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FOREWORD

This is the eighth in a series of nine papers concerned with the Study
of Monkey, Ape, and Human Morphol ogy and Physiology Relating to
Strength and Endurance. This study was conducted in part in 1963 under
Contract AF 29(60C)-3466, Project 6892, Task 689201, monitored by
Major James E. Cook, Veterinary Services Division, ARV, Certain
of the studies were conducted by the author over an interval of several
years, part during his tenure as a National Science Foundation Science
Faculty fellow at the University of Chicago, 1959-1961.

The author wishes to acknowledge the cooperation of Lt Col Hamilton
H. Blackshear, Major Clyde H. Kratochvil, Major James E. Cook and
Major Robert H. Edwards, all of the 6571st  romedical Research Laboratory,
for their help in the preparation of this paper.

Publication of this report does not constitute Air Force approval of
the r1eport's findings or conclusions. It is published only for the exchange
and stimulation of ideas.
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C.H. KRATOCHVIL
Major, USAF
Commander
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ABSTRACT

Detailed consideration and testing of hypotheses against available data
indicate that the marked two-to-one superiority of chimpanzee over
human upper extremity strength per unit of body-weight is apparently
due to a combination in the chimpanzee of relatively larger upper ex-
tremities, higher proportions of coatractile material, smaller average
body-size, muscle origins and ingertions farther from joints, obliquity
of muscle fibers, greater capillary density and glycogen storage in
muscles, and greater frequency and ease of innervating a higher per-
centage of motor end.-plates, but not to different physico-chemical
processes of muscular contraction and not, among the subjects tested,
significantly to difference in exercise, although somewhat differential
response to equivalent exercise is likely,
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FACTORS IN THE SUPERIOCRITY OF CHIMPANZEE OVER HUMAN STRENGTH

1, INTRODUCTION

The marked superiority of the chimpanzee in muscular strength relative
to man is of interest theoretically and in practical applications,

In the context of pure science, an understanding of the factors oper-
ating to produce these appreciable differences -~ whether by physico-chemi-
cal processes or by simple mechanics -- for one se: of tested muscles, such
as flexors of the forearm, would probably make it possible to estimaste very
closely the strength of other muscle sets by quickly testing the other sets
of muscles only in humans and making gross anatomical, histological, and/or
chemical comparative measurements and tests required., The determination of
approximate strength differences for various sets of muscles which were the
subject of special theoretical or practical concern could almost certainly
be achieved far more economically than would be the case if subjects had to
be trained and tested in the experimental laboratory for each set, This
economic advaptage would be maintained even if tte predicted strength values
for one or two sets of nuscles were also checked by experimental strength
testing -- as would be advisable to provide additional assurance that only
the factors determined for the first set were significantly operative for
other sets of muscles, Considered more broadly, an understanding of the
causative factors in the strength differences between the chimpanzee and
man would also likely provide the key to a comparable interpretation of
other interspecies and even interphyla contrasts in strength, endurance,
and sssociated functions. 1Interpretation of how such differences developeAd
through evolutionary history would also have equivalent theoretical signifi-
cance,

In applied science terms, knowledge of the hature and extent of strength
differences between the chimpanzee and man would be very useful to most
experimentation involving the use of chimpanzees ss analogs of man, for
differences in strength apparently constitute the most marked fupnctional
distinction between the two species other than those of higher mental proc-
esses, Thus wherever sets of muscles differ appreciably in strength and in
their manner of moving the parts of the body they affect, consideration of
these differences must be made in designing all testing apparatus in order
to secure equivalent performance. Strengtb and endurance variables must
also be known for proper extrapolation of test results to man, as in sccel-
eration studies™ and long-term performance in space capsules,

1Marked differences in muscle strength would quite surely be associated
with equivalent differences in associated tissue distortionh and traumatic
effects ih response to a given acceleration for a given interval, however
brief,
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The first step in the determination of the factors producing
superiority in chimpanzee strength is the formulation of hypothetical
factors which might aceount for all or part of these differences, followed
by a preliminary testing of the hypotheses through readily availsble data
and principles. The formulation and preliminary testing of such hypothet-
ical factors constitute both the major purpose and the scope of this paper.

2, STRENGTH OF CHIMPANZEES RELATIVE TO RUMANS
A. General Considera*tions

As here employed, strength will be limited to a2 physical, mechanicel
usage, equivalent to force, Inh organisms, strength refers to contractile
force, the sole function of muscles, Strength is often mistakenly confused
with some related phenomena: work, which is the action of force through 2
distance; power, which is the rate of do.ng work; and endurance, which refers
to relative ability to maintain a given power through time,

Absolute strength refers either to the contractile force developed by
a muscle fiber along its main axis (absolute fiber strength) or, as & step
removed from this most basic application of the term strength, to the entire
contractile force of the muscle along its main axie, that is, upon the ten-
dons (absolute muscle strength)., It might be observed that the axes of
muscle fibers may be very different from the axis of the entire muscle, so
the muscle's absolute strength is not simply the summation of that of its
constituent f£ibers., Third, internal leverage strength is the strength of
the muscle acting upon the body itselE, with greater or lesser effect depend-
ing upon its leverage and its angle to the mzin axis of the segment of the
body resisting motion. Fourth, external leverage strength is that force
applicable to an object outside the body.

External leverage strength is the most readily and frequently measured,
Internal leverage strength is difficult to determine at all precisely
(Edwards, 1963a, p. 2). Absolute muscle strength measurements would be
even more useful in theoretical snalyses, but are almost impossible to
determine in living subjects, with the exception of amputees trained to
operate individual cineplastic~tunneled muscles; with such subjects, Ralston
et al.(1949) determined values of 2.38, 1.31, and 1.63 kg./cm.2 for the
biceps brachii, triceps, and pectoralis major., The strength of excised
solitary muscles may also be determined in vitro; the resulting values will
be higher thenr in normal voluntary contractions, but the relative values
should be fairly valid,

Determination of the strength of individual muscles is therefore
especially difficult, But there is a simpler method of determining the
approximate relative strength of individual muscles ~-- the method formulated
by the writer several years ago and employed to a limited extent in 1961 in
studies of the squirrel monkey (1965b; 1965¢). The fleshy porticn of the
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muscle must have tendons at both ends able to withstand the maximum
contractile force of the organ, Such maximum force is normally reduced in
nature by rapid motion of the body segment; hence the grasshopper's extensor
tendons are fractured at the "knees' when its legs 2re restrained (Hoyle,
1958, p., 31). Tendon strength will usually be only slightly in excess of
the maximum force normally exerted by the muscle during its lifetime, for
excessive strength would represent in the evolution of the muscle an anti-
adaptive oversufficiency,

