential for eliminating many of the
undesirable concomitants of the rote learn-
ing approach. The study of muscle points of
attachment neccessarily receives emphasis in
MAA but it becomes subordinate to the me-
chanical prineciples underlying the “how”
and “why™ of muscle action. In other words,
MAA cnables the student to develop a ra-
tionale for explaining the movements pro-
duced by the contraction of a muscle or a
muscle group. It is not satisfactory to simply
state that a muscle may act in flexion or in
any other movement. The reason must be
stated in terms of the muscie’s fine of force
or pull, and the positional refationships of
the muscle’s fine of force to the motion axis
upon which it is acting. Thus muscular ac-
tion, in the mechanical sense, must be rea-
soned out. The invariably favorable response
of students who have used the MAA prob-
lem solving approach to muscle study per-
mits the cnthusiastic endorscment of this
mcthod. The intent of this paper is to de-
scribe the MAA method and the essence of
the preparatory procedures by which this
method may be satisfactorily implemented.

Preparatory learning experience, for muscle
action analysis (MAA)

It has been found that the MAA method
can be cfficiently and successfully imple-
mented if preparatory fearning experiences
of the type described herewith are provided
for the student. Attempts to implement this
mcthad without such cxperience have not
been as satisfactory.

1. A study of pertinent information rela-
tive to somec basic anatomica! considera-
tions: a) identifying and defining funda-
mental body and movement planes, and
fundamental motion axes (Figure 1); b)
anatomical terms of direction or position;
and ¢) anatomical movements. (Note: In
this text, it is understood that all movements
arc initiated from the anatomical position.)

*MAA is a modified form of a method long
uscd in the Department of Anatomy at the
University of Wisconsin.
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2. A study of the skeletal system. which
resufts in a thorough familiarity with the
surface markings on bones which serve as
points of attachment for muscles.

3. A study of the arthrodial system which
stresses the functional and structural classi-
fication of joints. The structural classifica-
tion of joints is based primarily on the ab-
sence or presence of a joint cavity (the con-
tinuity or discontinuity of skefctal parts).
The functional classification of joints is
based on the number of motion axes about
which the joint admits movement and, there-
fore. the number of planes in which move-
ment can occur. Considerations common to
specific joint actions would further include
the identification of the motion axis or axes
involved, and the naming of anatomical
movements and the planes in which move-
ments oceur,

4. A study of selected mechanics refated
to Ieverage and force, since MAA basically
involves the apolication of feverage and force
principles. Tt is especially important for stu-
dents to comprehend that a muscle’s line of
force or pull, when applied at an acutc an-
gle {(and therefore coursing obliqucly) to a
skeletal part and at a distance from its mo-
tion axis, has two components acting at
right angles to cach other, aud cach acting
on the motion axis to produce angular mo-
tion (Figure 2). Otherwise, a linc of force
which is applicd at a right angle to a skele-
tal part and acts to produce angular motion
has a direct, single pull or linc of action
{Figure 3).

5. The development of the “movement
producing combination” concept, wherein
angutar movement, in a mechanical sense, is
recognized as a function or a combination
of two factors: a) the direction of the line
of force, and b) the line of force’s positional
relationship to the motion axis.

Students have little difficulty in under-
standing the movement producing combina-
tion (MPC) concept if the approach is made
by use of the wheel and axle principle. An
improvised wheel and axle of sorts can be
used to demonstrate what the students al-
ready know, i.c., if a wheel is to turn on its
axis (angular motion), a force must Lc ap-
plicd to the wheel at a distance from the
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Figure 2. Schematic illustration of the two com-
ponents of force (f,, f,) of a muscle’s obliquely
coursiag line of pull (F), both acting on a skeletal
part (b) to produce angular motion about a
motiton axis (a) located at the center of the joint
cavity.

Figure 3. Schematic illustration of the line of
force (F) of @ muscle acting at a right angle to
a skeletal part (b), which produces angular
motiol? about an axis (a) by its single, direct line
of puli.

KIMNESIOLOGY REVIEW 1971

axis and in a plane that is perpendicufar to
it. This should be demcnstrated with the
whcel positioned in cach of the three funda-
mental movement planes. In order to iden-
tify movement producing combinations the
whecl, as it is positioned in cach of the three
planes, must be spatially oriented in terms
of anatomical dircctions to shcw in what
dircetion the turning forece is acting, and
what is the relationship of the line of foree,
positionally speaking, to the motion axis.
Generally, students nave little or no diffi-
culty in their understanding up to this point.
The probiem comes in their attempt to trans-
fer the wheel and axic and the MPC con-
cepts to the body and visualize them opera-
tionally. For cxample, if these concepts arc
perecived in the body context there should
be recognition that when the wheel is posi-
tioned in the sagittal planc and its motion,
therefore, occurs in that plane, flexion (Fig-
urc 4a-b) and cxtension (Figure 4ec-d)
movements are being considered. Figure 4c
iltustrates the importance of understanding
the positional relationship of the line of
force to the motion axis. In Figure 4c, the
lines of force, F and Fy, act in the same di-
rection, superiorty and posteriorly. However,
force F has anterior and supcrior retation-
ships to the motion axis as indicated by its
componcents f; and- f., respectively. Foree
F, has inferior and posterior rclationships to
the motion axis as indicated by its compo-
nents, f; and f;. Forces F and F; will both
producc motion in the sagittal plane but in
opposite directions. Figure 4f cxpresses the
same concept but with the lines of direction
of forces F and F, reversed. The MPC con-

cept related to flexion-extensiod movéments -

occurring about the transverse axis and ilfus-
trated in Figurc sequence 4a-f, is simitarly
iftustrated in Figurc sequence 5a-f for ab-
duction-adduction movements about an an-
terior-posterior axis, and in Figure sequence
6a—f for medial and latcral rotation move-
ments which occur about the longitudinal
axis.

Some students grasp the coneept under
considcration in its body context very
readily. For these students, muscle study
from the standpoint of MAA can be a cap-
tivating challenge. Others have more diffi-
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SUPERIOR

MPC for counter clockwise movement
or for flexion

da. 4b.
MPC £ sup. pull. ant. rel. MPC (2 inf, pull, pos. rel.
MPC £2: pos. pull. sup. rel MPC {12 ant. pull. inf. rel.
pas.p r MPC for clockwise movement p ¢
or for extension

f £ ¢

POSTERIOR
HOIHILINY

‘:2 fz f—"

MPC 1: ant. pull, sup. reh MPC *: pos. pull. inf. rel.
MPC {2 inf. pull, ant. rel MPC 4 sup. pull, pos. el
Effects of lines of force with identical
F directions but with different positional

relationships 1o the motion axis

: de. 4f.

. Sup. and pos. lines of force Inf. and ant. lines of foree
(F1, F*) producing counter (F!, F?) producing clock-
clockwi ¢ and clockwise wise and counter clochwise
muotion, respectively, due motion, respectively, due
10 their different positional ta their ditferent positional
celationships to the motion relationships to the nwotion
axis axis

INFERIOR

Figure sequence 4a-f. ldentifying MPC in the sagittal plane. The spgtial'orientation as shown is
common to all diagrams and allows: a) for the determination of the dlrectnons'of the line of force,
and b) for the positional relationships of the lines of force to the transverse motion axis, represented
as a point within the wheel. In the body context, sagittal plane movements are flexion and =xtension.

24 KINESIOLOGY REVIEW 1971

ERIC

QA Fioxt Provided by ERC




O

ERIC

PAruntext provided by enic [

SUPERIOR

MPC for counter clockwise movement
F or for abduction

£ R ; #

# *

Sa,

MPC ' sup pull. at rel. MPC € inf. pull. med. rcl.
MPC 172 med. pull. sup. rel. MPC for clockwise movement MPC f4: fat. pull.inf. rel.
or for adduction
£ # £
_J
<
Q
w
=
3 {:2-
& f
Sc. 5d.
MPC ' lat. pull, sup. rel MPC £*: med. pull. inf. rel.
MPC <2an. pull. lat. rel. MPC (4: sup. pull. med. rel.
Effects of lines of force with identical
directions hut with different positional
relationships to the motion axis
F‘
Se. St

Sup. and med. hne of foree
(F', F-1 praducing counter
clockwise and ¢clockwise
motion, respectively, due
to their different positional
relationships to the motion
axis

INFERIOR

Inf. and lat. lines of force
(F'. F*) producing clock-
wise and counter clockwise
motion, respectively, due
to their different positional
relationships to the motion
axis

vH3ILV

Figure sequence 5a~f. Identifying MPC in the frontal plane. The spatial orientation as shown is
common to all diagrams and allows: a) for the determination of the directions of the lines of force,
and b) for the determination of the positional relationships of the lines of force to the anterior-
posterior motion axis, represented as a point within the wheel. In the body context, frontal plane

movements are abduction and adduction.
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ANTERIOR

MPC for counter clockwise movement
ar for mediad rotation

A
6a. "Fﬁ ob. ¥

MPC U ann pull. bt rel. MPC £ pos. pull, med. rel.
MPC 4 med pull. ant. rel. MPC for clockwise mosement MPC [+ Jat. pull. pos. rel.
or fateral rotation

. 'F' _‘4 _ f'
F .
I +

MEDIAL
AvHILY]

he. 6d.

MPC ' Lat pull. ant rel MPC £ med. pull, pos. rel.
MPCE: pos pall. Lt rel MPC ' ant. pall. med. rel.
Effects of Jines ot foree with identica

F directions but with different positional
relationships to the motion axis
> F‘

i 6f

Ant.and med. lines of toree Pos. and lat. linds of force

(F', F¥) producing counter (F'. F*) praducing clock-

clockwise and clochwise wise and counter clockwise

motion, respectively, due motion. respectively, due

to their ditferent positional to their ditferent positional
, relationships to the mution relationships to the motion

ands anis

POSTERIOR

Figure sequence 6a-f. ldentifying MPC in the transverse plane. The spatial orientation as shown is
common to all diagrams and allows for the determination of: a) the directions of the lines of force,
and b) the positional refationships of the lines of force to the longitudinal motion axis, represented
as a point within the wheel. In the body context, transverse plane movements are medial and
lateral rotation.
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culty but they manage to some degree; they
too scem to cnjoy the confrontation .vith
problem solving. Unfortunately, therc arc a
few students who have exceptional difficulty
with this approach. It appears that they are
destined to approach the study of gross
movement as produced by contracting mus-
cles from the uninteresting, incffective, and
considerably less meaningful avenuc of pure
memory work.

In order to facilitate the development of
the MPC concept it may be well to devise
work expericnces for students which chal-
lenge their understanding. A number of such
homework cxpericnces have been devised
and arc available upon request.

Suggested procedure for MAA

In the foregoing prepaatory learning cx-
periences for MAA, a mechanically oriented
problem solving approach to the study of
movements produced by contracting muscles
was identified and briefly claborated on. In
the following, the proccdure for MAA itsclf
is described in detail. The procedure has
four emphases, which consist of determin-
ing: a) the dircetions of pull (lines of force)
of the muscle; b) the effective pulls of the
musele; ¢) the positional retationships of
the muscle’s pull to the axis of motion; and
d) thc movement producing combinations
(MPCs). If the suggested procedure is ad-
hered to, a minimum of difficulty should be
cncountered.

