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ABSTRACT

The structure of the limb joints and the range and type of their motions were
studied on cadaver material, with supplementary work on living subjects, in order to
clarify geometric, izinematic end engineering aspects of the limb mechanism. Plans
for the construction of manikin joiaits which showed normal ranges of limb movement
were developed from this information. Specifications were also worked cut for draft-
ing board manikins which show correct limb ranges for seated postures. Subjects com-
parable to the model physigue of Air Force flying personnel and highly selected small
semples of muscular, thin, and rotund builds supplied information on the range of
possible hand and foot movements which was consistent with the seated posture. Maxi-
mum dimensions of the work space for seated individuals were determined; a study of
the kinematic factors involved permitted an evaluation of the potential utility of
different regions within reach. Eight cadavers were dismembered tc providge data on
such physical constents as mass of parts, segment centers of gravity, density and
moments of inertia. This work was supplemented by data on the distribution of bedy
bulk in the living subjects studied. Applications of the above information to anal-
yses of horizcntal push and pull forces in terms of couples permitted an evaluation
of the effectiveness of body mass, leverages and support areas.
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GLOSSARY OF UNUSUAL AND
NEW TECHNICAL TERMS

ANGIOCARDIOGRAPH--A technique for making multiple x-ray exposures of a region in se-
quence and at intervals of a second, more or less; designed for following the
course through the neart of radiopaque materials added to the blood—here used
for msking sequential x-rays of wrist movement.

ANGULAR MOTION--Movement of a body in rotating about some center of reference; two
points on the moving body change their angular positions relative to one another
during the motion (cf. translatory motion).

ASTHENIC--Cheracterized by weakness, feebleness or loss of strength; here used to
refer to the thin, linear type of body physique.

AXIS OF ROTATION--For angular movements of one tody relative to another in a plane,
all points in the moving member describe arcs about a center axis, this is the

axis of rotation; it may have a stable position or may shift from moment to mo-
ment relative to the non-moving body.

CARDINAL PLANES--In anatomical descriptions the body 1s conventionally considered
as if it were in the upright standing posture, and positions and shapes of parts
are differentiated as up vs. down, fore vs. aft and mid-plane vs. lateral; three
classes of mutually perpendiculur cardinal planes related to the standing posture
are: (1) sagittal (front-to-back and up-and-down), {2) transverse or horizontal
(front-to-back and side-to-side); and (3) coronal (up-and-down ar side-to-side).

CENTER OF CURVATURE--The center or focus of a radius which moves to describe a curve;
there 1s one center for a circle and & changing pattern of instantaneous centers
for other curvatures for which the radial length changes.

CENTER OF GRAVITY--The point or center of mass through which, for all orientations
of a body, the resultant of the gravitational forces acting upon particles in the
body pass.

CENTROID--A point in any geome“rical figure (volume, area, line) analogous to the
center of' gravity of a body with weight; the moments of the figure (the product
of minute segments multiplied by their distance from the centroid) are in balance
relative to the centroid.

CINEFLOURCSCOPIC TECHENIQUE--A technique of making motion pictures of x-ray images by
photographing a fluoroscopic screen.

CLAVISCAPULAR JOINT (Orig. term)--The functional composite consisting of acromicla-

vicular joint plus coracoclavicular joint (i.e., coracoclavicular ligaments or
trepezoid plus conoid ligaments).
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GLOSEARY (continued)

CLOSED CHAIN--A sequence of several links so interconnected by joint elements with

limited degrees of freedom that only determinate or predictable movements of the
parts are pcssible.

COMPONENTS--According to Sheldon's system of typing body build each individual phy-

sique shows in different degree characteristics of softness, roundness, fullness,
and breadth (called component I}, of muscularity (component II) and of linearity
(component III); the amount of each of the three components may be graded by in-

spection and measurements of photographs on a seven-point scale (or on a l3-point
scale counting half points).

CONGRUENCE--If the opposed articular faces of a Joint were in simultaneous contact
with no areas that did not coincide the Joint would be congruent; congruent po-
sition--a position of a Joint where the contacts are congruent.

CONTINGENT MOVEMENTS (Orig. term)--In Joints of one degree of freedom of motion (viz.
elbow; ankle) the relative movement of bones forming the Joint do not move exclu-
sively in a plane on one axis of rotation alone, rather the contacting curvatures
of the Joint induce seconiary, concomitant motions on axes perpendicular to that

for the principle movement; these accessory and invariate motions are called con-
tingent movements.

COUPLE--A pair of equal forces acting in parallel but opposite directions, nct in
the same line, and tending to produce rotation.

DEGREE OF FREEDOM (UF MCVEMENT)--A free body may rotete in any angular direction
about a point, i.e., it rotates in any of the three dimensions of space; thus it
has three degrees of freedom. When its motion 1s so restrained that it may ro-
tate about twu perpendicular axes only, it has two degrees of freedom. When it is
limited to movement about one axis only it has one degree of freedom.

DEGREE OF RESTRAINT (OF MOVEMENT)--When an unrestrained rotating body moves about a
point in any of its three degrees of freedom there is a zero degree of restraint.
When it may rotate about any two axes, movement about the third axis 1s restrain-
ed, i.e., one degree of restraint. With two degrees of restraint. movement is
limited to rotation in one plane only, i.e., it has one degree of restraint.

With three degrees of restraint all angular motion is prevented.

DESMO-ARTHROSES (Orig. term)--A functional joint system consisting of a gliding
Jjoint (arthrosis) with, at an appreciable distance, a ligamentous binding together

(desmoses) of the bones concerned; examples: sternoclavicular joint, claviscapu-
lar joint.

DETERMINATE--With but one solution; predictable on the basls of the defined condi-
tions.

EFFECTIVE JOINT CENTER (Orig. term)--In a composite chain of three or more links with
interconnecting joints, the rotation of a distal link over twoc or more Jjoints may

be related to some point in space as center of rotation; this is the effective
Joint center.
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GLOSSARY (continued)

EFFECTIVE SEAT CONTACT {Orig. term)--The mean reaction vector at a seat (or foot rest)
which opposes the gravity vector of a seated individual to form a couple; its
position in the sagittal plane is located by balancing moments involving forces
which act at the front and rear of the supporting surface.

END MEMBER--The terminal segment, such as the hand, foot, head or finger, beyond the
last joint in a body Joint chain.

ERGOSPHERE (Orig. term)--The total work space avallable to the end member of a link
system, i.e.. to a hand or foot, relative to some fixed point of reference:' the
term may in addition include the #whole body of the individual and the augmented
space required for facilitating movements of other body parts.

EVOLUTE--For every system of curvature, called involute, a second curve, called
evolute, may be constructed; tangents to the latter are normel tc points on

the involute curve; the evolute is the focus of the center of curvature of
the involute arc.

EXCURSION CONE OF A JOINT (same as joint sinus)--The total range of angular motion
pernitted a moving member of a Jjoint when the other member is rigidly fixed.

GLOBOGRAPHIC PRESENTATION (OR RECORD, ETC.)--A method of showing the angular range
of Jjoint movement upon a globe with meridians and parallels; cne member of a
joint is regarded as rigidly fixed with the functional center cf the Jjoint at
the ceunter of the giobe while a point on the other member describes a circuit

upon the surface of the globe which encloses all possible positions of the
moving part.

GRAVITY LINE (LINE OF GRAVITY)--A downward vertical force vector through the center
of gravity of a body.

GREAT CIRCLE--The intersections with the surface of a sphere of a plane which passes
through the center of the sphere.

INCONGRUENCE--When the opposed surfaces of the members of a Jjoint articulate in par-
tial or i1ll-fitting contacts, the joint is incongruent.

INDETERMINATE--Having an indefinite number of values.

INSTANTANEQUS AXIS OF MOVEMINT--When two points on a body in motion, relative to
another body or to the space of the observer, change their angular relations
during the motion, this angular change for any instant occurs in a plane and
the movement for that instant may be described as a rotatior about a stationary
perpendicular axis called an instantaneous axis,

INSTANTANEOUS JOINT CENTER--The momentary center sbout which a body moves in rotating
on a plane; a point on an instantaneous axis of rotation. In a circular motion
the center has a constant position, for other angular motion in a plane it shifts
to a new locus; successive loci describe a path of instantaneous centers.
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GLOSSARY (continued)

INVOLUTE--A curve traced by apoint on a taut thread as it winds upon a fixed curve

called an evolute; perpendiculars to an involute curve are tangent to points
on the evolute curve.

JOINT SINUS--When one member of a joint permitting at least two degrees of freedom
of movement is held fast and the other member link is rotated to its 1limits in
all directions, the moving member sweeps «ut a conical concavity which includes
within its range all possible movements allowed by the joint structures.

KINEMATICS (N), IC (Adj.)--The science which is concerned with the motions of bodies

and systems without regard to forces producing them; the geometry of moving
systems.

KINETOSPHERE (Orig. term)--The space or space envelope which encloses all possible
translatory movements of the end segment of a link system held in some constant
orientation; it 1s defined relative to some fixed reference point of the body
or contact point in the enviromment (seat "R" point, etc.).