It might be anticipated, therefore, that the strength of the muscle
would be proportionate to the cross-sectional area of its tendon just below
its origin or above its insertion, But tendon, generally stronger than bone
in resisting force per unit of area, varies fairly widely in composition and
thus in strength, 1In the chimpanzee studied by the writer (1965d; 1965e),
tendon cross-sectional ares varied from approximately 0,85 per cent of
maximm cross-sectional muscle belly area in latissimus dorsi to 3,2 per
cent in biceps brachii to 28,1 per cent in pelmaris longus. 1In these muscles,
most of the fascicles closely paralleled each other and the axis of con.-
traction of the muscle, Latissimus dorsi is not too representative because
its muscle fibers very in their alignment by as much as 55 degrees, and the
contractile force is at least slightly reduced by its proportionately large
friction-producing surface, At the other extreme, the ratio is unduly high
in palmaris longus due to the somewhat bipennate form of its fleshy portion
and to its probable incipiently vestigisl nature (Edwards, 196be). 1In
addition, the optimum diameter of the tendon of insertion may greatly exceed
that dictated by tensile strength requirements alone, for this very super-
ficial tendon is unusually susceptible to mechanicali injury,

Because of the variable composition and strength of tendon, to apply
the present method, it is necessary to test the tendon strength directly.
In the method developed by the writer, a strong nylon cord is wrapped about
the tendon near its termination and this cord is gradually loaded along the
axis of normal muscle pull; the force at which the tendon breaks is recorded.

For some time, the writer thought that the loading method of estimating
muscle strength was possibly his own innovation, but he then learned that
Borelli (1685) used a similar method almost three centuries ago; since the
time of Borelli, the method has doubtless been discovered by a number of
other investigators as well,

The cross-sectional area of bone -~ or, more precisely, its mass per
unit of length -~- should also provide at least a rough indication of muscle
strength, but the strepgth required in most cases is that needed to resist
a large number of muscles operating in a wide variety of directions on
bones of markedly varying length, form, and composition; the characteris-
tics of a given bone are determined by other stress-resisting needs as well,
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B. Results of Strength Testing

Anecdotal observations indicate that, at least in times of stress,
chimpanzees are much stronger than humans under hormal conditions, but
such observations are inadequate for an evaluation of relative strength
under comparable extent of motivation or stress. Some thirty-seven cri-
teria are requisite for adequate strength testing of chimpanzees (Edwards,
1963a).

Bauman (1923; 1926) secured very high strength scores on one adult
male and one adult female chimpanzee, with an apparent ratio of superiority
to humans per unit of body-weight of approximately 2:1 to 3:1 for two-
handed pulls by the entire body on a loop or rod handle with the legs
flexed and braced, The ratio for the similarly positioned but very
different one-handed pull was approximately 4:1,

Finch (1943), in more sophisticated experiments, procured two~handed
(per unit of body-weight) ratios for pulling on & handleless rope averaging
1.33:1 for adult male and 0,91:1 for adult female chimpanzees when compared
with adult male humans (calculated by the present writer),

Although the ratios obtained by Bauman and Finch are very inconsistent,
the contrasting results are not necessarily due to any fundamental error
in measuring or recording, and all reports are likely valid, Reconcilia-
tion can apparently be adequately achieved through consideration of likely
differences in the subjects' condition and the marked differences in
methodology. Especially significant are the effects of facilitation of
grasp (handles) and the contrasting motivations employed, Ewven in the
"deliberate” scores utilized by the present writer in computing the ratios
for "Suzette" and "Boma,'" the maximum second level of strength was likely
exceeded, while apparently the eight chimpanzees of Fihch were inadequately
motivated to reach that level (see Edwards, 1963a).

It was thus very tentatively concluded by the present writer that --
for those not very precisely identifiable muscles involved -- under compar-
able conditions chimpanzees are very roughly two times as strong as humans
in the two-handed pulls when a handle is provided and disproportionately
stronger in the one-~handed pulls noted. But neither Bauman, Finch, nor
any other investigator has satisfied more than a few of the thirty-seven
criteria formulated by the writer (Edwards, 1963a) and shown to be requisite
for an adequate program of strength testing of non-human species,

With consideration of the inadequacies in previous studies, in 1961
the writer was employed as a consultant by the Aeromedical Research Labor-
atory of Holloman Air Force Base to conduct a program of training and
testing the strength of chimpanzees and humans. In this research program,
it was possible to satisfy almost all of the criteria required for adequate
testing, This testing revealed that, per unit of body-weight, the pulling
strength of chimpanzees is approximately twice that of humans tested under
comparable conditions, The testing apparatus and the training employed
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were designed to measure only the strength of the flexors of the forearm;
further experimentation will be required before elevation-retraction of the
scapula and extension of the brachium can with certainty be excluded from
the force values recorded. 1In any event, it can be concluded at the present
time that, contrary to the findings of Finch, chimpanzees are markedly
superior to humahs in at least the cne set, or group of related sets, of
voluntary muscles tested (Edwards, 1965&).

3., HYPOTHETICAL FACTORS IN THE STRENGTH DIFFERENCES

A, General Considerations

"A walking animal is an articulated girder structure,'" with the
skeleton representing the compression members and the muscles ané ligaments
constituting the tension members (Ritchie, 1928, p. 2; for more extensive
discussions, see Thompson, 1942).