I. DETERMINING THE DIRECTIONS OF PULL
(LINES oF FORCE) OF THE MUSCLE

A. Locate the points of attachnient of the
muscle.

B. Dccide what point of attachment is
fixed and which is free. The free point is
attached to the body scgment undergoing
movement; the fixed point is on the stabil-
ized body scgment. Ordinarily, the fixed at-
fachment is proximal and the free attach-
ment is distal in the cxtremitics. When such
is the casc, the terms fixed and proximal,
and free and distal are synonomous, or the
reverse may be true.
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(Notc: The reversal of muscle action is
discussed in scction E.)

C. Dectermine the positional relationships
of the fixed attachment to thc free attach-
ment b obscrving these points of attach-
ment and the course of the muscle. For ex-
ample, the fixed point of attachment may be
superior or inferior, medial or lateral, and
posterior or anterior to the free point of at-
tachment.

D. The pulls of the muscle arc determined
on the basis of the positional relationships
of the attachment points to cach other. Since
a contracting muscle may simultancously
pull in secveral dircetions toward its fixed
point of attachnient, a muscle whose fixed
point of attachment is superior, medial, and
posterior to its frec point of attachment
exerts its pulls or lines of force in those di-
rections.

E. Discussion. With reference to the free
and fixed points of attachment and, there-
fore, the lines of pull, the muscles them-
sclves have no preference. Tn a shortening
contraction, the musele’s disposition is to
pull from cach of its ends toward its center.
It is the nervous system, fulfilling its integra-
tive functions, that dictates to the muscles
and cstablishes the frec and fixed body scg-
ments and, thereby, the free and fixed points
of attachment and the muscle’s lines of pull.
Under varying conditions the points of at-
tachment and the lines of pull can be re-
versed . . . Whercas in onc instance the mus-
cle’s fixed and frec points of attachment may
be proximal and distal, respeetively (e.g.,
clbow flexors moving the forcarm), under
different conditions the fixed points of attach-
ment may be distal and the free point may
be proximal (c.g., elbow flexors moving the
humerus) . . . In thosc instances where &
muscle or its tendon courses so as to change
its dircetion (pulley effect), onc of the points
of attachment is determined at that point
where the pulley effect occurs . . . Once the
directions of pull of the muscle arc deter-
mined for a given condition (e.g., the ana-
tomical position), they will apply at all times
for that condition. Therefore, all of the
muscle’s pulls should be determined at the
outset and noted.
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II. DETERMINING THE EFFECTIVE PULLS OF
THE MUSCLE

A. The effective pulls of a muscle (line
of force) are thosc which, by their action,
produce angular motion. In order to produce
angular motion the pulls of a muscle must
act at a distance from the motion axis and
in the planc in which motion occurs, Con-
versely, an ineffective pull would be onc
whose action docs not produce angular mo-
tion about a given motion axis. Rather, its
tendency would be to produce tincar motion
by acting in a direction parallel to the mo-
tion axis. In a three-dimensional system a
muscie may have pulls which are superior
or inferior, medial or lateral, and anterior
or posterior. Two of the three pulls will be
effective; one will not be. The chart below
identifics the ecffective and ineffective pulls
for each of the three fundamental motion
axes.

Incffective
Motion axis  Effective pulls puils
transversc a. superior or medial or
inferior lateral
b. anterior or
posterior
anterior- a. superior or  anterior or
posterior inferior posterior
b. medial or
lateral
longitudinal  a. anterior or superior or
posterior inferior
b. medial or
lateral

B. For a single joint, determine the axes
of motion and movement planes permitted
by the joint’s structure. Use bony landmarks
to indicate the approximate location of cach
axis on a specimen and on the living sub-
ject. Generally, the transverse and anterior-
posterior axes of motion may be considered
to pass through the ccnter of the joint, while
the longitudinal axis may be considered to
pass lengthwisc through the center of the
bone. There are a number of cxceptions to
this statement but this basic approach gen-
crally will be satisfactory.

C. When determining the cffective pulis,
consider only one motion axis at a time.

28

111. DETERMINING THE POSITIONAL
RELATIONSHIPS OF THE MUSCLE’S
PuLLs To THE MoTION AXIS

A. Whenever possible, examine the mus-
cle and the joint structure from a view which
shows the axis under consideration in cross
scction, i.e., as a point.

B. The muscle’s pull acts on the motion
axis at the points where its tinc of direction
crosses the motion axis. The positional rela-
tionships of the muscie’s tine of pull to the
motion axis should be determined at these
points, not where its attachments arc. This
1s particularly necessary in those cases where
the linc of dircction of the muscic’s pull
needs to be cxtended in order to cross the
motion axis becausc the muscie docs not
actually cross the motion axis (e.g., the long
head of the triceps around the transverse or
anterior-posterior motion axes of the shoul-
der joint). Accordingly, the positional rela-
tionships of a muscic’s line of pull to a given
motion axis may be superior or inferior,
medial or lateral, and anterior or posterior.

C. The positional relationships of the
muscle to the motion axis may be deter-
mined schematically as follows: a) Examine
the muscle-axis relationship as indicated in A.
b) Interscct the point representing the mo-
tion axis at right angies with .wo broken
lines. Extend the broken lines until they in-
tersect with the line representing the mus-
cle’s fine of pull (Figure 7a). It is at the
points where the b oken lines intersect with
the muscle’s linc of pull that the positional
relationships of the line of pull to the motion
axis are determined (R, R.). Obviously, the
naming of the positional relationships de-
pends on the motion axis under considera-
tion and the appropriate spatial oricntation.
To be consistent with the wheel and axle
principle and to maintain sensitivity to an-
gufar motion, it may be well to proceed as
above but to visualize the axis as a point
within a wheel (Figure 7b).

D. If a muscle is so placed that an axis
passcs through it, thc muscle nceds to be
considered as two or more units and should
be analyzed accordingly (c.g., the deitoideus
around ait axes of the shoulder joint).

KINESIOLOGY REVIEW 1971
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Figure 7a-b. Schematic determination of posi-
tional relationships (R,, R;) of a muscle's line of
pull to a transverse motion axis.

1V. DETERMINING MOVEMENT PRODUCING
CoMBINATIONs (MPCs)

A. For a given axis of motion, identify the
two anatomical movements possible (e.g.,
flexion and extension aboul a transverse
axis). '

B. MPGCs are a function of: a) the dircec-
tion of the muscle’s line of pull, and b) the
positional relationships of the muscle’s line
of pull to the motion axis under considera-
tion. Generally, the muscle’s line of pull will
have two components and two pocitional
relationships to the motion axis. When such
is the case, the proper matching of pulls and
relationships will result in two MPCs for
each movement (refer to Figure scquences
4-6).

KINESIOLOGY REVIEW 1971

ERIC

IToxt Provided by ERI

Figure 8. The right posterior deltoid muscle and
its line of pull from the anatomical position.

MAA illustrated

Figure scquences 4—6 have used the wheel
and axle principle to illustrate the MPC con-
cept. In this context the MPC concept is
readily understood by most students. The
problem for the student arises when the at-
tempt is made to transfer these understand-
ings to the body context. While the instruc-
tor may help, it is the student himself who
has to understand. To illustrate the MAA
procedure in the body context, the posterior
deltoid muscle has beea selected for anal-
ysis (Figure 8). This muscle acts on the “tri-
axial shoulder joint to produce movement
in cach of the thrce fundamental body
plancs. The deductive analysis is shown on
an MAA worksheet (Figure 9) used by
students to facilitate their efforts and for
casy checking by the instructor. Repeated
experierces of this type will lead the way
toward mastery of MAA.

It should be noted that the MPCs as
shown emanate from the anatomical posi-
tion. As a scgment moves through its range
of motion, the line of pull of the involved
muscle and its positional relationships to

29
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Figure 10. Proof diagram for the right posterior deltoid muscle assisting in abduction when the

humerus approximates 180° abduction.

the motion axis change; therefore the move-
ment produced by the muscle, mechanically
speaking. is a function of different MPCs. In
Figure 10 the linc of pull of the posterior
deltoid is shown schematically in a proof
diagram when the humerus approximates
180° abduction. In this position it is likely
that this muscle. ordinarily a strong abduc-
tor, assists other muscles in the abduction
movement because of the shift in its line of
pull and positional relationships to the an-
terior-posterior motion axis.

Concluding remarks

This paper has been written to explain a
method of analyzing the action of contract-
ing muscles from a mechanical standpoint.

KINESIOLOGY REVIEW 1971

Experience supports the view that MAA is
replete with the clements of problem solv-
ing. It can be, thercfore, a potentially chal-
lenging. stimulating, productive. and satis-
fying way of studying muscle action.

It is recognized that muscle action is a
multidimensional  phenomenon  and  that
there are limitations in viewing movements
produced by contracting muscles in a purely
mcchanical sense. Results from clectromyo-
graphic studies, for cxample, tell us that
musc.e action is not simple. It must be
pointed out, however, that if a muscle is to
produce a movement, mechanically speaking,
it must first be in position to do so; whether
it does or not depends upon environmental
conditions and the integrative action of the
nervous system.
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T. L. DOOLITTLE

Errors in Linear Measurement with
Cinematographical Analysis

IT HAS BEEN ovER 30 YEARS since Curcton
(1) sct forth clementary principles for the
usc of cinematographical mcthods in anal-
yzing human performance. These were in
essence reiterated by Glassow (2) and
Hubbard (3), and numecrous studics in
physical cducation have used them; how-
ever, there has been a paucity of literature
in the discipline regarding any improvement
in or critical analysis of these methods, Noss
(4), a noted cxception, published his work
rcgarding the inherent errors in angular meas-
urcments. Techniques for the reduction of
errors in lincar measurements have not been
clucidated. Since the utilization of cinema-
tographical methods for analysis of complex
or high speed human movements is becom-
ing increasingly popular, it appecared that
there was a great necd for cstablishing more
accurate techniques for reducing these lincar
errors.

The assessment of linear distance from
film frequently is a primary parameter cither
for distance per se or for the ultimate deter-
mination of velocity. This method is subject
to errors that the naive investigator may fail
to take into account, cven though he is fol-
lowing what is generally thought to be ac-

T. L. Doolittle is an associate professor at
California State College, Los Angeles. He
wishes to extend his sincere appreciation
to Alton Boynton and Barbara McClure,
former graduate students at California
State College, for their able assistance in
this investigation.
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cepted practice. Perspective errors result
when three-dimcensional objects are reduced
to two dimensions on the film, with those
ncarer appearing larger than those that are
morc distant. Increasing the camera-to-sub-
ject distance, while partially reducing this
source of error, does not completely climi-
nate it, nor is this recommendation always
practical. Utilization of a grid for a back-
ground creates perspective errors for which
corrections should be made. A second source
of error — scaling errors — may result when
the projected image is other than actual
(lifc) size. An object of known size is
usually included in the field of view, meas-
urcd on the projected image, and a scale
factor derived to convert measured values
(in inches, millimeters, etc.) to the desired
values (in feet, meters, etc.). The accuracy
of the scale factor obviously influences the
accuracy of the ultimate determination. The
significance of this potential source of error,
often overlooked, will become quite apparent
later in this report.

The placement of the object of known
dimension in the plane of action will reduce
perspective errors, but unless it is of large
size scaling errors will be enhanced. Re-
gardless of its size, the object may impede
the desired action, requiring its placement
parallel to the planc of action. This is the
situation that exists when a grid is used for
a background. Figure 1 illustrates the phys-
ical arrangement of a camera, a distance of
hypothetical action (r), and a grid. On the
two-dimensional image of a photograph r

KINESIOLOGY REVIEW 1971
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will appear as n.* This may be observed in
Figurc 2 where the hurdles appcar to be
supcrimposed on the grids. The effect of
altering ¢ and/or s (Figure 1) also may be
observed in these photographs. The purpose
of this study was to evaluate the relative
effects of perspective and scaling errors, and
to investigate techniques for climinating
them.