LEVERAGE--The straight line distance from the center of rotation of a body to the

point of application of a perpendicularly acting force which tends to rotate
the body, cf. lever arm; moment arm.

LINK--The straight line which interconnects two adjacent Joint centers; tre axial
core line of a body segment between two Jjoints or between a terminal jolnt and
the center of gravity of the end member {or between the terminal joint center
ard an external body contact).

MEAN DEVIATION--A measure of the variability about an average; the deviations on

either side of an average, all considered as positive values, are summated and
divided by 4.

MOMENT--The effectiveness of a force in tending to twist or cause motion around a
central point.

MOMENT OF INERTIA--A measure of the effectiveness of a mass in rotation. The change
in angular velocity in a rigid body which rotates through the action of a given
torque depends upon both the mass of the body and the distribution of that mass
about the axis of rotation. Moment of inertia is the summation of the point
masses of a body times the square of their radial distance from the axis of ro-

tation.

MOMENT OF ROTATIONS--See TORQUE.

PERCENTILE--Any of the points which may be used to divide a series of quantities or
values arranged in order of magnitude into 100 equal groups; thus the 50th per-
centile divides the sample equally while the 95th divides the upper five percent
from the remainder.

PYKNIC--The thick set, short, stocky body build.
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GLOSSARY (continued)

"R" POINT--Fixed reference point; &s seat "R" pcint, the mldpoint of the junction of
the seat back and the seating surface.

RADIUS OF CURVATURE--The radius of a cirecle drawn through three or more consecutive
points in a curve at the region of reference. ’

REULFAUX METHOD--A method developed by the German engineer Reuleaux in 1875,for lo-
cating instentaneous centers of rotation; when any body moves in an arc, instan-
taneous centers for a short phase of the motion are located at the intersections
of normals to midpoints on the mean paths of twc points on a rotating body.

SEAT "R'" POINT--The fixed reference pcint in considerations of hand and foot move-

ments, etc.; the midpoint of the Jjunction of a seating surface and the back of
the seat.

SIGMA, OR o --Symbol for standard deviation.
SINUS--(See joint sinus or excursion cone).

SOMATOTYPE--An overall classificaticn of an individual's physique based upon an eval-
uation of the relative rotundity, muscularity, and linearity shown; these three
components are sepasrately evaluated on a seven-point scale (frequently half-
points are used also). The evaluations of an individual are designated by a
formula indicating the guantity of each components as 1-2-7 (e.g., 1 - low in
rotundity; 2 - slight developrniznt of miscularity; 7 - extreme linearity). ’

SPIROMETER--An instrument for measuring the air capacity of the lungs.

STANDARD DEVIATION--A measure, calculated by statistical methods, of the dispersion
of values about their mean; one standard deviation (symbol: sigma) includes
about 68 percent of the observations above or below mean, two standard devia-
tions include about 95-1/2 percent.

STROPHOSPHERE (Orig. term)--The space which encloses the total range cf movement of
a point on a terminal link segment tirough all possible translatory movements
and for the possible end member positions as the part rotates about one axis
only of the terminal joint; the space envelope for the movement is related tc
coordinates through a fixed reference point in space.

TORQUE--A measure of the effectiveness of a twisting force or couple; force times
the distance from a perpendicular to the line of action of the force to the
center of rotation. Alternate term: mcment of rotation.

TRANSLATION- -TRANSLATORY MOTION--Straight or curved motion in which all points of

& moving body have at each instant the same direction and velocity. Contrast ]
with rotation. :
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CHAPTER I

INTRODUCTION

The function of this report itc to present work on certain anatomical, geomet-
rical, and mechanical features of the male physique which are essential (1) for
the synthesizing of manikins capable of realistic movements, (2) for an understand-
ing of the body kinematics of a seated operator (or pilot) in his work space (cock-
pit), and (3) for the defining of work-place dimensions.

The investigation had its inception in conferences and correspondence with
members of the Anthropology Section of the Aero Medical Laboratory at Wright Field
during the spring and summer of 1651. Practical requirements for knowledge about
the pilot in relation to the cockpit srace clearly called for special categories of
information.

The complexity of controls and the split-second timing which may be required
of pilots for certain maneuvers in the operation of high-speed aircraft demand that
the cockpit, controls, and pilot form an efficient man-machine system. The man, of
course, can be trained but he cannot be physically modified. The limitations of
his muscles and Jjointsz and of his physiology and psychology are built-in and immu-
table. Only the cockpit and its controls may be changed in the hope that efficien-
cy will be increased. It is ordinarily assumed that if each control is to be
placed at just the right position in space relative to the reach, strength, and
convenience of an operator, increased efficiency should ensue. The unanswered
question is, "What is the right position in the operator's work space?" Kinematic
data on the seated person, however, are far too incomplete for much help with the
problem. It is a complex one, too. The fact that an cperator is ordinarily faced
with multiple controls imposes special problems.

It is important that the placement of one control does not hinder the opera-
tion of another, that controls are effectively placed for operational sequence, and
that routine and rarely used controls are not confused. In addition, it is essen-
tial, particularly for operation over long periods, that the conditions for body
comfort be as near optimum as possible. The designer of such work places as the
airplane cockpit,must also plan with concern for emergency and safety factors.
Obviously, much information about the body and its limitations must be known if the
operator is to be well integrated with the machine.

The consideration and balancing of these factors are the domain of the design
engineer. Problems, however, involving the dimensions, functioning, and psychology
of the machine operator require special knowledge, and for better data additional
research is invariably necessary. The design engineer requires working references
of various sorts. The aim here is Lo provide and interpret information on the
kinematic mechanism that the body of the seated subject rep:resents.

Several technical and scientific fields quite apart from that of the design
engineer also require equivelent information on kinematic aspects of the body.
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Pertinent data in meny instances, however, simply have not been available. Conse-
quently, arbitrary assumptions and working approkimations have been used in certain
instances for practical design. or fur the devising of research procedures directed
to the solution of problems Involving overall body functioning. In this respect,

one may mention the artificilal limb designer (Anglesworth, Ed., 1952), who must often
adopt rule of thumb tests of workability, viz., the joints of an upper limb prosthe-
sis should be adjusted so that the hand may reach the mouth. Important recent work
(Klopsteg and Wilson, 1954) should contribute much to this field.

Workers concerned with the analysis of time and motion film strips (Barnes,
1949; Raphael and Clapper, 1952; and Raphael, 1953) and students of locomotor kine-
matics (Marey, 1895; Fischer, 190k; Bernstein, 1935; Elftman, 1939, 1943, 1951;
National Research Council Committee on Artificial Limbs, 1947; and Eberhardt and
Inman, 1951) need to analyze records of movement. Analysts of athletic performance
(Cureton, 1939) deal with patterns of movement. Various arbitrary simplifications
as tc joint mechanisms and linkages must be made. If these approximations are to
be fully realistic, much detailed study on the mechanical nature of the body anatomy
still remains to be done. Artists' manikins and the teaching of figure construction
and movement for students of drawing and sculpture (Bridgman, 1920) are actually
based on rather crude assumptions of body structure. Military manikins such as
"Sierra Sam" of the Air Force, "Elmer" (Swearingen, 1951) and "Mark III" (Alderson
Research Laboratory, 1954) meet certain technical requirements, but arbitrary approx-
imations have been used in numerous instances. One cannot discount these efforts,
however, as lcng as they are practically effective. Nevertheless, improvements
should always be welcome. It is obvious in each of the instances above that bones
and joints, and their movements, form the basis for operational patterns. These
should be clearly understood if practical applications are to be effective. However,
there is still no statement of underlying kinematic theory applicable to &1l these
fields.

NATURE AND SCOPE OF THIS RESEARCH

A technical literature, largely prior to World War I and mostly German, gave
some basis for an understanding of body mechanics and locomotion, but when some
specific problem is posed, like the mechanics of the seated subject, the background
work appears to be inadequate. Contract AF 18 (600)-43 and its supplementary exten-
sions set out the basic objectives of this study and provided the opportunity both
for the development of further dsta and for an evaluation of earlier efforts. Tech-
nical report AF 5501 (Randall, et al., 1945) and plans HIAD 1, 2, and 3 had provided
specifications for an effective seat for the airplane cockpit; a 39-1/4-inch (prac-
tically one meter) heel-to-eye-level height had been selected as standard, and seat
ad justments had been devised to provide this operating height for pilots of any size
or buiiad.

¥hen a pilot occupies such a seat in 2 cockpit he must operate hand and foot
controls placed in the space about him. Knobs, levers, crank handles, and pedals,
whethar placed well or poorly, must have soze spatial or geometrical relation to
the seat or to some reference point on it. Since airplanes have been operated pre-
dominantly by push or puil movements of the hand and feet in the sagittal plane,
one assumption in discussions between technitdl’ personnﬂl at Wright Field and the
author was that a profile design-manikin--a flat, metal or ‘plastic, articulated
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scale model of the average pilot, which wouid be laid on a designer's drawing board--
would aid in the placement of controls.