One or occasionally more than one fulcrum may intervene between the
proximal and distal tendons of & muscle, The fulcrum may be intermediate
between the tendinous attachment (force) to the moving member and the center
of gravity (resistance) of the moving member (a first order lever system),
as in the action of the triceps in extending the antebrachium., Or the
tendon -- force -- may be intermediate (a third order lever), as in flexion
of the forearm by the biceps., Theoretically, the center of gravity of the
moving member -~ resistance -- may also be intermediate (a second order
lever), but because motionh would be so relatively restricted by this last
arrangement, it occurs in the human body only in a few contestable or in-
frequently occurring cases, such as plantar flexion of the feet raising the
body on tiptoe if the ball of the foot is regarded as the fulerum, A little
further consideration of the mechanies involved reveals that internal lever-
age strength is inversely proportionate to the maximum translocation of
the body segment moved; so in evolution greater strength or mobility is
almost always achieved primarily at the cost of the lessening of the
counterpart (mobility or internal leverage strength, respectively), except

where the increased mobility is accompanied by proportionately larger or
more "efficient" muscles,

The detailed structure of muscles and the physico-chemical processes
involved in their contraction have already been considered at length by

the present writer (1963a) and many others, so no further general discussion
of this area will be given here,

B. Effect of Exercise

The effect of muscular exercise will be the first hypothetical factor
considered because it potentially affects many of the other factors.
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Two Chinese porters may be able to lift on a litter an American prima-
tologist -~ so obese as to equal their combined body-weights -~ and then
trot along for hours at a time at a pace much faster than the primatologist
could have maintained on foot without any burden., The investigator, tending
not only to take himself for granted but also to employ himself as the
standard upon which to measure all comparable phenomena, may marvel at the
remarkable strength, endurance, and, to a lesser degree, the slightness of
body-build of the porters. What he msy not consider is that, along with
much of the modern world's population, he is the atypical representative of
the human species. Likewise, a chimpanzee may seem extremely strong in
comparison with the average laborstory worker but not with that worker's
much stronger Cro-Magnon forebears of a thousand generations past. On mid-
winter days these ancestors might walk or run as much as 30 miles in their
search for game before killing a2 mammoth; then, to avoid forcing their
wives and children to leave the relative comfort of their cave, each might
carry 150 pounds of meat 10 miles back to the encampment before resting.
Furthermore, some of the muscles of the chimpanzee, especially those of the
upper extremities, are gererally used far more than comparable muscles in
man -- even ancestral or recent but non-Western man.

In a review of the '"chronic effects of exercise," Steinhaus (1933)
gives the increase in muscle mass as probably the best recognized result
of long-time muscular exertion., The increase-is due entirely to true
hypertrophy of existing muscle cells, not to any increase in number of
cells, in length of fibers, or number of nuclei; only the sarcoplasm is
increased (p. 105),

The number of capillaries functioning in the active muscle of a trained
athlete shows an increase over resting muscle of at least 400%, while the
size of each capillary increases approximately 100% (Krogh, 1929, p. 182),
The resulting capillary bed facilitates the interchange of oxygen, food-
stuffs, and waste products, causing still more capillaries to become
operative, Hence oxygen can diffuse more readily to the tissues; with
local accumulations of heat and lactic acid, oxygen dissociates more easily
from the hemoglobin of the red blood corpuscles, Thorndike (1962) and his
co~workers at the Harvard Fatigue laboratory no longer regard lactic acid
exclusively as a toxin but as a natural outcome of exertion. "Owing to
this change in skeletal muscles during exercise, the amount of oxygen
utilized per unit of arterial blood can be greatly increased and these
tissues may consume per unit weight as much as fifty times the oxygen they
consume at rest" (Thorndike, 1962, pp. 56-57).

In the trained athlete red cells and plasma proteins may show a 10
per cent increase during & football game, while the leukocyte count might
rise to 200-300 per cent of normal, This is probably due to the diffusien
of lactic acid into the blood from the tissues; water and electrolytes move
into the tissues to equalize osmotic pressure; loss of water from the blood
increases the proportion of blood cells, 1In 1933 Steinhaus wrote: "There
is no agreement as to whether a period of training produces a lasting
change in the number of red corpuscles. The current belief that training
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induces a2 gradual increase in the per cent of hemoglobin, the total mass
of corpuscles, and the total volume of blood, rests on but meagre experi- :
mental data" (p. 118). The data accumulate, but agreement does not come, :
perhaps because of the failure to isolate the variables,

C. Different Absolute or Relative Dimensions

The length of muscles does not in itself increase the force exertable
unless the fibers do not have the usual form or alignment parallel to ihe
main axis of the muscle (see section G below). But muscle sbsolutely or
relatively larger in cross-sectional area will, all else being equal,
manifest proportionately grester strength, absolutely or relatively,
Therefore, if the arms of the chimpanzee were not only proportionately
longer but also heavier, the chimpanzee would through this factor be
expected to be stronger than the human, body-weight being equal,

D. Different Proportions of Contractile Material

If the fleshy portion of the human muscle had higher components of :
non-cohtractile material, such as connective tissue, fatty deposits, or
blood vessels, it would, all else being equal, be expected to be propor-
tionately weaker than the comparable chimpanzee muscle,

E. Different Body-Size

By principles of geometrical similitude, strength is proportionate to
- the square of a given dimension, all else being equivalent -- not to body-
weight, which is proportionate to the cube of a given cdimension (Edwards,
1963a), Thus if chimpanzee strength scores are compared per unit of body-
. weight with those of larger humans, the chimpanzee should by this factor
manifest slightly greater strength. For example, despite proportionately
thinner arms and legs, gibbons can brachiate much longer and faster and
can walk erect more readily than their larger and, if appearances were
valid, relatively stronger ape cousins (Edwards, 1963h). As but one non-
primatologicel example, in this way can also be readily explained the
otherwise remarkable strength of the grasshopper; each of the grasshopper's
hind-leg extensor muscles, weighing only 2 per cent of the body-weight,
wexerts the astonishing power of some 20,000 grams per gram of its ownh
weight," Such great strength is due in small part to the obliquity of the
muscle fibers (see section G below) but, although not recognized by the
major investigator of this phenomenon (Hoyle, 1958), is ascribable mainly

to the fact that the grasshopper is small relative to most terrestrial
vertebrates.

F. Different Locations of Insertions or Origins Relative to Joints 1

. As the mechanical analysis in section A above indicates, if all
characteristics of & pair of compared muscles (with relatively distinct
origins) are equal except the point of insertion, and if this point is
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twice as far down the long-bone in the chimpanzee as in man, the muscle
will be able to exert almost twice as wmuch force in the ape, Fairly obvi-
ously, doubling of both origin and insertion distances doubles the effec~
tive force while leaving the mobility range unaffected,

Somewhat similarly, the effective muscular force may be increased
through angular change by displacement of the origin farther from s joint
which is between the origin and the insertion, But in a large proportion '
of cases, the major axis of the muscle is nearly psrallel to the surface
of the bone on which it arises and over which it might migrate through
sufficient evolutionary time, so there would be no significant improvement
in mechanical advantage when the muscle of more distant origin is extended
in this manner, However, upon contraction, the main axis of the muscle
with the more distant originzbecomes slightly to markedly more perpendi-
culsr to the moving segment,

Generally more important as a determinant of origin position, the
range of mobility of the affected body segment is approximately propor-
tionate to the total muscle belly length, which in most cases is most
readily increased by migration of the .origin.