Procedure

Frame by frame analysis, such as might be
employed in determining the distance be-
tween two points for subsequent computa-
tion of velocity, was simulated in cach of
cight still photographs. In actual analysis
these two points would undoubtedly occur
in different frames; however, for purposes
of this study having them in the same frame
permitted standardization without detracting
from the basic technique. Hurdles, in a planc
perpendicular to the axis of the camera,
were utilized to represent the points. The
distance (r) between the right vertical bars
on the right and middle hurdles (Figure 2)
was held constant at 12.5 feet throughout
the investigation. The axis of the camera was
maintained perpendicular to the plane of the
grids at the center of the middle grid. The
values for « and s (Figure 1) were varied
as indicated in Table 1. Frames 1, 2 and 3,
and 4 and 5 were originally photographed
for purposes of testing different cxposures,

“but ultimately were utilized to dctermine
intra-operator error. Frames 1, 5. 7, and 8

arc exemplified by Figure 2, A, B, C, and D,
respectively. Three operators independently
analyzed the film using a Kodak Recordak
Model MPE-1.

PERSPECTIVE ERRORS

The first subproblem in this investigation
was to determine the magnitude of perspec-

* In keeping with the terminology and symbols
used subsequently in this report, it should
be noted that r and n arc life size; thus, in
reality. on the projected image one is oberv-
ing m which when multiplied by the scale
factor (k) becomes n (n = km).

KINESIOLOGY REVIEW 1671

grid

° r'/ r /

camerd

Figure 1. Diagram of camera, grid, and hurdle
placement, showing various variables.

d — distance from camera to plane of hurdles
(i.e., simulated plane of action); line also repre:
sents axi. of cumera lens.

s — distance hurdles were in front of reference
grid.

r — actual distance between points being meas-
ured.

n — uncorrected value of r measured from the
projected image from the film as m (in mm}) and
converted to feet by the scaling factor k (see
text).

r' — distance one of the points was offset from
the center of the image.

n’ — apparent value of r’, measured from the film
(as with n)

a — distance between two hypothetical points p
and q that is not parallel to the grid. (Note also,
that a projects the same m, thus the same n, as
r unless precautions and/or corrections are
taken into consideration).

N — angle opposite side n; also opposite side r;
equals angle R minus angle N'.

N’ — angle opposite side n’; also opposite side r’;
tangent N’ equals n’/(s+d) or r'/d.

R — anc'e opposite side n-n’, also opposite
r4r; tangent R equals {n+4n’)/(d+s), or
(r+r)/d.
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Figure 2. Four views of grid and hurdle placement. Distance (r) between right vertical bars of right
and middie hurdles was 12 5 t. in all exposures. Camera to hurdle plane (d) and hurdle plane to grid
plane (s) distances were varied as follows: (A) d == 80 ft., s = 4 ft., (B) d = 56 ft, s = 4 ft,;

(C)d =46 ft., s = 9 ft.; and (D) d = 96 ft., s—

9 ft. Grids were made of squares 1 ft. on a side

and were placed: 13'2” on center for views A and B; and, 11°7" on center in views C and D.

TABLE 1. VARIABLE VALUES FOR
THE EIGHT PHOTOGRAPHS

d
Frame d (ft) s (ft) d+s
1,2,3 80 4 95238
45 ° 56 4 *.93333
6 44 4 .92000
7 46 9 .83636
8 96 9

91429

d & s are as indicated in Figure 1.

tive errors and cxplore techniques for their
reduction. A scale factor (k) was determined
for cach frame by noting the number of
millimeters on the graph paper that were
cquivelent to one foot on the projected image
of th: grid. The distance between the two

34

points (the right vertical bars of the two
hurdles) was mecasured in millimeters (m).
The scale factor was used to convert m in
millimeters to n in fecet (n = km). Formula

(1)

% Error:n:r x_loozl%lsii
% 100 (1)

was utilized to determine the percentage of
error in 1 (with respect to the actual distance
of 12.5 feet) prior to correction. Formula
(2) d
= m X n (2)
was employed to correct n for perspective
crror and resulted in the calculated value, /.
If no other errors were involved ! would
cqual r, or 12.5 feet. The percent crror in
the calculated [ was determined by substi-
tuting / for n in Formula (1). Table 2 de-

KINESIOLOGY REVIEW 1971
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TABLE 2. OBTAINED (n) AND CORRECTED (1) VALUES FOR THE

ACTUAL DISTANCE (r) WITH PERCENTAGE ERROR FROM

FEET IMMEDIATELY BELOW EACH VALUE

OPERATOR A
FRAME n 1
r ft. 1345 1281
% 760  2.48
Lt 1335 12.71
S 6.80  1.68
; ft 1330 12.67
% 6.40 136
, I 1321 1233
% 568 —136
s It 1320 12.32
% 560 —1.44
¢ It 1336 1229
% 6.88 —1.68
;A 1472 1231
% 1776 —1.52
g ft 1395 1275
% 11.60

2.00

12.5
" OPERATOR B OPERATOR C
n 1 n 1
1347 1254 1373 1308
536 032 984  4.64
1317 1254 1373 13.08
536 032 984  4.64
1317 12.54 1373 13.08
536 0.32 9.84  4.64
1353 12.63 1282 1197
8§24  1.04 256 —4.24n
13.56  12.66 12.86  12.00
848 128 288 —4.00"
1341  12.34 1276  11.74
728 —128 208 —6.08"
1464 1225 1422 11.89
17.12 —2.00 13.76 —4.88
13.38 1223 1343 1229
704 —2.16 744 —1.68

a Denotes increase in magnitude of the error with correction applied. Minus sign
denotes corrected value was less than 12.5 ft. and solely indicates the direction

of the error.

picts the mcasurcments m after they had
been converted to n and corrected to /, and
the respective crrors, obtained by the three
operators for cach frame. In Frame 1, for
example, Operator A determined that the
distance was 13.45 feet, based on mcasuring
the piujected image (m) and converting to
fecet (n) with his scale factor (k); this re-
sulted in an crror of 7.60 pereent; employ-
ment of Formula 2 resulted in an ! of 12.81
and a remaining crror of 2.48 percent. Tt
should be noted from the values for Frames
7 and 8 that increasing the distance(s) be-
tween the grid and the plane of the action
greatly increased the error in the uncorrected
value n. Increase of the camera-to-action
distance (d), from 46 feet in Frame 7 to 96
feet in Frame 8 compensated for the crror in
part, but not to the degree that Formuia (2)
did, as may be noted from the respective
values for .

KINESIOLOGY REVIEW 1971

ScALING ERRORS

The second subproblem, investigation of
scaling crrors, developed when it was ob-
served that considerable residual crror re-
mained in many cases after n had been cor-
rected to I. The negative percentages for
cerrors in { implied overcompensation, or that
the valuc of /m was too small. The positive
percentage implied undercorrection, or that
m was too large. This variance of results,
combined with the fact that for given values
of d and s the multiplicr of #, d/(d 4- s), in
Formula 2 remains constant, dictated that
the source of the crror was in 1 and that it
could not have been in the degree of correc-
tion. There were two probable sources for
crror in #: (1) mcasurcment of the image m
(in millimeters), and/or (2) inaccuracy in
cstablishing scale factor. Analysis of two of
the operators’ raw data revealed that they
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had identical measured values for Frames
6 and 7, and varied only .5 mm on the
image measurcment for Frames 1, 2, 3, and
8: the scale factors, however, varied by
greater percentages (Table 3). A compari-
son of the differences between operators,
from the data in Table 2 with the percent
variations in Table 3, made it rather ap-
parent that the primary source of interopera-
tor crror was in the scaling factor.

Assuming agrecement between operators
demonstrated a rcasonable degree of ac-
curacy, Frames 6 and 7 werc utilized to
develop a theoretical scale factor. This was
determined by calculating the actual n that
would be subtended on the grid by r and
dividing the mecasured image m by it. The
resultant theoretical scale factor for the two
frames in which therc was absolutc agree-
ment and the operators’ scale factors are

TABLE 3. COMPARISON OF RAW DATA AND SCALE
FACTORS BETWEEN TWO OPERATORS

Muasurcmcnts from

Prolccted Imagc (mm)

Scale Factor (mm/ft) Deter-
mlncd from Pro;ccted Image

Framc B C % Var. B C % Var.
lw_ 7 1515 71“57_-'“.3‘3"#_“7 ll.SM-Il.O 4.3'5*“_4
2 151.5 151 .33 11.5 11.0 435
3 151.5 151 33 115 11.0 435
4 216.5 218 .07 16.0 17.0 5.88
5 217 2185 .07 160 170 5.88
6 261.5 2615 O 19.5 20.5 4.88
7 2635 2635 O 18.0 185 2.70
8 1405 14] 35 10,5 105 O
TABLE 4. COMPARISON OF THEORETICAL
AND EMPLOYED SCALE FACTORS
 Actual® Image Theor. B's  %b  Cs %%
Framc (ft) m (mm) Scale Scale Error Scale Error
6 1359 2615 1925 195 130 205 6.49
7 1495 "635 17.63 18.0 2.10 18.5 493

n Actual dxstance on grld subtended by r (Sz.e Flgure 1).

b Denotes operator's error in percent with respect to the theoretical scale
(i.e., operator C’s scale for Frame 7 was 4.93% in error).

TABLE 5. ACTUAL VERSUS THEORETICAL ERRORS®
(all values in percent)

Opcrz;i:)—r B Operator C
Frame Actual Theor. Diff. Actual Theor. Diﬁ.
6 128 130 .02 608 649 .4l
7 2.00 2.10 .10 4.88 4.93 .07

u Actual errors are the percent [ was in error wnth respect to s
(Table 2); theoretical errors are the percent the operator's scale
factor was in error from the theoretical scale factor.
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contained in Table 4. A comparisor of the
theoretical crrors in scaling from Table 4
with the actual crrors for / in Table 2 re-
sulted in residual crror differences that were
negligible (Table 5). This demonstrated that
errors in scaling could account for remain-
ing crror after correction for perspective
crror had been made.

Findings

The findings of this investigation were
summarized as follows:

1. Formula (2) was found to correct ade-
quately for perspective crrors regardiess of
the magnitude of 4 and s.

2. Accuracy in the cstablishment of the
scale factor was highly important; crrors in
scaling can overshadow any bcenefit derived
from correction for perspective crror.

3. Accuracy in measurcment of the pro-
jected image was of lesser importance than
cither of the above, and discrepancies herein
were not significant.

