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Summary

Knowledge of the weight, volume, and center of mass of segments of the
human body is of significance to research in such diverse fields as physical educa-
tion, prosthetics, and space technology. While the specific information needed
may vary from one specialty to another, common to all is the objective of under-
standing more fully the biomechanics of man either as an entity or as a com-
pouent of some complex system.

The engineer or physicist may test a structure or material until it fails to
determine designs and conditions appropriate to the physical characteristics of
materials. The introduction of man as an integral part of a system, either in a
passive or active role, restricts the freedom to test it because of possible injury
to the human component. To overcome this restriction, it is common to replace
the man with a physical model or, more recently, to use computer simulation.
The degree to which a physical or mathematical model can be formulated as an
isomorph of the human body thus becomes a crucial factor.

This study was designed to supplement existing knowledge of the weight,
volume, and location of the center of mass of segments of the human body and
to permit their more accurate estimation on the living from anthropometric

dimeunsions,

Thirteen male cadavers were each dissocted inte 14 segments. The weight,
volume, and center of mass of each segment were determined, and sufficient
anthropometry of the cadavers was taken to describe the length, circumference,
and breadth or dopth of cach segmont. The relationships between the size of the
segments and its weight, volume, and the location of its center of mass form the
basis for estimating these parameters of living populations.
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Foreword

This study was accomplished under Project 7184, “Human Performance in Advanced Sys-
tems”; Task 718408, “Anthropology for Design.” It was a joint effort among the Anthropology
Branch, Human Engineering Division, Aerospace Medical Research Laboratory (AMRL); the
Anthropology Research Project, Antioch College, under contracts AF 33(615)-1101 and F33615-
67-C-1310; and the Anthropology Section, Civil Aeromedica! Institute (CAMI), Federal Aviation
Administration. Significant financial support was provided by the National Aeronautics and Space
Administration under contract R-90.

The research reported here could not have been carried out without the complete cooperation
of the administrative directors of the several organizations involved. Dr. J. M. Christensen, Di-
rector of the Human Engineering Division, H. T. E. Hertzberg, then Chief of the Anthropology
Branch, AMRL; Dr. Stanley Mohler, then Director of Research, CAMI; and Professor Edmund
Churchill, Director of the Anthropology Research Project, were enthusiastic supporters of the joint
undertaking and made every attempt to assure its smooth functioning. The actual data collection
was carried out at the CAMI laboratories in Oklahoma City where Mr. John Swearingen, Chief of
Protection and Survival Branch, and Dr. R. G. Snyder, then Chief of the Anthropology Section,
went to great lengths to assure that proper support in terms of equipment, workspace and per-
sonnel was always available.

The efforts and responsibilities were shared equally among the authors, and the study was
indeed a joint effort. The names of the many individuals who supported this study at the various
laboratories in ¢ - fabrication of equipment and in support activities (administrative, secretarial,
photographic, etc.) are too numerous to list individually, yet they often played a significant role
in the development of the study. A special acknowledgment is made to Mr. DeWit: Pierce (CAMI)
who provided techni«al advice and assistance in the use of the “uoroscope and X-ray equipment
and te Mr Williae- » an Floves (CAMI) whe prepared the iliutrations used in this report. Miss
Patricia M. esh, also of CAMI, acted as a laboratory assistant during the initial data collection phase
of the study.

Professor Churchill prepared a number of computer rontines and provided extensive guid-
ance and advice in the analyss of the data. Miss Margaret Marshall worked as a laboratory assist-
ant during the data collection phase and as a statistical assistant during the analysis. Her patience
and attention to the many details involved i the data processing are gratefully acknowledged.

Most of this study, from the initial plan of research through the intorpretation of the data and
the proparation of the report, has boen discussed in detail with our friends and associates. We
particularly wish to acknowledge our gratitude to the late Dr. W. T. Dempster for his detailed ex-
planation of the techniques and procedures he used in his earlier study of a similar nature. Qur
associates Captain William Bensett and Professor Lloyd L. Laubach each assisted during the data
collection on a specimen, and we are grateful for their support.

Professor Edmund Churchill, Professor Lloyd L. Laubach, Mr. K. W. Kenvedy, Dr, K. H. E.
Kroomer, Mr. P. V. Kulwicki, and Dr. M. J. Warrick took the time and trouble to listen, to read,
and to comment as this analysis was being made and in so doing constantly improved the fnal re-
port with their constructive criticism. Mrs. Joan Robinette’s careful editing and arranging of the
final manuscript is gratefully acknowledged.