Likely a comprehensive secarch of the literature in comparative
anatomy or muscular physiolory would result in the discovery of several
discussions of the precise effects of migrations in points of origin and
insertion. But since such analyses are not presently available to him,
the writer has calculated trigonometrically the effects of varying the
distance from the joint (fulcrum) to the insertion and to the origin. The
most frequent case in vertebrates -- that of a single joint intermediate
between the two muscle attachments, generally associated with a third
order or rarely (as in the action of the brachioradialis of the potto, to
be discussed) a second order lever system -~ was chosen for the analyses,
with fiber alignment parallel to the muscle axis and doubling of all lever-
arm lengths (more precisely, joint-to-attachment distances, for the usege
of "lever--arm" will here be limited to the moving segment bearing the in-
sertion), as simplifying assumptions. The results of these calculations
are summarized in Table 1.

Several generalizations may be derived from the table, which nec-
essarily assumes minute points of origin and insertion that in actuality
usually comprise relatively broad areas of attachment, thus somewhat
complicating the mechanical analysis of the situation., In muscles of
approximately equivalent joint-to-origin and joint-to-insertion distances,

2A much more significant gain in a higher origin would accrue if the .
belly were likewise extended, because a smaller proportionate contraction --
and thus a smaller relative loss of maximum force -- would then be required
for a given angular movement. ”
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doubling of either distance increases the ipternal leverage strength 23 to
35 per cent at mosu angles, and moderately increases the angular range of
mobility. But even with parallel fascicle alignment, mobility is extremely
limited if the joint is roughly equidistant from the two points of tendon
attachment; if, with muscle relasxation, the axes of the movable and fixed
members are almost in the ssme straight line, the two members cannot by
cuntraction of this muscle be brought into closer apposition than approxi-
mately 60 degrees, Furthermore, large or superficial muscles, and especi-
ally those botli large and superficiai, would have to be able to raise
proportionately large ridges above the surface of the skin, which would in
turh require adaptation of adjacent structures and necessitste greater
susceptibility to mechanical injury.

So fer most muscles it s highly advantageous to have the distance
from the joint to the attachments very unequal, with the muscle body nesrly
paralleling (and in a large proportion of cases closely adjacent to) the
underlying bone upon which the more distant attachment is made. As Table 1
shows, when the lever-srm is very short, doubling its length effects an
almost proportionate increase in effective muscle force,> But if the lever-
arm is much longer than the joint-to-origin distance, almost proportionately
greater strength results from an increase in the distance tc the origin. As
a seeming paradox, then, equal distances from joints to attachments are
generally very disadvantageous, but if these distances are highly unequal,
partial equalization improves strength with little loss of mobility.

If two muscles are dimensionally and structurally identical, the nearer
the insertion is to the joint the proportionately smaller is the loss in
maximum exertable absolute muscle force due to shortening of the fascicles
for a given angular movement -- the counterpart of the advantage of longer

3Actually, the force exerted on the insertion is less than twice as
much because of the more acute angle at which the force is acting -- assum-
ing that the joint is between the muscle's origin and insertion -- and
because of the slightly smsller perpendicular component resulting at the
point of insertion. This perpendicular component is the "force-arm," the
resultant at a right angle to the axis of the resisting lever-arm in the
plane through this arm and the main axis of the muscle; the muscle axis is
the line of force, except in cases in which the tendon of insertion bends
around a ligament or bone pulley. Only if both the distance of the origin
and of the insertion from the joint were doubled would the effective force
acting on the body segment be doubled, as noted previously. Although the
internal leverage strength increase due to distalward extension of the
insertion while the origin remains unchanged is less than the proportionate
increase in the lever-arm because of the more acute angle of the muscle,
in terms of external leverage strength this angular reduction is in many
ceses more than counterbalanced by the reduction in the percentage of
resistance constituted by the movable body segment ~- assuming the mass
of that segment remains approximately constant,
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muscle bellies, as previously observed., But if two muscles have the same
angular m.>ility ranges and are otherwise closely similar except for differ-
ent inseriion isvrcnces, the one with the more distant insertion will
generally achieve its maximum internal and external leverage strength at
greater angular movement upon contraction,

Consideration of muscle physiology and mechanics shows that in general
greater strength is achieved at the expense of lessened mobility. But if
the distances from the joint to the attachments are very unequal, an increase
in the longer distance results in a slight theoretical increase in mobil-
ity -- although in such cases maximum mobility was probably attained before
the change, More frequently significant, the longer muscle belly will
undergo less decline in force as the mobility limit upon contraction is
approached (see footnote 2).

At least s small vector in the resultsnt optimum of muscle length and
location of attachments ensues from the fact that more distantly attaching
muscles with dimensionally constanc fleshy portions require greater tendon

mass -- and in many cases additional spatial problems associsted with move-
ment relative to contiguous organs, )

All factors considered, if may be concluded that for parallel muscles
the optimum distances from the joint to the origin and to the insertion are
generally markedly unequal but not extreme in such isequality.

in addition to the maximum force, the distribution of maximum exertable
force at different amounts of movement, and the mobility range of muscles,
other basic functional aspects of muscles which are influential as additional
vectors determining the compromise resultant form include speed -- as exem-
plified by adaptscions of the leg of the horse (Hildebrand, 1960) -- and’
endurance, Another factor, retarding the evolutionary rapidity of migration
of muscle attachments in all vertebrates, is the competition for limited
space for bony attachments in certain areas,

In some cases, either the origin or insertion may be relatively stable
because of the lesser significance of the muscle as compared with those '
surrounding it, For example, the primate coracobrachialis may vary more in
origin than in insertion the writer would suggest, because the general area
of origin of adjacent brachialis is fixed by its function, and expansion of
the origin of brachialis wculd not be appreciably useful. Thus coracobra-
chialis, perhaps largely through the lack of very strong demand for the area
by contiguous muscles, occupies its insertion area fairly uniformly, al-
though apparently not at a point or area very precisely fixed by function.