4. Intra-operator crror between duplicate
frames was minimal.

Discussion

The traditional recommendations for
cinecmatographical analysis have indicated
that the lincar reference for detcrmining the
scale factor should be in the planc of the
action. The potential hindrancc of such
ptacement has alrcady been noted. In addi-
tion, cven in a straight run it is cxtrcmely
difficult to maintain the performcr in a con-
stant planc, Utilization of a grid solves these
problems in part but does cnhance perspec-
tive errors. Formula (2) corrects for the per-
spective crrors and potentially allows for the
inconsistency of the performer by permitting
d and s to vary by known amounts. If a grid
is utilized as a background, and if the scale
factor is initially determined from an actual
n calculated from known d, s, and r values,
then as long as d + s remains constant the
scale factor (k) will remain constant. This
will permit the above mentioned variation of
d or s, and make possible the correct de-
termination of subsequent unknown values
of I by appropriatcly modifying the mutlti-

KINESIOLOGY REVIEW 1971

plier, d/(d + s). For example, the original
scale factor could be determined for the
middle of the long jump runway (proposed
plane of action), and correct values for /
determined if the jumper were off to one
side, as long as the deviation from the cen-
ter were known so that d could be modified.
The scale factor would not change as that
relates to the grid, but the multiplier would
be modified to correct n for the offset.
Knowledge of the offsct could be obtained
by having a scries of parallel lines, of known
distanccz apart, perpendicular to the axis of
thc camera. Two prccautions should be
noted: a) the scale factor should be deter-
mincd over the greatest lineal dimension
possible in order to minimize any error in its
determination, and b) in order for the scale
factor to remain constant, as indicated
above, the sum of d and s must remain con-
stant (i.e., if one incrcascs the other must
d:crease by the same amount, or putting it
another way, the distance between camera
and grid must remain constant). In addition
to improving the accuracy of lincar measure-
mcnts in cinematographical analysts, these
techniques will permit filming at closcr range
where insufficient space prevents the use of
the often recommended telephoto lens.

The units of kinetic energy as shown in
be perpendicular to the camera axis has been
virtually inviolable. This practicc was fol-
lowed throughout the present investigation.
The basic logic for such doctrine may be
obscrved in Figure 1, wherc it should be
notcd that a would produce thc same n as
would r. From the practical standpoint, the
concept of perpendicularity undoubtedly
should be followed; however, it is theoreti-
cally possible to ascertain the correct value
for @ if the proccdurc described below is
employed. The distances that points p and ¢
arc from the camera must be known — this
might be accomplished with the aforemen-
tioned scrics of parallel lines or with con-
centric arcs of known distances in the field
of view. Fornuala 13), an application of the
Law of Cusines, where b and ¢ arc the dis-
tances p and ¢ are from the camera, permits
solving for a:

a? = b? + ¢ — 2bc(cosN) (3)
37
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The cosine of angic N may be obtained from
trigonometry tables, since the following re-
lationships hold true:
tan N =tan R — tan N’ = gj‘—_g
n’ _n
T d4s T d4+s
The value for d 4 s will be the constant dis-
tance between the camera and the grid. The
value for n will be km1, where & (the scale
factor) has been determined as described
above and m is the projected image value
for a. The significant difference between this
approach and the one verified in this in-
vestigation is that after obtaining », instcad
of applying the muitiplier, d/(d -+ s), one
divides by (d 4- s) to obtain the tangent of
N, and then knowing b and c utilizes form-
ula (3). The increase in complexity of this

38

procedurec should not be minimized, but
it could be cffectively cmployed.
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M. MARILYN FLINT

A Differential Study of the Hip Extensor Muscles

THE GLUTEUS MAXIMUS and the three ham-
string muscles, the semimembranosus, semi-
tendinosus, and biceps femoris, are generally
ascribed the function of thigh extension at
the hip joint. How much effort each con-
tributes to the total movement of hip cx-
tension and the phase during which cach is
working has not been determined. There is
some disagrecement in the literature as to
the cxtent of involvement of the gluteus
maximus and the hamstrings in other prime
mover actions such as adduction, abduction,
lateral and medial rotation.

It is a generally accepted fact that muscles
may perform differently during activity than
when performing prime mover activity in a
clinical situation. Basmajian (1), Close (2),
Eberhart (3) and Tnman (6) and other
kinesiologists have found that muscles do
not act strictly as agonists nor antagonists
but rather that they work in groups and con-
tract in a coordinated, associated, orderly
manner. Wheatley and Jahnke (12) deter-
mined the functions of hip and thigh muscles
with the thigh held in various positions and
found that postural differences do affect the
extent of activity of muscles during move-
ment.

The cxtent of cffort made by the gluteus
maximus during the performance of a few
sclected activitics has been investigated clec-
tromyographically. One could cxpect that a
muscle with such a large cross-sectional arca
would have a major responsibility in the
performance of fundamental movements.

M. Marilyn Flint is a member of the De-
partment of Physical Education at the Uni-
versity of California, Berkeley. This study
was supported by University of California
Grant #140.
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Yet the evidence reveals that the gluteus
maximus has a relatively minor role in daily
routine movements. This may cxplain why
it is onc of the first muscles to lose its firm-
ness and tone. The activitics which have
been sclected for measuring the muscle pe
tential activity of the glutcus maximus and
other lower extremity muscles include walk-
ing, riding a bicycle, and balance movements
such as maintaining and assuming an up-
right posturc. How much the glutcus maxi-
mus contributes to the performance of other
exercises and activities is questionable.

The purposc of this study was a) to com-
parc the functions of the gluteus maximus,
the scmitendinosus, and the biceps femoris
during a wide varicty of prescribed move-
ments and b) to determine the activities in
which the glutcus maximus was most active.

METHOD AND PROCEDURE

Equipment

A Mecditron* clectromyograph, Model
302, was uscd to rccord the data for this
study. This instrument was cquipped with
a dual channcl cathode ray oscilloscope
which made it possible to record simultanc-
ously the potential activity of two scparate
muscles.

A Bolex 16 mm reflex camera equipped
with an optical becam-splitting device was
situated in such a way as to simultancously
record the traces on the oscilloscope, the

* Appreciation is extended to the Meditron Co.,
A Division of Crescent Engineering and Re-
search Co., 5440 North Peck Road, El
Monte, California, for use of their machine.
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data board mounted above the oscilloscope,
and the subject. An cxact reading of the
subject’s movements and the corresponding
muscle responses was thus obtained on a
permanent record. The physieal arrangement
of the instruments and apparatus are de-
seribed in detail in a previous article by the
author (4).

Monopolar ncedie clectrodes used to pick
up the action potentials were placed approxi-
mately in the eenter of the muscle belly of
cach of the museles under observation: the
glutcus maximus, semitendinosus, and long
head of the biceps femoris. The semimem-
branosus was not sclected for study because
of its inaccessibility. It is to a large cxtent
covered by the semitendinosus and by the
adductor magnus, making an accurate placc-
ment of the clectrodes difficutt.

The sensitivity of the clectromyograph
was sct at 1,000 microvolts per centimeter
for both channels and the sweep speed was
set at 20 millisecconds per centimeter. The
machine was adjusted for cach muscle of
cvery subjeet, using a contraction against
cvery heavy resistance to adjust the ampli-
tude to 2 em of vertical deflection,

In order to confirm the accurate place-
ment of the clectrodes, the subjeet performed
a maximum contraction of cach muscle
against resistance, the gluteus maximus in
hip oxtension and the hamstrings in knce
flexion. Inspection, palpation and cleetrical
activity determined whether the correet site
had been obtained. The pattern of these
potential readings also served as an index
ior a very strong contraction when the re-
cordings were analyzed.

Movement

Seven University of California students,
five women and two men, served as sub-
jeets. They were instructed to perform only
the sclected exercises listed below. No re-
cordings were made until the exercise was
performed correetly. All subjeets performed
the same movement in an identical, or as
ncarly identical manner as possible. Exer-
ciscs which were considered more difficult
were practiced prior to the recording ses-
sion. The movements were not recorded

40

until the subject had relaxed to the point
where cleetromyographic silence was ob-
tained on the oscilloscope.

In somec cxerciscs moderate resistance
was applied throughout the total range of
movement in order to place a greater work
load on the muscles being used. In the
cxercises requiring the support of both the
body and the left leg, two tables were em-
ployed. One table supported the body and
the sccond table, parallel and adjoining the
first at one corner, supported the left leg in
such a manner as to allow the right leg free
range of movements.

Movements were perforined in a wide
varicty of positions and in every possible
dircetion about the axis of joint rotation in
order to lcarn, as ncarly as possible, the
total function of the muscles. Becausc only a
dual channel instrument was used, the sub-
jeets performed onc complete series of exer-
ciscs testing the gluteus maximus and semi-
tendinosus. The scrics was then repeated to
test the biceps femoris and gluteus maximus.
Muscle fatigue did not appear to be a fac-
tor. The subjects were very well conditioned
and the cxercises did not require great ef-
fort. Howecver, rest betwecen the excreise
series and between the exercises was used.

THE Basic EXERCISES

1. Extension of the thigh at the hip joint.
The body and left leg were supported in the
prone position on tables, the right thigh flexed
to approximately 60° with the right foot touch-
ing the floor, knee cxtended. The subject ex-
tended the right thigh from 60° flexion to ap-
proximately 45° hyperextension and then
slowly returned io the initial position.

This same exercise was ecxecuted while keep-
ing the knee flexed, and performed with and
without resistance which was applicd manually
at the knee throughout the total range of move-
ment.

2. Extension of thigh against wall pulley.
While standing facing a wall pulley, the thigh .
was extended. A leather cuff attached to the
pulley rope encircled the lower part of thigh.

3. Abduction of the thigh. The subject was
in a left side-lying position, with the legs to-
gether, knee extended and thigh in a neutral
extended position. The leg was then abdu-~ted
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at the hip, from 0° to approximately 30° and
returned to the initial position. Resistance was
applied manually at the knee throughout the
entirc movement.

The eXercise was repeated with the thigh
flexed and again with thigh held in hyperexten-
sion.

4. Adduction of the thigh. The subject was
in a left side-lying position with the right thigh
abducted with the knec extended. The right
thigh was then adducted from 30° to 0°, or
until it touched the left thigh. Resistance was
applied manually at the knee throughout the
entire movement. This movement was repeated
with the thigh held in a flexed position and
again when the thigh was in hyperextension.

5. Abduction and adduction of the thigh in
a standing position. (An isometric contractinn.)
The subject stood with the weight of the body
on the outside borders of the feet. He then
forcibly tried to adduct the legs by attempting
to pull his feet together against the coercion of
the floor. After scveral attempts he then at-
tempted to draw his feet outward in abduction.

6. Isometric contraction of gluteus maximus
and hamstrings. Lying in a pronc position, the
subject tightened as firmly as possible the glu-
teus maximus and hamstring muscles and held
for 10 seconds.

7. Lateral and medial rotation of the thigh.
The body and the left leg were supported in a
position by tables, with the right leg, knee ex-
tended, supported in the neutral position by an
assistant. Resistance was applied manually at
the knee against lateral and medial rotation.

8. Treadmill. Walking was performed on the
level, and on a 30° incline. The subject walked
on a portable treadmill* which was activated
by the walking of the subject. A waist-high
hand grip was uscd for stability. Treadmill
running was pcrformed only on the level.

9. Vertical jump. The subjcct performed one
maximum vertical jump for height utilizing
full extension of the body.

10. Low bench stepping. Ten-inch and 17-
inch benches werc used. The subject stepped
up on a bench with the right foot, extended to
a standing position, and then stepped off the
bench with the lcft foot, while the right foot
supported the weight of the body.

* Hamlin Health Hiker. Hamlin Products, 2741
Wingate Avenue, Akron, Ohio 44314.
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11. Bicycle riding. The subject rode a sta-
tionary bicycle while in a sitting position. The
thigh moved from 60° flexion at the top of the
power phase, to —15° of hyperextension at the
conclusion of the power phase.

12. Pelvic tilr. Rotating the pelvis up and
back (posterior tilting) until the small of the
back touched the table.

13. Toe¢ touching. From the standing posi-
tion with knees in easy extension, the subj. :t
leaned forward to touch his toes with his
hands, and then returned to the normal standing
position.