A manikin is a reduced or simplified scale model. To be of value, a design
manikin must be constructed with concern for all pertinent features cf the body
geometry. It is lmportant that each feature of the manikin parallels features
found in the body. A manikin is no better than the background of analytical work
that is assembled for its construction. To serve the ccckpit designer it should
(1) be comparable to the mean pilot build or to specified larger or smaller physiques,
(2) represent relations of the seated figure correctly, (3) have correct joint and
segment relations, and (4) allow movements comparable to those of actual individuals.
Such a manikin will distinguish between regions beyond and within reach of the seated
pilot and it should be of service in the placement of controls. The manikin, however,
is a tool and like all tools, its uses and limitations should be understood. Even if
a suitable manikin were at hand, the adjustment of its parts by the fingers would be
an entirely different problem from the adjustment of limb positions by the body it-
self. How is one to know if manikin postures correctly represent functioning body
postures? What allowances should be made for heavy or light builds? A considersa-
ticn of such problems makes it clear that various levels of information are pertinent.

The hand and foot, as the important operational end members of the limb systems,
acquire special significance in this connection. First, the purely dimensional as-
pects of the limbs demand functioraslly significant measurements rather than merely
convenient measurements based upon the common anthropometric, nonfunctional, body
landmarks. These have not been available before. Functional joint centers and
their changing relationships with joint movement must elso be known. The literature,
however, has given little more than clues on the mode of operation of two or three
joints. The range of Jjoint mcvement, the orientation of Jjoint hinge axes, and the
cperation of stops at joints, such as ligaments, or bony processes as at the elbow,
must be understood. Again the literature presents information which falls short of
the synthesis represented by an accurate manikin., All these features represent a
type or level of information that i1s nothing more than body geometry.

Such a geometrical system is basic, but it is also pertinent to know how the
body mechanism operates it. We are continually directed back to the actual body
system. One readily recognizes that physiological factors, such as nutritional
status, oxygen level, exercise or fatigue, and psychological factors involving mo-
tivation, habit, boredom, etc., influence behavior; yet all behavior involves space,
body postures, movements, and time.

A second level beyond the geometrical relates properly to body kinematics. How
does the range and character of movement at one joint affect the next member and
particularly the effective end member? Little in the literature has contributed to
the specific problem of the seated individual or to the kinematic aspects of his
hand and foot movements. Information in this area becomes an essential when prob-
lems of the work space are to be explored. Attention in this study has been largely
limited to the resultant range and position of the end members alone and to the space
envelope needed to encompass their movements. It is at this level that the body system
and the manikin begin to show differences.

A third level of concern, relating to how the body handles itself, depends upon
the fact that the body parts have weight. For 24 hours a day the body members are

continually subjected to gravity and possibly to other accelerations. The body mech-
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anism must always work in harmony with tlis fact in both its static and dynamic
activities. DBecause of the structural complexities of the body and because many
physical constants are as yrt unknown or poorly known, generalized or engineering
treatments of the statics and dynamics of machinery are of limited help in provid-
ing a basis for understanding body mechanics. Mechanically, the body may be con-
sidered as a group of lever systems, and, as in other such systems, the cnly move-
ments possible between adjacent members are rotatory in nature. Through chains of
articulating bony units the trunk and limbs become mechanisms capable both of exe-
cuting motion patterns and transmitting forces in different and definite ways.
These mechanisms provide a machinery powered by muscles. Muscle tensions, however,
operate against contrary forces, such as inertia of body mass, opposing muscular
forces, or external resistances. Many factors, thus, must be known before the ma-
chine problems of the body are clear.

. APPROACHES TO THE BODY MECHANISM

A solution to practical problems such as those of the pilot cockpit or any
other operational system calls for an understanding of the body machinery in the
sense of its mechanism. The principal task of this project has been the clarifi-
cation of features of this mechanism. Naturally, a study of this nature could not,
in a limited time, attempt to cover more than a fraction of the pertinent material.
Since instructions from technical cclleagues at Wright Field pointed primerily to
the upper and lower limbs, these parts were emphasized, and very secondary atten-
tion was given the trunk mechanisms.

Although the approaches of our research on geometrical, kinemetic, and mechan-
ical levels were oriented to the body mechanism itself, the cockpit problems were
kept in mind constantly. At times, critical observations leading to the understand-
ing of a mode of operation sufficed; on other occasions, considerable quantitative
data were required. The approaches involved data gathered both on cadavers and from
living subjects to provide classes of information which would supplement one another.
Since cadaver data relate to defunct individuals and living functional processes can-
not be followed with such subjects, a primary attempt was made to acquire data from
living subjects. Where the necessary data could be obtained onl, from cadavers,
metheds of transfer were developed, so that reasonable estimates relating to a spe-
cific living subject could be made. In the work on living subjects, a small sample
of male college students who matched the fighter pilot physique formed our baseline
study group, but equal study was given groups of extremely thin, rotund, and muscular
subjects to see if there were any important trendas based on bedy build.

Even though this investigation was oriented toward the airplane cockpit and its
operation, it will contribute useful data only within the framework of its methods
and the levels of data relevance. Information from this investigation, which should
have practical value, falls intc three categories.

First, factual data are presented, and these may be interpreted in terms of the
design of cockpits or other installations for the seated subject.

Secondly, an interpretation of the organic mechanism involving kinematics and
mechanice has been presented. Body problems call for an understanding of many
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classes of operationnl factors. OQur concern with a functioning body mechanism should
underscore its complexity and limitations. Dimensions, kinematics, and mechanical
aspects of the body are first level concerns in body operations. The design engineer
who must concern himself with human factors must be a compromiser, but if he gives
way too far at this level the operator may be encumbered or inconvenienced in an un-
warranted fashion. This repcrt may give the engineer some suzzestions for his de-
signs; but more important, it may make him wary of quick answers to bedy problems

ané conscious that much investigative effort must be made at the level of body me-
chanics before he may work with full confidence.

Thirdly, a series of new or little used research methods has been presented.
Perhaps the investigative methods used here will suggest adaptations to new problems.

Further research in body problems may be stimulated also by the gaps and arbitrary
limitations inherent in the present investigation. ¢
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CHAPTER II

MATERTAL AND METHODS

The following pages outline the general methods used in this research. They
are presented as numbered reference items, which may be consulted as required in
reading the later text. It willl be necessary simply to locate in this chapter the
item number referred to in the text. In addition, a general perusal of the cﬁapter
will indicate the nature and scope of the techniques employed.

The study material included skeletal material, Jjoints, preserved and unpre-
served cadaver material, and a group of male college students. According to purpose
a variety of procedures was followed. The aim was the development of coordinated
information based on both living subjects and anatomical material.

(1) SKELETAL MATERIAL

The University of Michigan osteological collection was available for study.
Each of the principal bones of the skeleton was available in numbers up to 400 or
more. No data, however, accompanied the material so that sex, age, and physical
status were unknown. The distribution and range of dimensions in cadaver bones
certainly did not correspond with those of the young, white, American male popula-
tion for which information had special interest; the cadaver population had too many
small individuals in it Some bones appropriate to the dimensions of the military
populatior, however, ro0i1ld always be found. Only undamaged bones free from obvious
gross pathology were selected for use.

(2) Buit LENCTH TO STATURE DATA

For some gqualitative uses no special selection was required; for other purposes
it was necessary to measure and select material from the collection, so that it
matched dimensions characteristic of the other population. Anthropometric data from
Wright Field were available on flying personnel (Hertzberg, Daniels, and Churchill,
1954) and on male Air Force basic trainees (Daniels, Meyers, and Churchill, 1953);
these data defined the populations of special interest and broke them down further
into size groups that corresponded with percentile bands. Data such as the old
Manouvrier tables (Manouvrier, 1892; Martin, 1914; and Hrdli¥ka, 1947), which corre-
lated stature znd limb bone lengths, were recently extended (Telkka, 1950); Dupertuis
and Hadden, 19951; Trotter and Gleser, 1952); the last-named study was especially
notable, since it related to living stature measurements of known Army inductees and
the measurements of skeletal bones from the same subjects after their demise and be-
fore interment. For purposes of this investigation,the formulae and graphs of the
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published works were inadequate.

Through the kindness of Professor Mildred Trotter of Washington University, St.
Louis, a tabulated transcript of the raw data on Tll white males was made available
for this study. Plots of stature to bone length were made from these data; in addi-
tion, means of bone lengths and standard deviation were calculated for those indi-
viduals whose statures corresponded with the 50th percentile of the Air Force pilot's
stature. The 5th and 95th percentiles were treated similarly. Additional plots of
the length of one bone to that of another from each individual of the three percen-
tile groups showed ratios which were of use in determining mean proportions of seg-
ments for functional applications. Useful ccnfirming plots were made from data on
the Western Reserve series of cadaver measures (data measured by Professor Wingate
Todd), which were kindly supplied by Professor C. W. Dupertuis. Since only post-~
mortem statures had been recorded, these data were secondary to those tabulated 'y
Professor Trotter.