1f, because of competing needs, an attachment cannot feasibly migrate
farther from its location very near the joint (but see section G) to achieve
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greater strength,4 the need may be satisfied by a change from parallel to
oblique (unipennate or bipennate), or from oblique to more oblique, fiber
alignment, slthough such an arrangement is not quite as efficient mecheni-
cally because of the additional tendorn required, and although the maximum
strength of the pennate muscle is much more variable at different degrees of
contraction (see below). Such a process has occurred in the wrists of chim-
panzees and humans, where minimization of spatial requirements has high
selective vaiue for mechanical reasons and where bipennate muscles generally
restrict their fleshy contractile portions to the forearm, well above the
wrist and hand where these muscles operate with relatively great force and
complexity. Hominoid hands also exemplify the .=:t that leverage does not
always undergo change in proportion to the migretion of attachments because
the mobility of the f£leshy portion of s muscle and especially of its tendons
is often limited by the fixed position of other organs or the difficulties
which would arise from excessive plasticity of the dermis; for example, the
deep flexors of the digits have gained relatively little in leverage from
the migration of théir origins up the forearm (Strsus, 1942, p. 312), for
they are bound by ligaments and other tissues to f£sirly constant positions
within the carpal, metacarpal, and phalangeal segments,

It might be anticipated that since a significant gsin in mechanical
advantage is potentially derivable through the migration of insertions more
frequently than of origins, insertions should mahifest greater interspecific
variability. Yet -- despite some partial exceptions, such a&s teres minor --
in the primates, as in all major groups of vertebrates, insertions show
decidedly greater stability., The explanation for this phenomenon is that the
points of insertion are geherally much more closely associated with function,
so their feasible range of migration tends to be much more limited; for
example, major changes ih the areas of origin of flexor pollicis longus may
affect minor alterations in the extent, force, and angle of movement, but &
shift in the insertion to the palmar aponeurosis would result in entirely
different functions,

As but one of hundreds of potential primatological exemplifications
of one or more of the foregoing principles, the potto (Perodicticus) of West
Africa has long been noted to have a remarkable brachioradialis, inserting
oh the radial styloid process and extendihg in its origin on the humerus
from the lsteral epicondylar ridge to as high as the surgical neck (Hill,
1953, p, 184),

Presumably, no detailed analysis of this unusual feature has previously
been offered, so the write: will st this time attempt such sn interpretsation,
which should prove illustrative of underlying principles. The insertion is
obviously related to this massive muscle's functions of supinsting and, more

Because of the requirements of geometrical similitude, greater strength
constitutes a progressively more pressing need in large animsls -- and the
evolutionary trend in most animal and especially mammalian groups has been
toward larger size,
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importantly, flexing the forearm. If this muscle had the same proportionate
size as the relatively slim presumed long head of brachioradialis of the
squirrel monkey, which -~ as recently discovered (Edwards, 1965b and 1965c)
-- has equivalent points of attachment, very little augmentation of strength
would resuit from the unusually high origin. But in the potto the fore-limb
is permanently bent at the elbow; the potto's massive brachioradialis is thus
able to produce a much greater degree of flexion of the antebrachium (al-
though total mobility remains quite low) and, because of the less acute
angle, is relatively powerful even when the forearm is extended as fully as
structure permits, In this way, some of the disadvantages noted for muscles
with attachments equidistant from the joint are missing.

Interestingly, the origin of brachioradialis extends almost as high on
the humerus of the Madagascar indri lemurs, in which the muscle manifests
approximately the same massiveness of development and is associated with
similar permanent flexion at the elbow, obviously for the same fundamental
advantage pertaining to mobility and leverage,

Exceptional conditions almost seem to demand explanation, however; in
this case, the very unusual form of brachioradialis in the potto and the
indri should be considered. First, unlike the varied movements required of
almost all higher primates in locomotion and the manipulation of food, there
is much less emphasis on mobility or agility in these quite typically quad-
rupedal lower primates, Yet the excessive development of brachioradialis,
and to a lesser extent the limited degree of antebrachial mobility, are not
found in equivalent degree among the other lower primates, So if it is
granted that selective pressures for maintena:ce of high mobility are less
in the lower primates than in monkeys, apes, and humans, there must still be
sought compensating mechanical-functional advantages of the brachioradialis
of the potto and indri which do not occur in the form and/or function of the
majority of lower primates and which provide compensation for the reduced
mobility.

The potto is generally quite slow-moving relative to most strepsirhines,
which suggests a further reduction, compared with most other lower primates,
in selective pressure for msintained mobility. FPFurthermore, it is nocturnel,
protecting itself in the daytime primarily by hiding. If attacked, it curls
up and presents its nuchal region -- the most vulnerable area of most pri-
mates, but in the potto protected by thick pelage and unique dorsal spinous
processes from the last cervical and first two thoracic vertebrae which pro-
trude from the skin (Hill, 1953, p. 176). The attacked potto clings "by
hands and feet with so powerful a grip that removal of the animal involves
the application of sufficient violence to cause mutilation of its extrem-
ities" (Hill, 1953, p. 190),

The foregoing data explain only in part the case of the indri, however.
Like other lower primates, it can better afford lessened mobility than the
higher primates, but although sluggish it is apparently faster than the potto
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and places less reliance on passive defense.5 It might be suggested that
the similarity is due to closeness of relationship, with descent of the indri
from a potto-like ancestor; but the relationship within the primates of the
potto and the indri is very distant indeed, However, a satisfactory factor
to which at least much of the hypertrophy of the brachioradialis can be
ascribed is the relatively large body-size of the indri, the largest extant
lower primate, with much larger relatives rendered extinct quite surely only
upon the relatively recent arrival of man in Madagascar (Hill, 1953, p. 628;
Edwards, 1960a), The muscle's massiveness and relative distance between
origin and insertion and the permanent partial flexure of the antebrachium
are 'thus largely if not entirely ascribable to the requirements of geonetri-
cal similitude that larger animals must have disproportionately larger
muscies and/or improved leverage for these muscles for their equivalent
function, and that function will tend to be maintained almost equivalently
if it is crucisl to survival,

Some indirect confirmation of this last interpretation is provided by
the apes, in which the requirements of mobility prevent the origin of the
brachioradialis from moving far up the humerus. The much more moderate
mechanical demands associated with geometrical similitude in the smallest
ape, the gibbon (Hylobates), have permitted the insertion to migrate up to
the middle of the radial shaft (Hill, 1957, p. 32), while remaining rela-
tively distal in origin (Straus, 1941, p. 26).