14. Body sway. The subject maintained good
body alignment and swayed forward from the
ankles until he nearly lost his balance.

Treatment of data

The cinecmatographic recordings were
analyzed on a 16 mm Kodoscope Analyst
projector modified for stop and interval
readings, and a Recordak microfilm reader.
Amplitude and frequency of the action po-
tential response wcere the parameters used
for measuring the magnitude of musclc activ-
ity. The clectrical activity was then rated
according to zcro, trace, mild, modcrate, and
strong for cach phasc or division of the exer-
cisc or activity performed by the subjects.
Arbitrary number values were awarded each
of the categories: O for zero reading; 10 for
tracc; 20 for mild; 30 for modcrate; 40 for
strong. The exercise was analyzed in de-
grees if thc movement took place around
an axis of rotation as in hip extension.-Each
phasc of cxtension, for example, consisted of
15¢ of movement. If the movcment was
sustained as an isometric contraction or a
lincar movement such as a vertical jump, the
action was broken into logical segments or
phases such as tighten-rclcase, or up-down.

Mcan readings were obtained for cach
muscle for each phase of the exercise and
graphed for analysis. Subscquently, a grand
mcan was made from those mcans to deter-
minc an average potentional reading for cach
muscle in each exercise. The resulis of this
proccdure were also graphed. Although an
avcrage was established for the amount of
involvement each muscle had in the total
exercise, a true picture of muscle activity
was not shown on this composite.
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Figure 1. Mean readings in extension, knee extended. Biceps femoris s

Gluteus maximus — . —; Semitendinosus — — —
Mean readings in extension, knee flexed. Biceps femoris = - ; Gluteus maximum = : =
Semitendinosus = = =

Negative degrees on extreme right and left of graph indicate leg is in flexion; O degrees,
leg is in neutral position; positive degrees, leg is in hypertension.

MOD 30
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Figure 2. Mean readings in abduction, 0° - 45°. Bicep. femoris
Semitendinosus — — —

Mean readings in adduction, 0° - 45°. Return of leg from abducted position against resistance.
Biceps femaris =zz=—=; Gluteus maximus = : =; Semitendinosus — — —
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ANALYSIS OF THE DATA AND DISCUSSION

Extension exercises* (Figurc 1)

The potential recordings for the three
muscles investigated followed a  similar
graphical pattern through the total range of
extension from 60° flexion through the O
or ncutral position to 45° hyperextension.
The potential activity for cach of the mus-
cles gradually increased from a low inten-
sity at 60° flexion to a strong intensity at
45° hyperextension. A reverse pattern was
evident on the lowering or final phase of
the crerciscs.

The hamstring muscles begin and control
backward cxtension when the movement is
initiated with the thigh in a flexed position.
Not until the hip was in 5° to 10° hyper-
extension did the gluteus maximus show in-
volvement, which gradually increased to a
moderate reading at 30° and a very strong
reading at 40°. Hyperextension beyond ap-
proximatcly 10° is known to take place in
the lumbar articulations. The high potential
activity is very possibly the result of strong
action of the cxtensors to overcome the re-
sistance of antagonistic structures on the an-
terior side of the hip. Levine and Kabat (9)
observed a similar response from the an-
terior deltoid in arm elevation. In agree-
ment with other studics (1, 12), the glutcus
maximus was found to be most cffective as
a hip extensor when the muscle worked
against heavy or moderate resistance. A
one-lift maximum and cxtension against a
heavy weight by use of a wall pulley in-
volved the glutcus maximus carlier in the
cycle of extension.

As stated carlier, the pattern of muscle
activity in prime mover activity may be dif-
ferent than when performing a like move-
ment in coordinated activities. This be-
comes (uite apparent when comparing walk-
ing with the controlled exercise of extending
the leg through its full range of movement.
In walking the glutecus maximus contracts
at contact when the leg is in forward flexion.

* A brief analysis of extension has been shown
in a previous article (4).

KINESIOLOGY REVIEW 1971

Wherceas, as shown in this scries of exten-
sion excreises, it does not work to any ex-

‘tent until the leg is in hyperextension.

Whether the hamstrings work best at the
hip if the knee is held in extension or flexion
has frequently been questioned. Wells (11),
for example, believes that “the effectiveness
of the biceps femoris as an extensor of the
hip is in reverse proportion to the degree of
flexion at the knee joint.” Markce and as-
sociates (10), in explaining the activity of
two-joint muscles of the thigh, utilize
morphology in addition to the theory of dis-
sipation of tension within the amplitude of
muscle contraction as Wells has done. They
have classified the semitendinosus as a digas-
tric muscle due to an intervening tendonous
inscription. Conscquently, the muscle can
work at onc end without involving the other
end, or as a “powerful hip extensor irrespee-
tive of whether the knee is flexed or ex-
tended.” Basmajian (1, p. 68) in electro-
myography studics, was unable to substan-
tiate the thesis presented by Markee and
has shown that a two-joint muscle operates
simultancously in both joints. In attempt-
ing to determine the function of the ham-
strings at the hip joint, mcasurements were
taken with the knee both in passive flexion
and in cxtension.

A comparison of the clectromyograms
between hip cxtension movements when the
knee was flexed and when it was extended
revealed only a slightly variable graphical
picture. The semitendinosus did record
slightly stronger potential activity when the
knee was held in cxtension. The biceps
femoris recorded slightly stronger potentials
when the ‘knee was in flexion. However,
since the difference was minimal, the read-
ings of all extension exerciscs were com-
bined and recorded in one graph.

Abduction xercises (Figure 2)

The glutcus maximus recorded potential
activity during abduction whether the thigh
was is a position of flexion, cxtension or
hyperextension. This is in disagreecment with
others. Gray, in his Anatomy, docs not in-
clude it as an abductor of the hip. Other
anatomists claim that only the anterior or
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upper fibers contribute abduction. Wheatley
and Jahnke found it to abduct against heavy
resistance when flexed at approximately
60°. Tnman (6) determincd that the posi-
tion of the glutcus maximus in relation to
the hip joint limited its capacity to scrve as
a hip abductor. Neither of the hamstring
muscles contributed appreciably to the move-
ment of abduction.

~ Adduction exercises (Figure 2)

The glutcus maximus recorded no elec-
trical activity during adduction. Wheatley
and Jahnke found some activity in the glu-
teus maximus when the thigh was held in an
abducted position and worked against heavy
resistance. During forceful movements of
adduction, the potential readings for both
the biceps femoris and the semitendinosus
ranged between trace and mild.

Lateral and medial rotation exercises
(Figure 3)

Whether the thigh was held in cxtension,
flexion, or hyperextcnsion, the biceps femoris
was found to bec a strong lateral rotator and
the semitendinosus a strong medial rotator.

The glutcus maximus recadings on two
of the subjects were of mild intensity during
lateral rotation. Five subjccts, however, did
not record clectrical activity. The gluteus
maximus recorded no electricar activity dur-
ing medial rotation of the thigh for any of
the subjecets.

Isometric contraction (Figurc 4)

Tightening and holding the glutcus maxi-
mus and hamstring muscle recorded mod-
erate to very strong readings for the gluteus
maximus whether the subject was in the
prone, supine, or sitting position. The ham-
string recordings during this excrcise showed
considerable variation between subjects. This
was possibly dyc to the difficulty in isolating
the hamstrings for an isometric contraction.

Peivic tilt (Figure 3)

The pelvic tilt can be performed without
activating the hip extensors although the
mean recordings show trace plus activity.
The amount of effort the subject put into
holding the position determined the po-

44

tential activity of the muscles. (Two sub-
jects recorded moderate to strong. Two were
trace, plus, and two were zero.)

Treadmill walking and running (Figure 5)

The graphic pattern of potential activity
for the threc muscles under investigation
during running and walking arc quitc similar.
The least amount of activity was found to
be just before and during push-off.

The glutcus maximus makes a negligible
contribution to thc whole walking pattern.
Tts trace-to-mild potential activity is recorded
immediately after the heel contacts the
ground for onc-third of the supporting
phasc. During the run it scems to be in-
volved over a longer part of the contact
phase.

The semitendinosus and biceps femoris
become active in the final third of the swing-
ing phasc of thc walk and remain active
through the first third of the stance phase.
During the run, the semitendinosus rccords
potential activity throughout most of the
swinging phase. In general the data sup-
port findings of other rescarchers who have
studied the walk. Ebcrhart, and associates
have rccorded more extensive muscular in-
volvement of the walk.

Vertical jump for maximum height
(Figure 3)

Potential activity was recorded between
mild and moderate for the glutcus maximus
during the preparatory and push-off phases
of the vertical jump for height. During ex-
tension and contact only slight deflection of
the potentials was cvident. After contact,
when the body began righting itself to the
standing position, trace to mild readings
were recorded. A somewhat opposite pat-
tern was recorded for the hamstrings. Little
activity was scen during the push-off phase.
Just before contact mild, plus was recorded
by the semitendinosus. The clectrical activity
to the regaining of the standing position was
limited but similar to that of the gluteus
maximus.

Bench stepping exercise (Figurc 6)
On the step up, as the body was raised
upward, the gluteus maximus recordings
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Figure 3. Totai movement patterns for all subjects.

0O Semitendinosus Biceps femoris B Gluteus maximus
1. Abduction 4. Lateral rotation 7. Bicycle
2. Adduction 5. Medial rotation 8. Treadmill
3. Extension 6. Pelvic tilt 9. Vertical jump
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GRAND MEANS

Figure 4. Total movement patterns for all subjects.

] Semitendinosus Biceps femoris M Gluteus maximus
10. Stepping up 13. Prone isometric 16. Abduction isometric_
11. Toe touch 14. Supine isometric 17. Extension pulley resistance
12. Lean forward 15. Adduction isuinetric
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Figure 5. Mean readings in treadmiil walking. Biceps femoris 3 Gluteus maximus — . —;
Semitendinosus — — —
Mean readings in treadmill running. Biceps femoris = -z~ ; Gluteus maximus = : =;

Semitendinosus = = =
C - Contact; BT, MT, FT - Beginning, middle, final third; PO - Push-off
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. ] 2 3 CONTACT ] 2 1 2
FOOT LIFT EXTENSION STEP OFF
MOVEMENT
Figure 6. Mean readings in bench step. Biceps femoris , Gluteus maximus — . —;

Semitendinosus — — —

Movement in each phase, foot lift, extension, and step-off was broken into three parts to show
gradual change in hip action (slow motion filming). During step-off phass, weight supported
on test leg.
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were rated as mild. There was no potential
activity before this during the actual prepara-
tion phase nor at moment of contact with the
step. On the stepping down phase, no activ-
ity was recorded until the foot contacted the
floor at which time a trace, plus potential
recording was made. The hamstrings show
a somewhat similar pattern with additional
recordings made during times when the knee
was flexed. In this cxercise as in some of the
other exercises, a difference in c.ctivity pat-
tern was found between the two hamstring
muscles.

Bicycle riding exercise (Figurc 7)

Limited potential activity was obscrved
for the three muscles auring the bicycling
cxercise. The gluteus maximus was mildly
active during the power phase as the foot
began pushing down on the pedal. (Thigh
approximately 60° from vertical extension
of 0°.) This activity appecarcd to last only
a fcw degrees in the downward cycle and
then ceased. The hamstrings showed slight
involvement throughout most of the cycle
of movement. Phases of inactivity for the
two hamstring muscles were not synchro-
nots.