With known bone lengths for the 5th, 50th, and 95th stature percentiles (statures
of 185-6 cm, 175-6 cm, and 165-6 cm) samples of matching bone length were obtained
from the Michigan collection. Care was taken to insure that the selected samples
included a range of specimens of various lengths comparable to the range of size for
each selected percentile class. The principal limb bones used were: humerus, radius
(ulna), femur, and tibia. From the selected samples of bones additional measure-
ments of articular size and bone proportions could be taken.

(3) INSTRUMENTS USED

Overall lengths of the 1imb bones were measured on osteometric boards; sliding
calipers or bow calipers were used for other dimensions. Long bone lengths were
measured according to the standard techniques recorded by Hrdlfgka, 1947; Dﬁpertuis
and Hadden, 1951; and Trotter and Gleser, 1952.

(4) DETERMINATION OF ARTICULAR CURVATURES: DIAL GAUGE METHOD

Articular curvatures were measured in two ways: for a general measurement a
dial gauge was used (Figure 1); a mathematical method (infra) involving evolute
curves was more detailed. On either side of the foot pin of the dial gauge (lensom-
eter type gauge) two parallel reference pins were mounted 10 mm (or alternately 20
mm) apart. Initially, the three pins were adjusted to the same height by placing
them against a flat plate of glass; when adjusted the gauge read zero. Then the
pins were placed in contact with a convex articular contour along a great circle
section (Figure 1); the amount of depression in hundredths of millimeters of the
middle gauge pin represented the depth of the arc defined by the three contact pins.

The chord of the arc between the two outer pins was a known dimension and the
depth was indicated by the gauge. From the gauge value, the geometrical construc-
tion, and the formula shown in Figure 2, the diameter minus the arc depth was de-
termined. The latter value plus the arc depth equaled the diameter, and from this
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A:B=B:C RAD.= I72(C+A)

Figure 2. Method of Calculating Radius
of Curvature. Geometrical construc-
tion for determining average radius of
curvature (using lensometer dial gauge)
for the arc between the heavy arrows,

Figure 1. Dial Gauge (Lensometer) right and left. Egqguations below are
Method of Determining Average involved. A and B are known or meas-
Radius of Curvature. ured values.

the average radius of curvature was determined. Ordinarily, the foot pins were
placed so that they spanned several different reglons of a joint curvature and an
average measure of radius of curvature was recorded. For a concave articular sur-
face the middle pin was adjusted so that it projected well beyond the other pins;
the difference between a positive reading from a concave joint and a still larger
reading, when the pins were against a plane glass surface, represented the depth of

the arc.

(5) ANALYSIS OF ARTICULAR CURVATURE: EVOLUTE METHOD

The second method for determining th. shape of the contour of a section through
a Joint indicated the changing radius of curvature from point to point along a cur-
vature rather than an overall average radius. A circular arc has a.constant radius
of curvature and a single center of curvature. The gauge meihod treated the articu-
lar surface as if it were circular and gave one value for the radius of curvature,
but it is questionable whether any Jjoint surface presents a perfectly circular con-
tour. Any regular curve other than the circular is charactcrized by radii of curva-
ture, which increase or decrease in length systematically; the centers of curvature
move from instant to instant and one may spesk of a path of instantaneous centers.
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According to a theorem of differential geometry any regular curve, called an
involute curve, may be defined iIn terms of a second curve, termed an evolute. The
evolute 1s the locus of the centers of curvature of the involute; it 1s the envelope
of the normals of the involute. If a system of normals to an involute curve is con-
structed, a second curve which 1s tangent to points on these normals 1s the evolute.
If a taut cord is wound or unwound about a circular rod, a point at the moving end
of the cord describes a spiral curve. The latter 1s the involute and the surface
curvature (or cross section) of the circular rod, the evolute. The rod, however,
may have an elliptical or other curved section. The tsut cord is at all times tan-
gent to the evolute and normal to the spiral path; at each instant the straightline
part of the cord is the radius of curvature. Because of this relation it becomes
possible to locate an evolute curve for any curve considered as an involute.

If, as in Figure 3A, compass arcs are used to construct normals to a test curve,
it will then be possible to fit a second curve by placing a suitable curvature of
a French curve in tangent contact with the normals (Figure 3-B). Points in sequence

Figure 3. Curves Explanatory of Evolute Analysis.

A. Constructions of normals to a test curve
through use of compass arcs.

B. A composite curve is broken into component
involute curvatures 1-2, 3-4, and 5-6 by the
evolute analysis; normals to the involutes are
tangent to evolute curves designated by primes.

along the evolute curve are successive, instantaneous centers of rotaticn for the
involute curve; the distance from any one such point on the evolute to a correspond-
ing point on the test (involute) curve is the instantaneous radius of curvature for
that point of the test curve. The instantaneous radii of curvature increase in
lergth as the instantaneous centers are farther away on the evolute curve. Each
evolute thus has one extremity near while the other extremity is farther from the

evolute.

As presented in Figure 3B, the analysis of a composite of several systems of
curvature shows that there is a separate evolute corresponding with each type of
curvature. Even though there is ni¢ visible break in the contour of a compesite
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curvature, its component curvatures are clearly separated by the evolute method.

(6) APPLICATION TO BONES

This mathematical technique was applied to articular surfaces in the following
way: The convex articular end of a bone was held against a chalked surface as the
shaft was rotated through an arc, and a chalk mark was transferred to the articular
face along a line of contact. A straight saw cut was then made through the bone in
the plane of the chalk line, and the cut faces of the two parts showed contours that
provided study material. Photographic enlargements of the contours vere used; on
these, normals to the contours were constructed, using compass arcs. Tangent curves,
which were the best fit to a sequence of several normalsIWere drawn in as evolutes.
Where wore than one evolute was drawn,the contour was a composite of more than one
simple curvature; each evolute defined the character of only a portion of the whole
curvature. The method applied in this way to articular surfaces of unknown systems
of curvature by (1) pointing ocut the different systems of joint curvature, if the
curve were composite, (2) locating instantaneous radii of curvature, and (3) defin-
ing the path of instantaneous centers of rotation.

(1) SOINT SPECIMENS: MATERIAL

Dissected joint preparations were used for various purposes. Since the routine
dissection procedure in one of the courses in gross anatomy at the University of
Michigan did not cover the limbs, some 40 embalmed upper and lower limbs were avail-
able as joint material. Only joints from white male specimens were selected. The
specimens represented an older segment of the population, commonly 50-90 years of
age. In all work on Jjoints, specimens showing obvious arthritic changes were ex-
cluded. Routine attention was given to hip, knee, ankle, shoulder, and elbow Jjoints.
Supplementary work was also done upon specimens of the wrist, sternoclavicular Jjoints,
and the coraco-acromioclavicular joint complex.

Ordinarily, the entire proximal and distal bones entering into the construction
of a given joint were separated from the rest of the limb. The joint preparation
was then carefully dissected, so that ligaments were not injured. To be acceptable
for use, a joint had to be both free from pathology and capable of showing a complete
"normal" range of movement under manipulation. Although careful checks were made of
the overall structure of joints, the degrees of freedom of movement, the relative
orientation of adjacent joints, and the range of movement, chief attention in this
work regarding joints was focused on the problem of locating the axes for "hinge
points" of the various joints.
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(§) METHODS OF JOINT STUDY

Each of the major joints of the cadaver material was studied by four primary
methods: (1) direct observation during manipulation, (2) determinations of curva-
tures of articular contours based on sections, i.e., evolute methods, (3) analyses
of joint centers (infra) involving functional movements of joints, and (4) determi-
nations of reciprocal contact areas for different joint angulations. In addition,
living joints were observed under the fluoroscope, and critical points were marked
with skin pencil. Serial x-ray negatives were also made of the wrist, showing bones
in various posivions of joint bending.

(2) DIRECT OBSERVATION OF MANTPULATED CADAVER JOINTS

Early in this study joints of limbs still connected with the trunk as well as
separated joints were systematically manipulated, and pins or nails were driven into
the adjacent bones. As the bones were moved the pins described arcs about a true,
functional joint center. After each movement a pin was replaced closer to the dead
center until a point was reached where the marker did not appear to move. Centers
marked in this way were never operative for more than a few degrees of angulation.
No single center applied for the whole range of joint movement. Nevertheless, for
small ranges (10-20°) of movement, a pin could be placed so that it represented a
reasonably approximate center for that range of movement. A second pin would pro-
vide a better index for the next phase of the range; a third pin might be still
better for an added range of movement. Several pins, thus, could be placed by trial
and error so that they corresponded with axes that were momentarily asctive. The
method, ho.ever, did not lend itself to accurate description, and there was consid-
erable uncertainty, because an upward and backward movement might not be executed in
exactly the same plane. The method did serve as a rough, practical guide.