In previous discussions in this paper, little consideration has been
given to variability -~ and thus adjustability -- in muscle belly dimensions.
All else being equivalent, the force a muscle can exert is proportionate to
its average cross-sectiocnal area, Thus it might seem that the relaticnship
between the relative massiveness of a muscle and its attachment distances
from the joint are precisely inversely related for constancy of function,
and are therefore capable of very arbitrary variation in relative dimensions.
Such an analysis implicitly ignores bone and joint diameters, however, Des-
pite such cases as the elbows of the potto and indri, long-bones srticulated
to one another in the limbs of land vertebrates generally extend end-to-end
in essentially the same straight line upon extension of the bcdy segment.
Muscles attasched to two such bones of infinitesimal diameter would upon
extension exert infinitesimal flexing or hyperextending force; thus internal
leverage strength is under such conditions proportionate to the diameter of
the bones and the cross-sectional area of the muscle., So muscles would tend
to be very thick and short and to insert only in the joint area, On the
otner hand, there is insufficient space near the joints for all parallel
muscles to manifest optimum thickness and areas of insertion. Also, it
should be considered that since bones and joints have thickness, mobility
would be excessively limited if the muscles were too short; for the thicker
the joint, the greater is the absolute contraction of the muscle necessary
to produce a given angular displacement, everything else being equal,

5Apparent1y the only very effective predator of the indri before man's
recent arrival was the civet cat.
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Since the force-arm tending to produce angular movement in one of two
bedy segments, each containing long-bones articulating end-to-end and ex-
tended in the same straight line, is approximately proportionste to the
diameter of the bones, a major factor tending to increase bone dimensions is
recoghizable., The foregoing consideration thus largely explains why a2 mouse
has a proportiontely heavier skeleton than equivalent compression strength
requires relative to a human, as well as proportionately larger bonhes rela-
tive to their weight (Edwards, 1960b). The advantages of better leverage
also helps to asccount for the dewvelopment of various iypes of bony protuber-
ances, including ridges -- both for origins and espccislly for insertions --
to enable points of muscle attachment, and therefore application of force,
to be farther removed from the axis of the joint. The principle here consi-
dered applies especiaily to enlargement of bones at the joints, a phenomenon
thus seen not merely to reflect a need for greater structural strength in
areas of greater stress, as many have suggested,

G. Non-Parallelism of Muscle Fascicles to Tendons

All else being equivalent, the totdl absolnte fascicle strength (or, to
employ its component elements as the basic unit, absolute fiber strength) is
proportionate to the product of the average cross-sectional area of the aver-
age fascicle and the total number of fascicles, Therefore, the absolute
strength of a muscle with the simplest parallel alignment of all fascicles to
the tendon of insertion can be increased without altering its general size or
form. This requires only an increase in the number of fascicles by their
shortening and turning obliquely to the main axis of the muscle (which is
normelly essentially identical to the axis of the insertion tendon), as in
unipennate, bipennate, and multipennate muscles, so-called because the fas~
cicles converge to one or both sides of the tendon like the plumes of a
feather,

The writer feels that a quantitative analysis of the factors involved
should clarify and exemplify any generalizations derived from such consider-
ations. In each of the three following examples to be analyzed for this
purpose, the proximal end of the muscle is at or just beyond the distal tip
of a broad bone, distal to wnich are two articulating, parallel, 50-cm,
long-bones with mid~lines 12 cm, apart; the second and third bones articu-
laté din turn with a fourth, most distal bone, upon which the muscle ihserts,
The first example studied will be that of a simple, parallel muscle (condi-
tion A) -- which is very roughly represented by gastrocnemius in the
chimpanzee and man -- originating from the transversely extending distal end
of the broad bone and extending fleshily with constant width (12 cm.) and
thickness (1 cm.) to its transformation to tendon 30 cm, from the origin,
The unipennate second condition (B) represents conversion to shorter fasci-
cles (24 em,), arising along the mid-line of the medial of the two parallel
long-bones for 30 cm., and inserting at an angle of 30 degrees upon a tendon
extending along the opposite side of the muscle, Fascia and tendon attaching
the lateral-border tendcn to the lateral long-bone and to the fourth bone
upon which the tendon inserts strongly pull the lateral-border tendon
laterally and distally and effectively serve to hold the lateral tendon in
place and to permit slight movement only proximally-distally upon sufficient
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muscular contraction and relaxation -- this somewhat unrealistic arrangement
has the function of simplifying mechanical analysis., The bipennate third
condition (C) is provided by a muscle like the second but converted to short-
er fascicles (12 cm.), each as in the unipennate muscle not originating prox-
imally from the transverse area of bone but from along the mid-lines of both
parallel long-bones and inserting intc a medisn tendon extending the length
of the fleshy portions; the fascicles again form an angle of 30 degrees with
the median tendon and thus with main axis of the muscle and its tendon of
insertion -- thereby approximating the condition of soleus of the chimpanzee
and man,

In all three conditions, the muscle is composed of large bundles 1.0
em.2 in cross-sectional area, which are in turn composed of 1.0 mm? fasci-
cles. Employing a fairly representative value of 3,000 gm./cm.2 (Hexton,
1944; Ralston et al., 1949), the 1,200 fascicles in the 12 bundies of the
parallel muscle can exert a maximum force of 36,000 gm, when at 100 to 125
per cent of equilibrium length (H¢ncke, 1947, p. 195). The muscle can
contract to 50 per cent of its equilibrium length, providing mobility of
15 cm, at the point of insertion., The minute volumetric change upon contrac-
tion is not significent.

In condition B, the unipennate muscle also has 360 cc. of fleshy muscles
and extends appreciably farther distally, with 15 bundles yielcing an abso-
lute fiber force of 45,000 gm, but, because of the obliquity cf the fibers to
the tendon of insertion, the absolute muscle strength is 38,970 gm., only
slightly more than that of the parallel muscle, If the medisl and lateral
margins were kept parallel and constantly 12 cm. apart, the proximal movement
of the lateral tendon (and therefore of the insertion) would be 20.78 cm.;
but at near-maximum contraction, the direction of force would be almost
perpendicular to the lateral tendon, so the longitudinal component of force
would be almost infinitesimal. Thus it seems more realistic to assume con-
stancy of muscle fiber obliquity to the lateral tendons, in which case there
is only a normal diminishing of force with fiber shortening; the mobility is
then 10,39 cm., only 69.3 per cent as great as that of the parallel muscle,
Even at the optimum angle of obliquity of 45 degrees (see below), the maxi-
mum pull is increased only slightly to 45,000 gm., and the mobility is
reduced to only 6 cm., assuming constant obliquity. 1Inh view of the fore-
going calculations and the difficulties encountered by the muscle upon
contraction in maintaining tautness of the insertion tendon border wiihout
excessive lateral movement, the reason for the relstive rareness of almost
purely unipennate muscles in nature can be perceived,