ML 20

TRACE 10

ACTION POTENTIAL

Houtz and Fisher (5) found the glutcus
maximus to be completely inactive through-
out the movement and the hamstrings to
make a negligible contribution as the foot
was underncath the body. Bicycling requires
primarily hip flexors, knee cxtensors, and
foot and ankic muscles.

Balance activities (Fipurc 4)

Toc touching and body-sway-forward
were exercises used to determine the cffec-
tiveness of the three hin cxtensors in re-
gaining balance. Only the recordings for one
subject were available for these tests. When
the subject swayed forward from a standing
position no activity was recorded for the
gluteus maximus. The semitendinosus did
have a reading of trace, plus to mild when
the body ncarly lost its balance forward.
Joseph (8) found a similar response from
these muscles. He found no activity {-om
the glutcus maximus but considerable po-
tential activity was recorded for the ham-
strings. Jonsson (7) found no gluteus maxi-
mus activity in the body sway.

During the standing and toc touching
phases of the toe touching exercise, the clec-
trical activity was zcro for the three muscles.

ZERO ©
o <15 -30 -45 -60
UPNARD CYCLE

-75

cle) 75 60 45 ao (L]
DOWNWARD C% ..:

DEGREES OF MOVEMENT

Figure 7. Mean readings in kicycle riding, sitting. Biceps femoris

Semitendinosus — — —

At 0° thigh is in extension; 90° thigh is in flexion.
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During the actual movements of bending
forward and straightening up trace activity
was recorded by all three muscles.

SUMMARY AND CONCLUSIONS

Elcciromyographic recordings of the glu-
tcus maximus, scmitendinous, and biceps
femoris were recorded simultancously with
motion picture studics of subjects perform-
ing a varicty of movements involving the hip
joint. An cvaluation of the differential activ-
ity of the hamsirings and gluteus maximus
was made as well as a graphical representa-
tion of the muscle action during the various
phascs of the movements.

The cvidence presented supports the fol-
lowing conclusions:

1. During cxercise, the hamstrings initiate
and control backward extension of the thigh
when forward of the ncutral position, and
adduct the thigh. The biceps femoris is a
strong lateral rotator of the thigh and the
semitendinosus is a strong medial rotator.
Neither muscle is an abductor.

2. The glutevs maximus works most cf-
ficiently as a thigh extensor when working
against resistance and when the thigh moves
beyond ncutral position into hyperextension.

3. The gluteas maximus abducts the thigh
when held in any position, may contribute
slightly to lateral rotation, but is ncither an
adductor nor medial rotator of the thigh.

4. The activitics selected for this study
which involve the glutcus maximus to the
greatest extent are: stair stepping, vertical
jump, isometric contraction, and hyper-
extension (particularly against resistance).
Those requiring minimal cffort on the part
of the glutcus maximus arc walking, run-
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ning, bicycling, standing, and the mainte-
nance of balance.

5. Variability in potential activity of a
muscle during various phases of an activity
indicates the independence of muscle action
and cmphasizes the individual responsibility
of muscles in the cxecution of coordinated
movements.
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GLADYS E. GARRETT
CAROL J. WIDULE

Kinetic Energy: A Measure of Movement Ind;niuality

AS A CHILD MATURES, his movement be-
havior undergoes beth quantitati.e  and
qualitative changes. While these changes
may be detected by the trained eye, quanti-
fication is necessary for future reference and
comparison. Previous investigators of the
mechanical characteristics of human motion
have used measures of the body and body
segments such as disptacement, velocity, in-
clination, and slope (2, 7. 8, 10). A meas-
ure of human motion less frequently used is
kinctic cnergy, which Eckert (5) claims is
a next step in improving the aceuracy of
analyses in the study of human movement.
One of the parameters necessary in kinetic
cnergy cnalysis is the moment of inertia of
cach body pait. Experimental methods for
determining moments of inertia have been
deseribed in the literature (1, 3, 4, 9).

To a scientist, cnergy cxpenditure is
synonymous with motion. Since by definition
a moving body is said to posses cnergy of
motion, or Kinetic cnergy, kinctic cnergy
would appear to be an appropriate mecasure
of movement of the human body. This study
was undertaken to cexplore the possibility of
using Kinectic encrgy as a measure capable
of distinguishing individual differences in
performance.

1

Gladys E. Garrett is an assistant professor
and Carol J. Widule an associate professor
at Purdue University, Lafayette, Indiana.
The study is based on a Ph.D. dissertation
of G. Garrett, under the supervision of C.
Widule, major professor, January 1970.
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Kinetic energy analysis

Any body that is rotating about an axis
not passing through its center of gravity may
be considered to have a motion of translation
and a motion of rotation about its center of
gravity combined. The body shown in Fig-
ure 1, which may represent a human limb
or scgment, may be considered to be made
up of a translation with the velocity Veg of
the center of gravity and a rotation « about
the center of gravity.

The kinetic cnergy of the body can be
represented by the following expression:

KEf =1 M VCg;Z + 1A Icgi miZ
where the subscript, /, represents the ith

segment of a system, and where

. . 1b-sec?
M = mass of scgment in units of =

Veg = velocity of the center of gravity of
. . in
scguient in units of —
sec

Icg = mass moment of incrtia of the scg-
ment about its center of gravity in
units of in-1b-sec?

s rad?
«» = angular velority of the scgment in
. ra
units of —
scc

The units of kinetic energy as shown in
the following check of units are in-lbs.

KE=1 M ‘/Cg2 + 1A ICg «®

. Ib-sec? in2 in-Ib-sec?
in-lbs = — —_— TN
in sec? rad?
rad?
sec?
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Figure 1. Notation of ith segment.

Since cach segment of the subject’s body
is represented by its center of gravity (which
is assumed to be the center of the distributed
mass), it was first nccessary to compute the
X and y coordinates of the segment center of
gravity. This was accomplished by multi-
plying the ditference between the respective
coordinates by the center of gravity propor-
tionality factor (CGT) as obtained from
Dempster (4).

For cxample, the coordinates of the center
of gravity of scgment number three, which
is boundcd by joint numbers three and four,
would be obtaincd by

CGX3 = CGPy (X; — X4) + X4
and CGY,; = CGP, (Y; — Ys) + Y.
The sources of other information for the

necessary inputs to the kinetic energy equa-
tion were as follows:

1. M (mass) =¥

__weight of scgment
"~ acceleration of gravity
The weights of the segments were ob-
tained by multiplying the segmental weight
proportions of Braun and Fischer (11) by
the subject’s total body weight. The accelera-
tion of gravity is 386.4 in/sec?.

2. V (velocity)

The velocities of the centers of gravity
were obtained by numerically differentiating
the center of gravity displacement informa-
tion with the aid of a finite difference tech-
nique. Specifically, the second central dif-
ference cxpressions for velocity components
were used. This expression tends to give
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more accurate results for experimental data,
since it takes a look at displacements up to
two stations to the right and two stations to
the Ieft of cuch position being analyzed.
Vegx, = [—CGX;4 2 + 8(CGX;-))

— 8(CGX;-) 4 CGX;-.1/12DT
VC&',yj = [—CG\J ] '+- S(CGYJ—l)

— 8(CGY;-) 4- CGY;-.]/12DT
where DT is the time increment between
positions.

The total velocity for the center of gravity
at that position is given by

Vegj = /(Vegx;)? -+ (Vegy;)?

3. w (angular velocity)

The angular position, 8, of cach scgment
at cach position is given by the trigonometric
relationship ,

, _ Yi—Yy
tan 6y = X, —X,
for the case of segment number three.

The angular velocity of scgment three is
then obtained by
__ 6;(at station j) — 64(at station j—1)
o DT

4. 1 (moments of inertia of body scg-
ments)

The units of the moments of incrtia of
body segments in Dempster were found to
be weight moments of inertia (gm cm?). To
get mass moments of inertia these units had
to be divided by 2(980 cm/scc?). Thercfore

w3y

gm cm?® sec® _ gm cm sec?
98)em T 980

which was found to be analogous to lb-in
sec in U. S. measure.

In order to get the units in Ib-in scc? the
following formulu was used with Dempster's
values (DV):

Icgm =

Given I gm = .0022 lbs
1 cm=.3937 in
Thercfore
DV X .00221bs X .3937 in scc?

980
= U. S. Mcasure

DV X 2.2 x 10-% X .3937
980 x 103
= U. S. Mcasure
DV 844 X 10-% = U. S. Mecasure
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Since Dempster's values are in the form
gm cm? X 108 they were used dircetly
(without the 10%) and multiplied by .884.*

The preceding analytics provided the basis
for a computer program which subsequently
resulted in the calculation of the segmental
kinetic cnergics as well as the total body
kinetic energy of the subject at the three
ages.

Data collection procedures

A film record of a boy subject executing
a jump from a 12-inch beneh was obtained
at the ages of two, three, and four years.
From the image projected by a Griscombe
Microfilm Reader, the rectangular coordi-
nates were obtiined for cach of the follow-

ing locations on the body: tocs, ankles,
knces, hips, shoulders, top of head. clbows,
wrists, and fingers. The coordinates were ob-
tained from frames sclected at intervals of
approximately .05 seconds, from approxi-
mately .25 seconds prior to take-ofl to the
moment of landing.t

The scgmental and total body's centers
of gravity were calculated from the basic
geometric data obtained from the fitm rec-
ords, and the discrete data points were
modeled using the finite difference technique.
From the modeled data, corresponding mo-
ments in time could be determined between
the intial frame and final frame, for the three
ages. Kinetic energy values were derived
from the modeled data.

TABLE 1. VELOCITY AND KINETIC ENERGY
OF THE LEFT I'COT FOR EACH FRAME

Positon ~ Segment  End |

DO LI N fa

11
12
13
14
15
16
17
18
19
20
21
22
23

25
26
27

T e e e )
| bt bt bt s bt bt d Pt bt et b et et bl b bk bt b b e ekt ek et

29

|
i
|
i
|
]

* See Garrett (6:68) for corrected moment of
inertia values.
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End 2 Vel CG Omega K. E.
2 3981 —5.437 .354
2 6.825 795 048
2 9.817 —2.399 151
2 6.786 —.047 040
2 7.210 289 047
2 7.568 —3.622 201
2 11.722 —2.220 177
2 3.572 3478 150
2 27.176 2.723 .734
2 47.492  —13.199 3982
2 33.612 —6.431 1.467
2 24,155 —.829 .520
2 47.073 979 1.956
2 58.937 1.609 3.079
2 81.196 —4.323 6.002
2 97.566 7.963 9.085
2 80.848 9.331 6.738
2 64.016 4.879 3.871
2 69.964 —1.804 4.334
2 96.686 —.445 8.209
2 77.298 1.633 5.276
2 29.018 4.155 938
2 6.063 —5.965 441
2 6.985 2.762 131
2 16.758 —3.221 .366
. 250 —1.490 .026
2

11.050 293

108

1 For details related to the photographic situa-
tion, the film speeds, and linear conversion
factors, see Garrett (6).
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Results and discussion

Table 1 is an example of the results ob-
taincd from the computer program of the
lincar velocity of the center of gravity of a
segment. the angular velocity of the scg-
ment, and the kinetic energy of the segment
for cach frame used in the analysis (with the
exception of the first two and last two frames
which are “lost™ when using the sccond cen-
tral difference expression to calculate veloc-
ity). A similar page was obtained for cach
scgment for the three ages. For the sake of
brevity, only one page has been included.