(10) METHODS ON JOINT SECTIONS

Since the center of joint rotation is a function of the articular curvatures
of the members forming the Jjoints, an accurate knowledge of the articular curvatures
was necessary. Cartilage-covered articular faces of the bones forming the major
joints were rclled over chalked planes, according to the same method used for bones
(Item 6, supra). Ball-like articular heads were marked by sweeping the bones through
a great circle arc; other surfaces, such as the distal end of the femur or the talus,
were rolled so that two condyles or two marginal rims were in contact simultaneously.
Saw-cut sections were made similar to those for study of bone contours. Photographic
enlargements of thesc contour sections were then analyzed by the involute-evolute
method, mentioned above under bones (Tiems 5 and 6). The dial gauge method (ITtem L)
had use at times also.
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(11) LOCATION OF JOINT CENTERS: FUNCTIONAL METHODS

The above-mentioned techniques involving sectioning of articular contours and
the analysis of evolutes are methods for defining curvatures. The curvature of the
articular face of only one member of a Jjoint may be analyzed at a time. Only in the
instance of a true circular contour could these methods also locate the functional
center of a joint. Since male and female contours are not truly reciprocal and since
the binding of ligaments may functionally change the position of joint centers, spe-
cial methods were called for in the lccating of functional joint centers. Ordinarily,
from three to five dissections of each joint were made on preserved cadaver material
for this purpose; these included gleno-humeral (shoulder) joints, humero-radio-ulnar
(elbow) joints, hip joints, knee joirts, and talo-tibio-fibular (ankle) joints. Flesh
was removed down to the bones and ligaments. The latter were then carefully prepared
so that the essential (collateral) ligaments were clear; next, the joint capsule in-
tervening between the essential ligaments was removed. Each specimen was tested to
assure that its movements were free and comparable to the range of lifelike movements.
If the dissection in any way damaged the essential hinge ligaments, that specimen was
discarded. Joints showing any gross pathology were also excluded. The functional
method for locating joint centers involved immobilizaticn of one memver of & joint
and the moving of the other through its range of movement; the center about which
the moving member rotated was determined by a geometrical method (infra, Ttems 14
and 15) for each part of the arc of movcoment.

(;g) JOINT CENTERS OF SPECIFIC JOINTS

The basic technique for obtainirg joint-center data is shown in Figure 4B, for
which the talctibial joint was arbitrarily taken for illustration. The leg and foot
were separated from the body at the knee, and the talus was separated at the subtalar
Joints from the remainder of the Joot. This latter part was saved for ireference, as
will be noted below.

The ankle joint is not a pure hinge joint; in addition to the major flexion-
extension movement in the sagittal plane, there are small contingent movements in-
volving (1) outward and inward movements (abduction-adduction) of the toes on a
transverse plane and (2) rotation movements about a longitudinal axis through the
foot; the latter movements involve pronation (medial or big toe margin of the foot
downward) and the reversed movement (supination). The value of each of these move-
ments was determined during the procedure for locating the path of instantaneous
Joint centers.

The method involved the impaling of the talus on an axis, i.e., on a steel rod,
in line with the long axis of the foot. When the rod and talus rotated together
about the common axis, a movement comparable to the pronation-supination movement
was effected. In practice, a l/h-inch drill hole was made in an anteroposterior
direction through the body of the talus, just clear of the upper cartilaginous artic-
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and each end of the rod was supported by ball bearings, so that the rod could rotate
freely. The bearings were allgned coaxlally and were supported at the edge of the
work table, as shown 1n the figure. The position of the talus was fixed so that the

ular face of the bone. A 1/4-inch steel rod was then passed through the drill hole

Figure L. Methods for Determinations of Joint Centers.

A. Arrangement for gaining data pertaining to joint
centers for the abduction-adduction movement at
the hip. Letters A, B, and C refer to three pen-
cil points and the arcs drawn.

B. This photograph shows the setup used to obtain
flexion-extension records relating to the talo-
tiblal joint. Letters again refer to pencil points
and curves drawn. Protractors that indicate con-
comltant bone rotations are seen on the cart above
pencll B and on the tlock over the transverse steel
rod.

bone c¢ould not slide along or rotate on the rod. When the talus was fixed as indi-
cated, the tibia and fibula together could flex or extend relative to the talus, and
the talus was free to adjust as reguired to its tibiofibular contacts by rotating
slightly on its steel axls. The rod and talus were free to rotate only on the ante-
rior-pnsterior axis, and the amount of talus rotation (pronation-supination) was
measured with a protractor. (A pointer attached to the talus served as a reference
gulde for bone rotation relative to the protractor.)

Another 1/bk-inch drill hole was made into the proximal end of the tibia at the
medlal part of the lateral articulation for the femoral condyle, and the drill was
directed along the length of the tibla, so that its axis intersected that of the rod
through the talus. Then a steel rod was laserted several inches into the drill hole,
and 1ts free end was supported on ball bearings, which in turn were supported by a
mobile carriage. The carriage could slide over the table surface on ball-type sup-
ports, and the height was so adjusted that the tiblal steel rod was at exactly the
same height from the table top as that through the talus. Then as the leg bones were
moved 1n a flexion-extenzion arc about the talus, the tibla and fibula were caused
to rotate axially. The latter movement, corresponding to the abduction-adduction
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movement of the foot, was determined by the ankle contacts. This movement was also
measured by a protractor set on the carriage that supported the tibial rod.

As implied earlier, the essential talotibial and talofibular ligaments were in-
tact and the joint was fully flexible. The setup illustrated allowed the leg to
make flexion-extension movements about the talus within the range permitted by liga-
ments. The leg moved in a plane parallel to the table top, and in so moving it
flexed or extended about an axis at the ankle perpendicular to the table top. Con-
currently, the talus rotated about a sagittal axis parallel to the table top (i.e.,
pronation-supination), and the leg bones rotated about another axis also parallel to
the table top (i.e., abduction-adduction). When the leg and foot sole were adjusted
at a right angle, the latter axis was perpendicular to the former. With this arrange-
ment there was no limitation to any type of contingent movement permitted by the
ankle in the three cardinal planes.

Flexion and extension movements were made by moving the leg bones manually, and
the angular deviations caused by pronation-supination and inversion-eversion were
shown by the protractors; the deviations were recorded for each 10° of the flexion-
extension arc. When the arrangement was adjusted for operation a large paper was
placed on the table top, and three pencil points attached to the carriage on outrid-
ing rods described arcs (A, B, and C; Figure 4) that represented the path of the
flexion-extension movements in the plane of the two steel rods. During the movement
a firm pressure was maintained between the talus and leg bone contacts.

The record, after several careful full flexions and extensions, showed three
penciled arcs; when properly executed, the lines were clear and single. Simultaneous
positions of the three pencils for representative angulations of the joint were care-
fully marked on the curves and points at 5-10° intervals from these were worked on
each curve. In addition, the outlines of the bones and Jjoints at a midrange angula-
tion were projected vertically to the paper; the positions of bony landmarks were
also indicated on fthese outlines. The method for analysis of the records will be
shown a few pages farther on in the report.

Essentially the same arrangement was used in producing records for the elbow
joint and for-the knee. For the elbow, the joint was held at the mid-flexion angle
of 70° and a l/h-inch drill hole was made through the ulna perpendicular to the hu-
meral axis and just inferior to the joint; into this hole was inserted the rod sup-
ported by the two bearings (cf. talus support). The other rod passed from the supe-
rior end of the humerus through its longitudinal axis so that its proJjection was
directed toward the rod through the ulna. Humeral flexion or extension related to
the ulna was associated with humeral rotation (medial and lateral rotation) about
its long axis and also movements of the ulna (abduction-adduction) about its rod.
Penciled arcs were traced during flexion and extension movements, and protractor
readings of the contingent rotations were made for each 10° of flexion or extension.

For the knee Jjoint, the rod supported by two bearings passed from front to back
through the tibia just below the knee articulation, while the other rod passed
through the femoral head and was directed toward the knee. As for the elbow, the
knee was bent to a mid-flexion position, when the tibia was drilled; the drill hole
passed obliquely through the tibia and lay in the sagittal plane at a right angle to
the femoral long axis. Arcs drawn by the pencils on the carriage were made in the
same way, and records of pencil positions were made for each 10° of flexion-extension.
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Since the contribution of the patella was essential to a normal type of knee
movement, the action of the quadriceps muscle in pressing the patella against the
distal end cf the femur had to be artificially simulated. This muscle tends}insofar
as allowed by ligaments,to induce posterior displacement of the femur relative to
the tibia when the knee is flexed. The upper part of the patella was drilled trans-
versely and heavy rubber bands were wired to this bone; the bands passed in front of
the knee and up to the anterior aspect of the midfemoral shaft, where their other
ends were wired fast. In this manner, tension by the rubber bands pressed the pa-
tella against the femoral condyles in all phases of knee flexion.