On the other hand, the 360 cc. bipennate muscle of condition C is com-
posed of a total of 30 bundles (3,000 fascicles), each with a length of 12
cm,: the total absolute fiber strength is 90,000 gm. and, when adjusted for
the ncn-parallelism of the fascicles to the tendon, 77,940 gm., more than
twice the exertable force of the same-sized parallel muscle., Maximum wobil-
ity (total muscle contractility) is reduced to 10.39 cm. in theory, but at
that degree of contraction (to 50 per cent of fascicle length at equilibrium),
the fibers would all be perpendicular to the tendon, so there would be no
absolute muscle force. The fibers might retain some 60 per cent @lthough

16

AP S T

D e e 2E A ek AT

TR eh L xvy Ui wrhedreose s

PR

LNV

B TR NI X SR




R R R T

probably appreciably less) of their maximum force upon contracting to a length
of 6.928 cm,, 57.7 per cent of the original (equilibrium) length. At that
degree of contraction (6,928 cm, displacement of the imnsertion), the angle of
fiber obliquity to the centrel tendon would be 60 degrees and the absolute
muscle strength would be 27,000 gm, The bipennate muscle strength is approx-
imately equal to that of the cowparable parallel muscle, which would have
undergone fiber contraction to 76,9 per cent of initial length to accomplish
the same movement at the muscle insertion and might at that length retain an
equivalent strength of 27,000 gm., (75 per cent of its maximum force at equil-
ibrium length). The effective strength provided by the bipennate muscle thus
exceeds or approximately equals that of the parallel muscle over a range of
6.928 cm., 46.2 per cent of the total range of mobility of the parallel mus~
cle; in this one case exactly reciprocal of that mobility percentage, the
force exertable at equilibrium is 216.4 per cent that of the parallel muscle,
and the bipennate muscle cun still provide additional movement after the
contraction here considered (to 57.7 per cent of its original length), It
might thus seem, from the advantages indicated, that bipennate muscles repre-
sent the most efficient (as well as most complex) of the three forms, and
would thus be expected to be universal among animals (but see below).

o

To complete the foregoing analysis, the work performed by the parallel :
and bipennate muscles here considered will be computed., When the fascicles
of the parallel muscle contract 0.1 per cent at maximum load, 36,000 gm. are
lifted .03 cm., for total work of 1080 cm.-gm. Each fascicle of the bipen-
nate muscle contracts equivalently .012 cm., producing an apparent displace-
ment of .01039 cm, in 77,940 gm., for 809.8 cm.-gm, of work, 75 per cent as
much work as that produced by the parallel muscle (total work thus appears
to be proportionate to the square of the absolute muscle strength divided by
the total absolute fiber strength), But the insertion end of each fascicle
moves away from the muscle insertion (and therefore "pulls" the muscle in-
sertion with it the same distance) not simply toward the origin of the
fascicle, as might seem to be the case, but is held in the mid-line by the
simultaneous contraction of the fascicle on the oppesite side, causing an
additional displacement. In this case, when the fascicles shorten .012 cm.
to 11.988 cm., the length-wise distance down the mid-line, from a point at
the level of & fascicle's origin to its insertion, is reduced from 10.3923
to 10.3784 cm., producing a total displacement of ,01388 cm. and total work of
1080 (more precisely 1081.8) cm.-gm., identical to that of the parallel muscle.
Thus in comparing parallel with bipennate muscles of the same given length,
the same equilibrium length, and the same muscle mass, the products of
maximum exertable force and displacement produced by a given percentage of
equilibrium length of fiber contraction always equal one another,

Continuing with the writer's original (although not necessarily inno-
vating) analysis, all geometrically similar muscles of whatever form, all
else equivalent but size, require identical proportions of tendon -- a
characteristic of constancy rather infrequently encountered in the applica-
tion of geometrical similitude., Since the tensile stress on a bipennate
muscle's median tendon is distally cumulative, this tendon may be extremely
slender at the proximal (origin) end, but at the distal (insertion) end of
the belly it must approximate its maximum cross-sectional area.
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The already evident advantages of bipennste wmuscles can now be consid-
ered more explicitly. Most of the advantages of the bipennate form accrue
from its generally greater strength. All else being equal, parallel muscles
are weaker and thus require insertions and/or origins farther from the joint.
But when the limb, for example, is extended nearly straight -- and strength
at the time of straightening of the body portion is often very cruclal --
migration of an origin or insertion which is nearer the joint to a greater
distance adds very little to the leverage, as explained previously, despite
the expense of lessened mobility, Bipennate muscles may more than counter-
balance a faster rate of decline of sbsolute muscle strength upon contractiot:
(see below) through relative constancy of the force-arm -~ tie nerpendicular
distance from the axis of rotstiom to the line of force -- even when fully
extended, as discussed previously, since such stronger muscles can be
attached nearer the joints. Thus ip many cases bipennateness ensbles muscles
to manifest greater constancy of both internal and external leversge strength
over the range of movement of a body segment, Bipennate muscles are also
advantageous for moving short body segments, such as the digits of many
vertebrates, because insertions can closely approximate the joints. Finally,
bipennateness is especially advantageous where, for greater strength needs,
increase in the length of muscles is more feasible than increase in cross-
sectionsl area, as in the antebrachium of all larger primates, such as
chimpanzees and humans. 1In this last case, it is evidept that a bipennate
muscle functions in large measure as & substitute for a shorter and more
massive parallel muscle,