The relative increase and decreasc in
kinctic cnergy of the segment can be noted
in these records. Fluctuations in the kinetic
energy values are probably due to crror
still presentin the modeled data.

Table 2 is an example of the results of the
total kinetic energy of the body and of the
percent of kinetic energy of the scgments in
relation to the total for cach frame for age
two. For exumple, the 16th frame, which is
the take-off frame for the two-year-old, dis-
closes that about three percent of the total
kinetic energy at this moment can be at-
tributed to the left foot, about ninc percent
to the left leg, about seven percent to the
left thigh. ctc. It must be remembered that
these are mcrcly percentages of the total
kinetic energy and not absolute valucs in
themsclves. Results were also obtained for
ages three and four but have not been in-
cluded.

A study by Glassow, and others (7) in-
dicated that greater angular velocities of the
thighs and trunk at takc-off result in better
jumping performance. The results of this
analysis substantiate the findizgs of Glassow
as fur as the thighs are concerned, but do
not concerning the trunk. In Tible 3 are the
angular vclocities of the thighs and trunk

TABLE 3. COMPARISON OF ANGULAR
VELOCITIES (rad/scc)

Age  Left Thigh  Right Thigh  Trunk

2 30 0 26
3 —87 ~5.0 2.0
3 —-5.0

—6.5 1.7

1 KINESIOLOGY REVIEW 1971
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at take-off at ages two, three, and four., The
kinctic cnergy dcveloped by the thighs at
take-off is given in Tablc 4,

A plot of total body kinctic cncrgy versus
time for the threc ages studicd can be scen
in Figurc 2. The curves were so positioned
that take-off occurred at a common instant
in time in order to allow for somc rclated
observations. It can definitcly be said that
the cnergy level increased with age. Since
the sumc moment of incrtia of the total
body is used for the three ages. and since
the body weight incrcascd only slightly —
from 32 to 36 pounds — the incrcase in
cnergy is directly attributable to the scg-
mental speed developed. Tt is interesting to
notc that the kinctic cnergy has reached a
pcak at takc-off at the ages of three and four,
where the performance was better. Also, the
smoothness of the Kinctic cnergy curve at
age four would appear to be a result of a
smoother, morc totally intcgrated jump.
It was also found that in the jump at this age
the upper limbs constituted a larger pereent-
age distribution than did the lower limbs
hefore take-off. Upon take-off, howcver, a
definite reversal of this situation was noted.
Does this mcan that the upper limbs play
an important role in devcloping the cnergy
necessary for a skillful takc-off? Answers
to questions such as this will not be known
until morc cxtensive investigations arc per-
formed on morc subjects. Hopefully, the
analysis techniques presented here will pro-
vide a vchicle for pursuing thc answers o
questions of this typc.

Because a change in the kinctic cnergy
was reflected as the child matured in his
jumping pattern, kinetic cncrgy shows prom-
isc as a mcasurc of movement individuality.
The results of the study warrant additional
research of the cnergy characteristics of hu-
man motion.

TABLE 4. COMPARISON OF THE
KINETIC ENERGY OF THE THIGHS

Age Left Thigh  Right Thigh
2 7 18
3 38 37
4 48 55
53
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Figure 2. Total body kinetic energy for each frame at ages two, three, and four.
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SHIRL JAMES HOFFMAN
KENNETH WORSHAM

ANGLCALC: A Computer Program for Descriptive
Analysis of Movements Used During Repeated

Performances of Skills

THE OBSTACLES TO THE CONDUCT of com-
prechensive cinematographic movement anal-
yses have beer sufficient to discourage re-
scarchers from filming subjects over a serics
of repeated performances of a skill. Rather
than recording longitudinal data on subjects,
kinesiologist-cinematographers have found it
more feasible to photograph cach individual
as he performs a limited number of trials
and to consider this small sampling of be-
havior representative of the subject’s move-
ment characteristics, Generally, a large num-
ber of filmed trials for cach parformer is sacri-
ficed so that a greater number of subjects can
be studiced.

In sclecting only a few trials for analysis,
the experimenter ignores the likely possibil-
ity that individual performance styles vary
markedly from trial to trial. A representa-
tive performance style may e attributed
more accurctely to an individual if the de-
scription is based on observations made
over a mulitude of trials rather than onc or
two isolated attempts.

Shirl James Hoffman is an assistant pro-
fessor in the Department of Physical Edu-
cation at the University of Nebraska at
Omaha. Kenneth Worsham works at the
Computer Center at the same university.
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A scrious conscquence of the kinesiol-
ogist’s hesitancy to conduct longitudinal in-
vestigations has been the retardation of
meaningful integration of kinesiological and
motor learning research. Rather than study-
ing relationships between movements and
learning, kinesiologists have focused primary
attention on problems requiring the applica-
tion of Newtonian laws to human move-
ment in an attempt to understand more fully
the mcchanical bases for efficient perform-
ance in specialized athletic tasks. Consc-
quently, knowledge is lacking concerning the
effects of practicc on component movements
of gross motor tasks, the stability of individ-
ual performance techniques over repeated
trials, or the naturc and order of changes in
movements that occur during lcarning of
motor skills.

The primary deterrent to longitudinal
cinematographic studics has been the volume
of physical work represented by the process.
Even where a small number of measurements
arc to be recorded for a few subjects, the
data extracted multiply in dircct proportion
to the number of trials included in the ex-
periment, For example, when information
concerning the position for five subjects in
three different frames on five consecutive
trials is desired, 75 separate frames must be
analyzed. If the subjects arc to execute 10
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trials thc number of frames to be analyzed
doubles to 150. The investigator who naively
tackles such a problem soon realizes he
has created a project of monstrous pro-
portions, while the samiple size and number
of trial repetitions arc still embarrassingly
small.

In order to make feasibic the conduct of
longitudinal studies, the computer program
~— ANGLCALC — has been written. This
program cxpedites collection of data from
film records while climinating much of the
mceasurement error associated with manual
analyses. ANGLCALC provides a descrip-
tive rather than mechanical account of the
movements used by subjects during repeated
exccutions of a skill. Angles arc calculated
for the hip, knee, ankle, and metatarsal-
phalangeal joints and for the inclination
(with the horizontal) of the trunk, thigh,
leg, and foot. The angles of inclination are
calculated to the right of the scgment, as
illustrated in Figure 1. The program is de-
signed to take measurements on cach of the
eight variables from three scparate frames
on each trial. Any number of subjects (in
multipics of 10) may cxccute any number
of trials (in multipics of 10).

For convenience, the trials are divided
into three scts of 10 cach and labelled: Ses-
sion T, Session IT, ctc. Subroutines calculate
the mican measurcment on the variables for
cach subject on the first 5, Iast 5, and entire
10 trials in cach session. In addition, the
standard deviation of thc mcasurements for
cach subject is calculated, as is the variance
between the subject means for cach set of
10 trials. Blocking the trials into sessions
facilitates statistical comparison of subject
performances on carly and late trials.

The method of collecting the data for in-
put is similar to the technique suggested by
Rushail and Pyke (2). A laminated coor-
dinatc grid 15” x 15” and calibrated along
X and Y axes at 40 parts to the inch is
mounted on the viewing screen of a Re-
cordak P-40. Locations of rcievant anatomi-
cal landmarks are plotted dircctly on the
grid surface with a fine-tip ink indicator.
Coordinate readings for the landmarks arc
transcribed on data sheets for key punching.
The ink marks then are erased from the
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Figure 1. Angles of inclination of body segments
with the horizontal as calculated with ANGLCALC.
a) Trunk, b) leg, c) foot, d) thigh.
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Figure 2. Format for data input. Coordinates for each frame are punched on separate cards. Data in
illustration are for the backward standing jump for distance. Frame 1 occurred at .15 seconds prior
to take-off, Frame 2 occurred at take-off, and Frame 3 at landing.

laminated grid surface with a moist cloth.
The process of transcribing the data can be
speeded up considerably if an assistant is
available to record the data as it is read
aloud by the investigator. Using the team
approach, the data can be collected and re-
corded in reliable fashion at a rate of ap-
proximately one minute per frame of film.

Data is input as subject, trial, frame, and
session followed by X and Y coordinates
for the shoulder, hip, knee. ankle, meta-
tarsal-phalangeal joint, and tip of toc. Co-
ordinates for all anatomical landmarks and
coordinates for two constant background
reference points which lie on a horizontal
planc in the visual field also must be input
for cach frame (Figure 2 illustrates the for-
mat used for inputting the data). The fer-
ence points arc used to calculate a correction
factor for slight rotation of the projected
image on the grid surfacc.

The output is arrayed in tables where the
data for all 10 subjects for an entire block
of 10 trials are displayed for cach variable
under examination. Figure 3 illustrates a
display of sample output from data taken on

KINESIOLOGY REVIEW 1971

the angle at the hip and angle of inclination
of the trunk for 10 subjects during one frame
on the first 10 of 30 trials in the standing
broad jump. In an experiment where 10 sub-
jects exccute 30 jumps and measurcments
on all cight variables arc collected for three
frames on cach trial, a total of 72 such tables
is printed. Tf the camera speed is known,
average angular velocities can be computed
by calculating the difference in joint posi-
tions between relevant frames and multiply-
ing by thc appropriate reciprocal.

Currcntly, ANGLCALC is being used at
the University of Nebraska at Omaha to in-
vestigate the cffects of practice on alterations
in component movements of motor tasks.
The subroutines for calculating the stand-
ard deviation of individual measurcments
and variancc between subject means has
been particularly uscful for investigating
problems related to intra- and inter-individ-
ual variability in movecment. While the pro-
gram has been used primarily for analyzing
movements used in jumping, it appears
readily adaptable for analysis or any skills
which consist of uniplanar.motions.
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Calculation of the angle of slope of major
body scgments is an especially valuable func-
tion. For some time kincsiologists have rec-
ognized that joint angles alonc do not depict
the relative positions of the body scgments
during movement. In an carly study of the
standing broad jump, Johnson first pointed
out that motion at any joint alters the rela-
tive position of all body segments above the
joint (1). If an analytical strategy is to fur-
nish a complete account of the movements
of the body through space it should indicate
the position of body segments with respect
to the horizontal as well as the angles
formed at joints.

With minor modifications, the use of
ANGLCALC can be cxtended to under-
graduate and graduate courses of instruction

in kinesiology. It is becoming increasingly -

common for Kinesiology instructors to re-
quire their students to conduct clementary
cinematographic analyses as course projects.
The unglamorous task of tracing and mea-
suring angles frequently makes such assign-

KINESIOLOGY REVIEW 1971

ments exercises in perseverance rather than
meaningful studies in  movement. With
ANGLCALC the sophistication and scope
of course projects can be increased while
the student will have available more time for
mlcrprcmuon and appllcallon of his ﬁndmgs
NOTE ANGI CALC was written in For(ran IV
languagz specifically for the NCR 315 RMC
computer. Disc accessing routines arc from the
University of Nebraska at Omaha Computer
Center program library. Application of ANGL-
CALC to other systems will require minor
modifications. Copies of the program may be
obtained by writing to: Shirl James Hoffman,
Department of Physical Education for Mecn,
University of Nebraska at Omaha, P. O, Box
688, Omaha, Nebraska 68101,
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WALTER S. REED
RICHARD E. GARRETT

A Three-Dimensional Human Form

and Motion Simulation

A BETTER UNDERSTANDING of human mo-
tion characteristics has long been a goal of
rescarchers in the arcu of kinestology (2., 3).
The application of high speed cinematog-
raphy techniques for data collection and the
more recent use of the digital computer for
data reduction have greatly increased our
knowledge of how man moves.