The hip and shoulder Jjoints presented a special problem because of their ball
and socket relations. 1In these instances, the acetabulum of the hip joint or the
glenoid fossa of the scapula was removed from the parent bones and set in a small
box of dental stone which served as a matrix. The joint sockets (in the matrix)
were accurately oriented so that the cardinal anatomical planes, sagittal, coronal,
and transverse, were known relative to the joint socket. The socket and matrix were
then fitted into a small vise and the head of the femur or humerus was fitted intc
the socket. For these instances, in contrast to other joints, it will be obvious
thet the ligements had been removed entirely. When the socket was oriented parallel
to the work table and record paper, the femur or humerus was weighted with a roll of
sheet lead to hold the head in the socket by gravity. The steel rod of the movable
carriage fitted into a hole drilled longitudinally from the distal end of the bone
and directed toward the center of the head of the bone. Three, or sometimes two,
penciled flexion-extension arcs were traced on the record paper in the same manner
as with the other bones and the analysis was carried out as indicated shortly.

¥hen the socket and matrix were fitted into a vise so that they were psrpendic-
ular to the paper surface, i.e., for abduction-adduction movements, a special mech-
anism was needed to hold the head of the bone into its socket. Drill holes were
made through the necks of the bones and a pin was passed through perpendicular to
the paper surface. Strings attached to each of the pins were passed over pulleys
and the strings were weighted. Figure LA illustrates the arrangement used. In this
manner the head of the bone was pressed firmly into its socket; abduction-adducticn
movements were effected and penciled arcs made at the carriage permitted the stand-
ard analysis outlined below. The method of analysis of instantaneous joint centers
vill be outlined after the technique of record taking on other joints is presented
(Items 14 end 15).

Figure 5 shows a graph indicating the amount of ankle pronation-supination and
abduction-adduction that was contingent because of joint contours on flexion and ex-
tension movements. From measurements made elsewhere on living subjects, 3° of exten-
sion of the ankle joint, i.e., plantar flexion, was taken as the average midrange
position of the flexion-extension arc. This angle was measured with a protractor as
the angle beyond a perpendicular between the foot sole and the long axis of the tibia.
The severed foot, saved for reference, was now placed against the talus for measure-
ment of the angle. The 3° extension angle was considered as a zero point for flexion-
extension movement in the measurement of the contingent movements in planes at right
angles to the principal movement.
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Figure 5. Amount of Contingent Movement at the Ankle.
Curves showing the amount of contingent abduction
and pronation found with different degrees of dor-
siflexion at the talotibial joint. The amount of
contingent supination and adduction associated with
plantar flexion is alzo shown.

{13) JOINT CENTERS OF THE WRIST

Because of the number of bones entering into it, the wrist joint could not be
treated like the foregoing joints. Accordingly, a method applicable to the living
wrist was devised. The method, which involved successive x-rays, may be outlined
in relation to Figure €. The upper photos show (1) a hand grip with projecting rod, :
(2) 2 raised, semicircular guide on which the rod glided, and (3) a base into which
the forearm was wedged. One base held the wrist flat and prone, and the other held
it at 90°. The subject's forearm was wedged in place on the base, and the grip,
held snugly, was supported by the rod resting on the semicircular guide. With the
hand so poised, the wrist in one instance could flex or extend in a plane or in the
other abduct or adduct in a plane at 90° to the first.

Actually, there are unrecogrized contingent movements at the wrist—the wrist
supinates slightly during extension and adduction and pronates during flexion and
abduction. These pronation-supination movements occurred about the axis of the hand-
grip rod in the experiment. Only the rrime movements of the hand, grip, and rod in
the plane of the recording film, however, need be considered here.

Three tiny lead shot were embedded in the rod and others were embedded in the
base board. The supports for the hand and forearm, as described and shown in Fig-
ure 6, were placed on the table of an angiocardiographic x-ray machine with the white
area of the base (cf. figure) squares over the film. As the wrist slowly swept from
full extension to flexion (or abduction to adduction), 12-15 instantaneous exposures
recorded the changing positions of the hand and of the shot embedded in the rod.
When records of successive shot pcsitions resulting from the instantaneous exposures
were superimposed and were traced in sequence, arcs of movement of the shot were )
available and these data permitted the same type of analysis used for records from
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Figure 6. Special Method for Determining Wrist Centers.

WADC TR 55-159

'The upper two photos show restraining gear used for
cbtaining data on wrist centers by the use of angio-
cardiographic x-ray equipment. The other illustra-
tions show forearm restraints, hand grip, and motion
guide in use for the abduction-adduction movement
(lower left) and for the flexion-extension movement
(center and lower right).
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cadaver Jolnts. Images of shot embedded in the support base formed fixed points
of reference.

(14) CENTERS OF ROTATION: METHOD OF ANALYSIS

Reuleaux (1875), a German enginecr, devised the method of locating instantaneous
centers of rotation for any body moving in a plane relative to points that are sta-
tionary on the plane. The method depends upon measurements of the relative angular
motions of two points cn the moving body. When the two points move the same straight-
line distance in a unit time, the movement of the body is translatory; when the dis-
tances are unequal, an angular component is introduced, and the movement becomes a
rotation about some momentary center of rotation. The Reuleaux technique was de-
signed to locate this momentary center.

In Figure T each of the two points on part A moves to a new position at B in a
short interval of time. The average path of motion of edch point may be represented
by the heavy, straight lines. It will be noted that perpendiculars erected from the
midpoint of each line intersect at point AB. This point is a mean instantaneous cen-
ter for the rotation A to B. Similarly, in the movement B to C, normals to the mid-

.. 22 A~_Hac

- CENTERS
FIXED PART

Figure 7. Method for Locating Instantaneous Centers.
Reulesux (1875) Method for locating instantanecus
centers of rotation. The heavy lines representing
successive phases of a movement show the relative
motion of two points on the moving part. Mid-
interval normals intersect at points AB, RBRC, etc.
These points momentarily and in sequence are centers
about which angular motions of the moving part occur.

points of the next average lines of motion intersect at point BC, the instantaneous
center for the next phase of the motion. 1In this manner a series of points, includ-
ing CD and DE, form later instantaneous centers of rotation. The curved line AB-DE
accordingly represents a sequence of instantaneous centers of rotation about which
the movement occurs.
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(15) APPLICATION TO JOINT DATA

This type of analysis may be applied to joint movement if one member of the
Joint system is held stationary while the other moves. As the moving member rotates
through its range, the position in the plane of movement of two (or more) points may
be determined for a series of successive instants during the movement. (It is con-
venient to locate these lnstantaneous positions for equally-spaced successive inter-
vals of, for example, 5 or 10°.) Straight lines between successive momentary posi-
tions of each moving point define an average path for short intervals of travel.
Normals from the midpolnts of these straight lines intersect at instantaneous centers
of rotation. The path connecting successive centers is descriptive of the type of
movement.

In the procedures on Jjoints outlined ebove, one member in each instance was immo-
bilized and the other member was moved. For the wrist, ankle, and elbow, where con-
tingent movements occur, these secondary movements were ignored and the major move-
ment in a plane ¢f reference was alone considered. The pencils A, B, C, or the lead
shot in the hand grip, moved through a succession of positions in a plane. The
curves produced form the raw data for the Reuleaux method of analysis. Only two pen-
ciled arcs were actually necessary; the other, however, was confirmatory.

Since the three pencil points carried by the cart formed the apices of a tri-
angle of constant size, it was always possible to locate eguivalent points on each
of the curves. Ordinarily, equivalent points were laid off at 5 or 10° intervals.
Normals constructed on each of the three curves at equivaient mid-interval positions
intersected at a common instantaneous center of rotation. Successive centers, when
connected in series, formed a path of instantaneous centers. This path of instan-
taneous centers had a characteristic position in relaticn to the outline ¢of the bone
which had earlier been traced on the work paper. A comparison of these paths of in-
stantaneous centers relative to fixed bone contours for different joints emphasizes
distinctive -peculiarities in the nature of joint functioning. Such patterns of in-
stantaneous centers will be considered for the several Jjoints in a later chapter of
this report (Chapter IV).

(16) AREAS OF JOINT CONTACT

The several types of Jjoints have been studied to delermine how much of the re-
ciprocal articular faces are in contact at different angular positions of the Jjoint.
The technique has been simply the severing of ligaments at a joint and the painting
of one member with a paste of moist casein paint. One bone was held rigidly in =
vise with its articulation uppermost and the other member was pressed in contact for
a specific angulation of the joint. (Alternately, the contacting member was moved
through a section of arc.) After this procedure a paint imprint was transferred to
the clean member and one or more areas of contact were seen. These patterns were
recorded on casts of plaster or dental stone that had been made of the articular
faces prior to the paint imprint procedure. Then the paint was cleaned away and the
procedure was repested. After many repetitions of the paint application end imprint-
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ing on one or another face of the articulation, penciled records traced on the casts
came to acquire a very constant pattern. The nature and implications of these con-
tact areas will be discussed in Chapter IV.