The reason that bipennate muscles do not constitute the predominate
form should slso be considered, Most important, generally, is the factor
of mobility, which, as evident in the preceding analyses, undergoes reduc-~
tion inversely with the degree of increase in exertable force of the bipen-
nate organs., Even though increased strength enables bipennate muscles to be
inserted nearer joints, net wmobility is in many cases decreased, It should
also be considered that, in accord with principles of geometrical similitude,
smaller animals rarely have difficulty in achieving sdequate muscular strength
without sacrificing mobility, Furthermore, although absolute fiber force
decreases as muscle fibers of all muscle types contract, in bipennate mus-
cles the angle of obliquity also increases (very rapidly if initally large)
and thus greatly accelerates the decline in absolute muscle strength upon
contraction, This accelerated decline in strength is so rapid that in many
cases the relative constancy of internal leverage strength is lost in the
later stages of bipennate muscle contraction and concomitant body portion
movement, with little if any external leverage strength in the final phases
of movement., Also, to meintain the same total mass in bipennate ss in
parallel muscles entails fairly appreciable losses in the ability to perform
work becsuse of the requisite conversion of fascicles into tendon. The med-
ian tendon requires otherwise unnecessary material, while the distal portion
of the tendon of insertion must be appreciably thicker, assuming the muscle-
tension-resisting strength of the tendons is the limiting fector. Jn the
hypothetical contrast of parallel and bipennate muscles considered above, the
distal tendon must theoreticsally more than double in mass to resist increased
stresses, although the greater linear extent of the fleshy portions makes
possible some shortening and thereby less than doubling of this distal ten-
don. Finally, as previously noted, areas of attachment away from the joint
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might theoretically receive greater competition for space, but because of

the advantages of bipennate muscles in many cases and the more limited areas
available near the joints, it seems probable that competition for attachment-
space 1is generally much greater for such joint attachments, at least in
larger animals, as seems confirmed by the concentration of insertions near
joints. The area of bony attachment also needs to be larger for stronger
bipennate muscles, thus adding further difficulty for bipennateness,

Relatively longer bipennate muscles require proportionately larger
median tendons and heavier distal tendons. So it might seem that shorter
bipennete muscles are superior. On the other hand, e bipennate muscle, with
an angle of obliquity of 30 degrees and with a fleshy portion which is as
wide as it is long, is slightly weaker than a parallel muscle of the same
fleshy dimensions -~ although oddly, as a compensating gain, the bipennate
muscle (with tendons shorter than the parallel muscle's to counterbalance the
greater belly length) actually manifests the greater mobility range. When
the equilibrium angle is 45 degrees, both the force and the maximum mobility
of a roughly square bipennate muscle belly are identical to those of a
parallel muscle of equal size, but the bipennate orgah has appreciably less
strength compared with the parallel muscle when meximum contraction is
approached. This seeming exception to the principle of constancy of maximum
work (average force multiplied by distance) which & muscle of given fleshy
volume can perform is due to the inability of fascicles at 45 degrees at
equilibrium to contract fully. 1In view also of the added burden of addi-
tional tendon, the reason bipennate muscles tend to be relatively long --
with incressing strength in approximately direct proportion to length -~ is
readily recognized. The writer would in fact suggest that very short bipen-
nate muscles found in any animal arz in the process of evolutionary reduction
or even conversion to vestigial structures., But since the proportion of
tendon increases with length, there is a limit to the feasible length of

such obliquely aligned structures, with an optimum length perhaps 4 to 8
times as great as the breadth,

The optimum distance of bipennate insertions from joints should be
analyzed further than indicated in previous discussion., Since a relatively
long bipennate muscle with a fairly large angle of obliquity manifests great
strength but small mobility, insertion far from the joint would result in a
very small angular range of mobility and a rapid loss of strength (meximum
force) as the body segment moves., Furthermore, a distant insertion gener-
ally adds relatively little to the force-arm when the segment is fully
extended. Therefore, bipennate insertions tend with rare exceptions to
concentrate very near joints, providing a greater need for resistance of
stress and thus another factor promoting bony expansion at and near joints.

The ~ffect of varied angles of alignment is also worthy of consideration.
Absolute f. er strength varies precisely inversely with fiber length for a
given muscle belly mass, but in bipennate musecles the absolute muscle strength
is reduced by the factor of the cosine of the angle of obliquity of the fibers
to the main axis of the muscle (which the central tendon generally closely
coincides with or at least parallels). Calculations by the writer show that
the angle producing meximum strength in a bipennate muscle is 45 degrees at
equilibrium. Computation reveals perfect symmetry in maximum force at equal
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divergences above and below 45 degrees at equilibrium, with the increase
in the component of force parallel to the tendon for angles less than 45
degrees precisely counterbalancing the ihcreased number of fascicles as
the angle is increased equally in excess of 45 degrees.

The factor of mobility also enters into = determination of the opti-
mum fascicle alignment angle. At the representative proportion of length
to breadth of 6, if a parsllel muscle belly and individual fascicles of a
bipennate muscle can contract to 50 per cent of their equilibrium lengths,
maximum contractility is less than one-twelfth (approximately 8 per cent)
of the total belly length when the equilibrium angle is 45 degrees. But

at an equilibrium angle of 18,4 degrees, at which the longitudinal and trans-

veree distances traversed by a single fascicle have a ratio of 3:1 instead
of the previous 1:1 at 45 degrees, the contractility of the fleshy por-
tion of a muscle with a length~to-breadth ratio of 6 is 14,8 per cent,
and at an equilibrium angle of 9,5 per cent the belly will contract 23.3
per cent of its length along either side, 1In the last example maximum
strength is only 197 per cent that of a comparable parallel muscle, how-
ever, while at 18.4 degrees it is 360 per cent and at 45 degrees it is
fully 600 per cent (without consideration of loss due to & larger tendon),

It may be concluded from the previous examples and calculations that
the optimum bipennate angle at equilibrium for cases with strength all-
important and movement negligible is 45 degrees; but in actuality strength
over a range of movement is always significant, and marked reduction of
the total range of mobility is rarely a negligible factor. The optimum
angle of bipennate obliquity is thus a compromise between a greater angle
(up to 45 degree) -~ for shorter fibers and therefore for greater abso-
lute fiber strength -- and a smaller angle ~- for a greater proportionate
component parallel with the muscle's main axis, for greater mobility, and
for a much slower decline in absolute fiber force as the fibers shorten
and the angle of obliquity increases, Despite some anatomical illustra-
tions to the contrary, and with the possible exception of an unusual
form of muscle distortion at rest (Fulton, 1950, p. 123), bipennate
structures should always manifest alignments appreciably less than 45
degrees except when approaching their maximum range of contraction,
Theoretical computations indicate that the angle of obliquity of bipen-
nate muscles at equilibrium should show a mean value approximating 20
degrees. likewise, bipennate muscles are correlated with insertion
close to joints and the need for great force, as in plantar flexion of
the human foot by soleus (aided by gastrocnemius, which maenifests much
less obliquity, however, largely because it extends across two joints
and must retain greater motility).

Completing the writer's analysis of the mechanical factors involved