Recently rescarchers in the area of human
motion analysis have becn experimenting
with the usc of the computer not only to
analyze cinematographic records but also
to assist in obtaining informution about cer-
tain characteristics of human motion which
cannot be observed on film. Studies have
attemipted to describe accurately the dis-
placement, velocity, and acceleration char-
acteristics of particular body segments dur-
ing isolated motions. More recent studics
have involved comparisons of individual seg-
ment cnergies and their contribution to the
motion of the body as & whole (1).

In reviewing this rescarch, it has become
clear that many of the problems facing re-
scarchers in human motion analysis are the
same problems to which engincers work-
ing in the ficld of kinematins have addressed
themselves for some time. With this fact in
mind, it would scem quite logical to view
motion problems from a kinematician’s point
of view,
Walter S. Reed is a graduate instructor,
and Richard E. Garrett an associate pro-
fessor, both at the School of Mechanical
Engineering, Purdue University, West La-
fayette, Indiana.
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The purposc of this paper is threefold: a)
to develop the assumptions necessary to
classify the human body as an cngineering
system; b) to create a three-dimensional
computer model of the human body, employ-
ing computer graphics techniques to dis-
play the model; and c¢) to apply motion
techniques to the model and simulate a given
motion.

The body — an engineering view

An understanding of the body’s material
propertics was one of the first steps in de-
veloping a model for this system. Each hu-
man body scgment is composed of many
materials with vastly differing physical prop-
erties. The skeleton, however, is the frame-
work upon which the entirc body is con-
structed, and although many other tissuecs
may add rigidity, the strength of cach body
scgment is dircctly proportional to the
strength of the bones forming that particular
segment (3, 4). Tensile and compressive
tests on long bone show that over the normal
range of stresses to which bone is subject in
everyday use the resulting strain is small.
Based on this fact, a first assumption is that
all body segments containing continuous
long bones will be considered completely
rigid for modeling purposcs. For instance,
the forearm will be considered a rigid seg-
ment or link because of the radius and ulna.

Other body segments such as the hands,
feet, and trunk are not constructed around
continuous long bones and do not fit under
the above assumption. However, to avoid

KINESIOLOGY REVIEW 1971
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unnccessary complexity in the first models
these additional segments will also be as-
sumed rigid.

The human joint

A joint or articulation will be defined as
the articulation between two bones. The emi-
phasis in motion analysis is of course placed
on the synovial or freely moveable joints.
Almost cvery synovial joint in the human
body has a very complex three-dimensional
movement over its range of motion. For
instance, the knee, although appearing to
have a purcly hinged or revolute type of
motion, is quite complex. The primary mo-
tion is indeed revolute in nature. The axis
of rotation, however, is in constant motion
itself. In short, the problem of correctly
modecling the synovial joints is a major under-
taking itself and is beyond consideration at
this point in the modcling process. There-
fore, cach of the major synovial joints of the
body will be replaced with one of two en-
gineering joints. The two joints are a pure
revolute joint and a pure spherical joint. The
knee, for example, will be replaced by
a revolute joint and the shoulder by a spheri-
cal or ball-and-socket joint.

A three-dimensional model

The surface of the human body must be
classed as a very complex, highly irregular
geometric contour, To make matters worse,
nou only docs the body shape of an in-
dividual vary with age, but body shape from
individual tc individual is highly irregular.
Compounding the situation cven further is
the fact that as an individual moves, his
body changes shape slightly. This occurs be-
causc of the movement of the boues and
muscles supporting the outer layer of the
body. All thesc facts combine to make o
good model of the human body very diffi-
cult to achieve.

The first attempt at representing the
human body in threce dimensions was donc
with littlec regard for acsthetics. Much more
attention was paid to the sclection of the
body segments that would be considered
solid. Considerable attention was also paid

KINESIOLOGY REVIEW 1971

to the individual origin and coordinatc sys-
tem by which cach scgment was defined.
Each body segment was represented by some
convex polyhedra which roughly simulated
that particular segment. As an example, the
forcarms were represented by rectangular
polyhedra.  Rectangular  polyhedra  were
chosen because they were the simplest three-
dimeasional solids which roughly simulated
the forcarms. In this manner, cxpericnce in
the definition, manipulation, and visualiza-
tion of a three-dimensional model was
gained without the problems involved in
storing and using thousands of data points.
The body was divided into 13 solid seg-
ments and each segment was defined with
respect to its own origin and coordinate sys-
tem. The body scgments considered solid
for this first model were the head, neck,
trunk. the arms, the forearms, the thighs, the
legs. and the feet. Each of these segments
had an origin established at one end of the
scgment representing the particular synovial
joint characteristic to the region of the body
in question. Following this format, the leg
was defined with respect to an origin rep-
resenting the knee articulation. The proper
placement of all such origins with respect
to some fixed Cartesian coordinate system
resulted in a three-dimensional model of the
human form. A three-dimensional model
created in this manner is shown in Figure
1. which shows a right side view and front
view, respectively, of the model in its initial
position. Initial position refers to the fact
that cach body scgment is stored in this
oricntation permanently by the computer.

Motion simulation

Since cach body segment was defined and
stored completely scparate from all other
scgments, and cach segment was defined with
respect to the joint about which it rotates
in the body, motion simulation was quite
simple. Each body scgment was given a
command to rotate about some axis through
its origin. Following thesc rotations, each
scgment origin was given a command to
translate to some point in the fixed coor-
dinate system. With the proper axis of rota-
tion, angles of rotation, and translation of
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origins, the human form model could be
moved from its initial position to some new
orientation. The initial position was decfined
as that position shown in Figure 1.

The points describing the human body
in a three-space were assigned values cor-
responding to a right-hand Cartesian coor-
dinate system, x,y,z. J.ctting i be a unit
vector in the direction of some axis of rota-
tion which passes through the origin of the
coordinate system, a rotation matrix [R]
may be defined as follows:

(u2versgf-cosg)

[R] = | (uxpyversg4-pasing)
(rpsversg—pysing)
(pxpyversg—p,sing)  (pymversg--u sing)
(py2versg+-cosg) (pypversg—p,sing)
(pppverse -+ sing)  (y,2versg-+cose)

where:
¢ = anyle of rotation

versg = 1 — cose
B= (pad + o + k)

Figure 1. Front and side view of three-dimen-
sional human model.
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Positive angles of rotation are dcfined ac-
cording to th~ righthand serew rule.

A point may be rotated about an axis
whose direction is speeified by p and through
some angle ¢ in the following manner:

[VI=I[R] [V]
where:

[V] = vector deseribing point to be
X

rotated, | y
z

X'
[V’] = rotated vector, |y’

Zl
[R] = rotation matrix

The translation of body segment origins
was an operation requiring only the use of
selected visualization routines. The routines
which were used for graphic display provide
for the translation of a point frem onc posi-
tion to another.

Combining the rotation and translation
techniques described above ard applying
themi to the three-dimensional model pro-
duced tiae motion simulation shown in Fig-
urc 2. This figure shows a sequential record
of the motion characteristics of a subject
during a jump from an elevated platform.
This view was chosen because it corresponds
to the view of the motion captured by the
camera for data collection. However, since
this is a three-dimensional simulation, any
other view of the motion could be dispiayed
with equal case. :

A detailed three-dimensional model
Following the sueccessful application of
three-dimensional motion techniques to a
human model, a more comprehensive de-
scription of the human body was initiated.
The surface of the human body, as men-
tioned carlier, is highly irregular and com-
plex. Because of this fact, any detailed rep-
resentation of the body form using discrete
data would involve a large number of points.

KINESIOLOGY REVIEW 1871
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Figure 2. Motion simulation using the three-dimensional human model.

Visualization

The scheme chosen for representing the
surface of the body in three dimensions was
to define a series of parallel, transverse
cross sections. Each point deseribing the
surface of the body was then fixed in the
three-space by recording the vertieal position
of cach cross section. Figure 3 shows
model ereated in this manner. Since this
model is a three-dimensional representation
of the human body, Figure 3 represents only
one of an infinite number of possible views
of the model.

A promising tool for rescarchers in the
arca of kinesiology is the ability to isolate
and study any body scgment. An example of
this isolation technique can be seen in the
views of the head as shown in i-igure 4. The
head and shoulder arcas are shown being
rotated around an axis lying in the picture
ptanc. _

This three-dimensional model is in the
carly stages of developmeat with major prob-
lems remaining in the arcas of visualization
and motion.

Conclusions and recommendations

The human form and motion modets de-
veloped in this paper form a basis on which
to construct a more sophisticated and use-
ful model. However, many problems have
been encountered during these simulations
and remain to be solved prior to the devel-
opment of any new model. One such prob-
lem is in the arca of graphic visualization,
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The hidden-line problem makes it very
difficult to distinguish one surface from
another cn a three-dimensional solid. With-
out a hidden-tine removat technique, the
entire image of an objeet is projected onto
the picture plane as though the object were
transparent. Because this projection is mono-
scopie in nature, and because the front and
rear surfaces of the three-dimensional object
are displaved simultancously, the visualiza-
tio® may become unrecognizable. This be-
comes especially true if the observer is un-
familar with the particutar view he is see-
ing. For instance. if the detailed three-
dimensionai model of the human form shown
in Figare 3 was rotated so that an observer
would be looking down across the body
from an.approximately vertical pusition. the
surfaces of the body would become very dif-
ficult to distinguish. The difficulty occurs
because the body is very rarely viewed from
this position.

To solve this problem would require the
use of a rather sophisticated hidden-line re-
moval technique. A technique to handle this
problem is ncar completion at the present
time.

Another arca in which problems have
been encountered is the arca of measure-
ment and data collection. Current measure-
ment techniques employ the use of markers
attached to the skin or tight gi ‘ments to fix
the position of particular joints during mo-
tion of the Hody. Since the skin and under-
lying layers of the body shift somewhat dur-
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Figure 4. Study of the head and shoulder regions

Detailed three-dimensional human b
of the detailed three-dimensional model.

Figure 3.
model.
64
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ing motion of the body it is very difficult to
record the position of any joint preeisely.
Precise techniques for data reduction and
modeling are of little value if the raw data
do not corre~tly definc the motion of the
body. Time and effort will be needed in this
arca if the form and motion modecls are to
be realistic.

Further cfforts at deseribing the surface -

and motion characteristics of the human
body should be madc by isolating cach of the
solid body segments. Each of thesc segments
and the joints that connect them should be
approached as a separate modeling problem.
A better mechanical description of cach
joint, including inherent stops and some dy-
namic characteristics, should be included in
this phase of the modeling process.

New methods of displaying existing form
data should be approached using thc ca-
thode-ray tube because of the instantancous
display capabilitics of this device, At the
same time, an effort should be made to re-
ducec visualization problems caused by the
hidden-line problem.

The application of three-dimensional mo-
tion routines to the model should follow the
development phase outlined above. A set of
motion commands coupled to these motion
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routines would enable a rescarcher to pro-
duce any desired motion of which the model
was capable.

A final phase of development should be
aimed toward making the size and shape of
the model adjustable. By adding scaling
routines the model could be tailored to rep-
resent any individual. Pathological defects
could also be created in the model to serve
as a rescarch tool in the arca of biomechan- -
1cs.

The successful development of these
modcling phases should vicld a good working
modecl of the human body which would serve
rescarchers in the areas of kinesiology, bio-
mechanics, and human factors cngincering.
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