(ll) SKELETON-LIGAMENT PREPARATION

Early during the phase of study on joints an entire preserved cadaver (male,
aged 60 years) was dissected as a Jjoint-study preparation. The thoracic, abdominal,
and pelvic contents were eviscerated, and flesh was carefully removed down to the
skeleton and joints. FEach of the joints of the vertebral column, thorax, and pelvis,
and of the limbs to a level below the wrist and ankle was carefully dissected. All
joint-capsular tissue other than the principal ligaments was removed from the freely
movable joints, and eech joint was manipulated as the dissection proceeded to assure
that essentially normal types of movement occurred at each joint. No obvious joint
pathology or abnormalities were present in this body. The jolnts were freely anointed
with glycerin to keep the ligaments flexible and soft.

The pelvic cavity was filled with plaster of Paris to make a solid block, and
h-avy brass plates were bolted anteriorly and posteriorly. A pipe coupling was fas~
tened to the posterior plate, and by this the preparation was supported on a stand
with the legs dangling. The trunk collapsed, however, if not wired upright. With
this preparation, movement patterns of individual joints or of any combination of
lower limbs, of upper limbs, or of upper limb and trunk could be followed. Forces
supplied by muscular action during life had to be simulated through manipulation by
the observer. At times, obvious errors could be introduced by this manipulation.

For instance, since the shoulder girdle could not be supported by a tension system
comparable to that normaliy supplied by shoulder muscles and by the overlapping skin,
certain movements of the scapula that were not realistic could be obtained. This
preparation found frequent reference for over two years as a qualitative background
for movement study and for miscellaneous points relating to the design of & manikin.
Because of changing ligament flexibility, which varied with drying or glycerin appli-
cations, only qualitative data have been taken on this specimen.

(l@) RANGE OF MOVEMENT: CADAVER JOINTS

A primary use of the ligament-skeleton preparation was the demonstration of the
range of movement at individual joints and thec inclusive range of a series of two or
more adjacent joints. The total range of the end member of a whole limb could be
demonstrated also and limitation in movement could be assigned to spceific joints.
An important use of this preparation, and of a number of isolated joint dissections
too, was the demonstration of the total range of movement allowed and the nature of
our work has becn a restudy and extension of earlier work on the possible range of
motion at the major limb joints. Actions at each joint have beer studied gualita-
tively and gquantitatively usually on three, four, or more joint dissections.

To study joint amplitude, one member of a joint system was clamped rigidly in
a vise, and the other member was moved to the limits of i1ts range in every direction
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possible. Ordinarily, at momentary positions through this range, measurements were
taken so that the range could be reconstructed. By one method several multiple ex-
posure photographs were made of the monentary positions. When superimposed images
were traced (Figure 38), the range of joint movement could be visualized. Alternate-
ly, measurements of joint angles and the appropriate x, y, or z coordinates of a
constant reference point on the moving bone gave usable data. The information was
ordinarily referred to a spherical surface, as wiil be outlined in the later treat-
ment of the globographic method of recording Jjoint range (Chapter IV).

(12) MECHANICAL MODELS OF THE LIMBS

To clarify the relations of the limb geometry beyond what could be gained by
the ligament-skeleton preparation, metal stick-figure models of the limb links were
prepared (Figure 8) as an aid for study. The models were made at half life-size and
all joints were point- or pin-centered. The construction of these models required

Figure 8. Models of Joint Systems of the Limbs.
Aluminum models of the lower (left) and upper
(right) limbs, which illustrate the general
type and range of movement at each joint.

attention to (1) lirk dimensions, (2) type of movement with consideration of degrees
of freedom at each Jjoint, and (3) data on average joint limits relative to the range
of movement permitted. As construction proceeded,; it was found that critical atten-
tion had to be directed to an added factor, that of (L) the argular relation of some
fixed position of one joint relative to the orientation of the next bone and joint
in sequences.

Each joint of the mcdels was provided with metal stops, which held the range
within positive limits. The pin centers and the positive ranges provided unique
differences from living joints or cadaver joints such as those of the skeleton-liga-
ment preparation. Although the models were without tension members equivalent to
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muscles and were not weighted as are the body segments, they contributed to an un-
derstanding of the geometry of limb movement and to the problems of manikin construc-
tion. Many problems of kinematics during this study were referred to the metal mod-
els and to the ligament-skeleton, as well as to living subjects.

Perhaps the most important function of these preliminary models was the crys-
tallizing of a pattern, which could be compared with actual joints and corrected for
details. The manikin specifications of Chapter V heve profited from these prelimi-
nary models. Machined joints, which had far greater accuracy as to the range and
character of joint movement than those of Figure 8, were later designed (Figure 58); N
these were made to clarify problems of manikin design and to provide a way of inter-
preting the pecularities of organic joint systems to readers trained more in enginecer-
ing than in anatomy.

(20) LIVING SUBJECTS

The living subjects studied consisted both of a routine group of 39 men carefully
selected on the basis of physique and a secondary, supplementary group. The latter,
which included a few men from the selected group as well as several individuals of
indifferent build, including members of the investigative team, were frequently used
for checking and for miscellaneous observations. This group was important for both
planning purposes and for filling in supplementary and largely gualitative data not
obtainable from the select sample.

It should be appreciated that the aim of our study of living subjects was not
so much the investigation of the range and variability of a population as such.
Attention, rather, was directed to learning something about the anatomical and kine-
matic factors of the body mechanism. More specifically we wanted to learn how a typ-
ical seated subject handled himself kinematically. The small samples studied were
merely a device which gave assurance against overemphasizing chance idiosyncracies
which might be presented if only one or two subjects had been studied. Quantitative
and often photographic data, of course, were necessary at almost every stage; in cer-
tain instances, according to topic, averages based on from three to five individuals
sufficed; in others both averages and ranges on a larger sample were determined.

Only white male adults served as subjects. To show possible trends according
to physique, individuals characteristic of four body builds (median, rotund, thin,
and muscular) were studied. The Sheldon system of somatotyping (Sheldon, Stevens,
and Tucker, 1940; Sheldon, Dupertuis, and McDermott, 1954) was used for the selec-
tion of types.

(21) SELECTION OF SUBJECTS

Most of the study subjects were contacted at the routine physical exsmination
for men students that is given each fall and winter at the University of Michigan.
The men were seen in the nude as they passed in sequence through examining stations;
men who tentatively seemed to have the desired builds after weighing and stature
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measurements (and calculating of the height to cube-root-of-weight index) were aon-
proached with the prospect that if further tests confirmed our estimate of their
physical types, they could be assured of some 'hours of employment with pay. Nearly
all the selectees assented; they were then scheduled for somatotype photos.

Standard front, left side, and rear somatotype photos were made according to
the technique of Dupertuis and Tanner (1950). Photozraphs were mailed to Professor
C. W. Dupertuls of Western Reserve University for his somatotype diagnosis. He
graded the somatotype on a 1l3-point scale. On the basis of his replies the men were
selected or rejected as study subjects. To be suitable, thin subjects must have had
a height-to-cube-root-of-weight index cf 14.00 and a somatctype rating of 6 or 7 in
Component III (thin) and 1 or 2 in Components I (rotund) and II (muscular}. To en-
large the sample, two individuals with a 3 rating in Compornent II were included.
Rotund individuals with a 6-7 rating in Component I and with a 1 or 2 in the other
components were sourht; actually three individuals with a 3 rating in the muscular
component (II) were included. Only muscular individuals with a 6-7 rating in Com-
ponent II and 1-2 in the others were included in the study sample.

The median group was selected to correspond with builds common among Air Force
fighter pilots. A study of the body build of 643 student and fighter pilots from
the 1950 Anthropometric Survey Sample (later publiszhed as Hertzberg, Daniels, and

Churchill, 1G54) had recently been made (personal communication frem Edmund Churchill,

1952), and the most frequently appearing builds (462 men or 72 percent of the sample)
had been designated the "inner circle" group. This group had a 2, 3, or 4 rating in
Component I, a 3, 4, or 5 rating in Component II, and a 1 to 4 rating in Component
III. The following tabulation indicates the body types of the "inrer circle" group
with the frequency of occurrence in & group of 462 men (Table 1). Thirteen body-
build types were in the group, and an average type would be about 5-1/2 - h-l/2 -
2-1/2.

TABLE 1

DISTRIBUTION OF MOST COMMON SOMATOTYPES OF PILOT BUILDS*

Frequency
Somatotype No. z
252 22 R
343 70 10.9
pn L9 7.6
352 61 9.5
353 38 5.9
Lh2 59 9.2
L4z 62 9.6
Ll and 333 18 2.8
451 2l 3.3
L2 L7 7.3
453 and 342 _15 2.3

Lé2 71.8 or T72% of
whole pilot
sample of 643
*Data from Churchill, personal communication.
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Our intent was the obtaining of study samples of 10 highly selected individuals
in each of the four groups. Actually, 10 thin, 11 median, 11 muscular, and 7 rotund
individuals made up the sample. The following tabulation (Table 2) shows the soma-
totype ratings of the study sample.

Figure 9 shows the distribution of the body types in a three-dimensional model
of the Sheldon triangle. The model related to a 13-point scale, ranging for each
component from 1, 1-1/2, 2, and so on, to 6-1/2 and 7 points. Component I ranges
from 7 points at the lower left corner of the model to 1 at its right rear side;
Component II ranges from 7 at the upper apex to 1 at the base; and Component III is
high at the lower right apex and grades to 1 at the opposite side.

Figure 9. Distribution of Subjects on the Sheldon "Triangle." A 13-
point scale is illustrated. The most centrally located gray cube
is somatotype b-k-L, The farther toward the extremes of the model,
the more extreme are the body types; thus the extreme cube marked
Endo refers to extreme rotundity. Meso is extreme muscularity, and
Ecto is extreme thinness. Gray cubes indicate that the study sam-
ple included one individual of a given somatotype; white-edged
cubes indicate two subjecté of a given type; and the dotted cube
includes three subjects of this build. Cubes in the central stip-
pled area are included in the "imner circle" of pilot builds; the
area includes the "median group" of study subjects.

The gray cubec represent one individual of a given somatotype build; white-
outiined cubes indicate two men of tne same build; and the dotted cube includes three
men who had the same bulld. The model shows that our sample clustered in four re-
glons. There was no overlap of types. The Air Force median group, it will be noted,
fell near the muscular group; on the whole, it was moderate in Component I and low
in Component IIT.

Sheldon's somatotyping method has been used here simply as a technique for ob-
taining four different groups of body build, which henceforth will be called simply
thin, median, muscular, and rotund. The somatotype classifications and the measure=-
ments referred to below serve to define both the similarities and variability of
physiques of the men who cooperated as subjects.
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TABLE 2

SOMATOTYPE AND DIMENSIONS
OF STUDY SUBJECTS

Group Subject Somatotype Age Heiiht’ Wei%ht, Ht/Wt
1 12 2 7 20 76.8 154 14 .24

2 12 12 7 21 Th.h 13k 1k4.53

3 12 12 7 22 71.1 114 14.68

L 2 2 7 18 73.4 132.5 14.30

THIN 5 2 12 62 22 735.0 128 14.35
: 6 12 12 62 18 T4 .4 133 1k4.58
7 2 22 &2 18 73.2 1ko 14.09

8 2 6 19 70.2 125 1k.10

9 12 3 6 26 77.8 172 13.99

10 12 3 6 18 72.0 1555 14.10

1 22 52 P2 2k 67.4 156 12.56

2 L 5 2 23 68.7 168.5 13.21

3 3 5 3 19 71.3 170 12.8%

L 32 5 % 21 70.4 163 12.89

5 L 5 2 26 70.7 181 12.50

MEDIAN 6 Loy L 26 71.2 169 12.92
7 L 5 12 ol 67.0 162 12.32

8 32 52 20 70.0 172 12.58

9 3 %2 2L 69.0 141 1%.26

10 2 52 22 22 72.2 17k 12.93

11 22 5 2 %3 66.6 152 12.51

1 12 62 12 20 67.4 153 12.60

2 12 7 12 18 68.6 168 12.k2

% 1% 7 2 21 71.4 186 12.51

L 12 6 e 22 69.4 167 12.64

5 12 7 1= 21 73.6 211 12.36

MUSCULAR 6 1 6 2 22 70.0 160 13.00
7 22 6 2 26 72.0 186 12.61

8 22 6 12 21 65.8 151 12.36

9 2 5% 2 19 69.7 155 12.97

10 22 6 2 17 70.7 171.5 12.65

11 2 6 22 18 70.0 171 12.88

1 7 3 1 19 70.7 272 10.83%

2 7 3 1 18 69.8 261 10.99

3 7 3 nE 19 68.6 224 11.30

ROTUND L 7 3 1 19 68.3 2hh 10.85
5 62 2 12 19 67.0 186 11.7%

6 62 1% 2(22) 18 6l .6 1ks5 12.29

7 ) 2 2k 70.4 2%2 11.46
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(gg) ANTHROPCMETRY OF LIVING SUBJECTS

Sixty-nine anthropometric measurements were made on each mgn. These included
19 heights from the floor (standing), 24 circumferences at different levels, 3 supine
lengths, 3 sitting heights, and 20 caliper measurement:, mostly upper limb lengths
and trunk widths; the only anteroposterior dimension measured was head length.

The plan for the battery of measurements was set up on consultation with mem-
bers of the Wright Field anthropometric unit; a number of the measurements corre-
sponded with those used in the Antioch College anthropometric survey of Air Force
personnel (Churchill, 1951; and Hertzberg, Daniels, and Churchill, 195k). Standard
anthropometers, calipers, and metal tapes were used, and measuring techniques pat-
terned after those of the Wright Field anthropometric unit were employed. Special
comment, however, may be made on several measurements. To have meaning, body meas-
urements must be geared to some purpose. Accordingly, our measurements were made
to fulfill a twofold objective. First, the measurements, like the somatotype check,
were to provide a description of the character of our study sample. Figures 10
through 13 indicate the locations of measurement, the averages, and standard devia-
tion for various study groups. The second objective was the obtaining of integrated
measurements, which gave some index of body bulk and which included & minimum of
"floating" values.

Heights from the floor for standing subjects are integrated by the common ref-
erence point at the floor. Most of the circumferences were taken at levels where
the height was known; in measurements of girth a friction fit of the metal tape,
i.e., the loosest possible fit which did not slip on the skin, was sought. The level
of circumf{erences, apart from those of the upper limb, and trunk breadths were de-
fined by anthropometric points or by bone landmarks. Thus, chest width at xiphoid
level, shoulder width at sternal angle, and shoulder or chest width at the anterior
axillary fold were more precisely located than is often done. With this approach
there were few "floating" measurements. In fact, these were limited to upper limb
circumferences and a few caliper measurements (viz., interspinous width, biclavicu-
lar width, the flexed arm lengths, and the supine lengths). Three supine measure-
ments were made: these consisted of body length and two others relating to the dis-
tance between the body center of gravity and the vertex and the distince between the
foot sole and center of gravity. The location of the supine body center of gravity
was determined by stretching the subject, arms at side, on a board supported by knife
edges on two scales. Through a balancing of moments involving the weights recorded
on each scale and the distance from knife edge to center of gravity, the latter point
was located.

(23) SPECIAL MEASUREMENTS

Since the objectives of this study necessitated the obtaining of information
relating to body kinematics, various measurements beyond those involving linear an-
thropometric measurements were made. These included measurements cf joint range for
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the limbs (Item 24), measurements relating to thoracic and pelvic positions for the
seated individual (Item 25), and measurements involving limb movements (Items 28 and
29).

(24) JOINT RANGE

Farlier, in Item 18, a technique was described in which one member of a cadaver
Jjoint was immobilized in a vise, while the other member was moved about to the lim-
its of movement in all possible directions. This method seemed impractical for the
study of the joints of living subjects, because complete immobilization of one part
was necessary. Standard clinical methods using the goniometer merely treat the range 2
of movement in a plane, viz., flexion-extension or abduction-adduction, and the space
range pattern is ignored. The method, however, is rapid and it is clinically useful;
furthermore, it is adaptable to determination of joint range for large samples of
subjects. Despite this, the literature on goniometry records very little on the sta-
tistical variability of normal joint movement. Not all joints have been studied and
in some Jjoints certain classes of movement have been ignored entirely. Consequently,
a restudy was carried through here.

A photographic method, often employing double exposures, was used in the present
study for recording the range of movement of the 1limb joints. The general method had
been used earlier by Wilson and Stasch (1945). Certain angular measurements were sim-
ilar to those in current use (Moore, 1949, A and B); Hellebrandt, Duvall, and Moore,
1949); that is, a proximal part was held in a fixed position and the distal part was
moved te its limits in either direction. In other instances, new procedures werzs de-
veloped. For example, where greater certainty in measurement could be obtained for
our technique, a distal part was held fixed, and the proximal part was moved.

The general procedure was as follows. The subject was questioned as to whether
he was right- or left-handed. He was queried also as to the history of possible
joint injury, dislocation, fracture, arthritis, or other defect. Records were taken
on the side of hand preference, except that where the history suggested a joint ab-
normality the opposite side was photogrephed.

Photographs were made on 35-mm film with an Argus camera by the flash of a speed
lamp. The room was darkened and black backgrounds were provided. For double expo-
sures an initial flash exposure recorded one extreme of a joint range; the lens was
then kept open following exposure until the subject assumed an opposing position;
then a second flash exposure was made. Parts of the body which would otherwise pre-
sent a conflicting background for the test joints were covered with black velveteen
cloth.

A special work table, painted black, was employed as a support for the subject
or his 1limb segments. Horizontals were marked on the table edge with light-reflect-
ing tape to serve as references. Special posing techniques and procedures are out-
lined in Table 3.

Frames of the strip of negatives were projected as enlarged images and the best
estimates of link lines interconnecting joint centers were ruled on paper; horizontal
or vertical reference lines were also traced. Angles were then measured with a pro-
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