This report has beon reviewed and is approved by:

C. H. KRATOCHVIL, Colonel, USAF, MC
Commarnder
Actospace Medical Rescarch Laboratory
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Historical Background

METHODOLOGY AND RESULTS OF PREVIOUS
INVESTIGATORS

Active interest in the weight, volume, and center of mass of the human body and its «r,-
ments has been demonstrated by numerous investigators over the paSt 200 years. These inve:: -
gators have developed and used a wide variety of techniques in their studies with varying d= . s
of success. The following resume of ecarlier research is certainly neither all-inclusive nor ¢ iplete;
it does, however, provide a background for the present investigation.

The earliest recorded work appears to have been undertaken in the 17th ce. .ury. Borelli
(1879) determined the center of mass of nude men by having them stretch out on 2 rigid platform
supported on a knife edge. By moving the platform until it balanced, an approximation of the sub-
ject’'s center of mass could be obtained.

The Weber brothers (1838) improved this technique. Their platform was supported at its
center of mass and the body alone moved until the platform began to tilt. The bedy was then re-
versed on the platform and the procedure repeated to obtain a second approximation of the cen-
ter of mass. The mean position between these points gave a more exact location for the conter of
mass. This technique would appear more accurate than that used by Borelli, as it was independent
of the supporting ple*form and not dependent upon an exact point of balance.

Harless (1860) repeated the Webers' experiments and extonded them te studies of the cen-
tors of mass of body segments. In his initial studies, the bodies of two executed eriminals were
usedl. Harlosss plan was to locate in the long axis the conters of mass for the largest pus ible num-
ber of movable segments. To achieve this, he segmented the cadavers into 18 major segments with
the planes of separation passing through the pivotal asis of each of the primary jnints. The tissue
was severed in a plane that bisected the primary centers of juint rotation and the joints then dis-
articulated. The segment surfaces were sutured together aver the sturrp to reduce tissus and Huid
lossos. Sensitive scales and 1 halance plate were vt to dotormine the weight and conter of mass
of cach segment. The volume of cach segment was caleulated from its wass, using a postulated
total body specific gravity of 1.066. Harloss's results (as well as the rexults obtained by later
workens) are showa in tables ) and 2

To verify and extend his observations, Harless weighal 44 estromity segments taken from
soven torpses. The segmonts wore disarticulated using the rame techniques employed for the two
whole cadavers. The segment volumes were determined after the principles of Archimedes. by
weighing them first in air and then in water. The results of this study are given in table 3. From
these data, Harless concluded that age and sex were significant factors in esplaining the distribu.
tion of values of the specific gravity of seganents of the hunan body,

Von Meyer, heginning in 1863, continued this work and detennined the center of mass loca.
tion along the ather two ases of the body as well. Aa orthogonal asis system is of convenience
in locating a paint in a three dimensional space. For the human body the convention is to refoer
to the Z axis as formed at the intersection of the sagitial amd coronal planes; the Y axis at the in-
tessection of the coronal and transverse planes; and the X axis at the intersection of the sagittal and
transverse plancs, By reducing the total body to a series of mathematically descriptive fonns
(ellipsoids and spheres), Von Meyer was able to estimate the weight and center of mace for each
of the major segments of the body. Using these ostimates, the shift in the total body's ceiter of
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MASS, VOLUME AND SPECIFIC GRAVITY OF BODY SEGMENTS

Segment

Head

Head

Right Upper Arm
Right Upper Arm
Right Upper Arm
Left Upper A*m
Left Upper Arm
Left Upper Arm
Right Forearm
Right Forearm
Righi Forearm
Right Forearm
Lelt Forearm
Left Forearm
Right Hand
Right Hand
Right Hand
Right Hand
Left Hand

Left Hand
Right Thigh
Right Thigh
Right Thigh
Right Thigh
Loft Thigh

Left Thigh

Left Thigh

Laft Thigh
Right Calf
Right Calf
Right Calf
Right Calf

Left Calf

Left Calf

Left Calf

Left Calf

Right Foot
Right Foot
Right Foot
Right Foo?

Laft Foot

Left Foot

Loft Foot

Left Foot
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TABLE 3

(After Harless 1860)

Age

30
38
20
40
68
30
30
68
20
40
30

EEEERELLERELLELERELEBREIDLELERES

Weight (gm)

3741.0
4980.0
1525.6
2560.1
1420.7
1484.5
1411.3
1236.1
725.6
1389.7
8210
767.2
765.3
770.1
447.7
525.1
316.8
383.2
443.9
374.0
4890.0
S5947.0
7867.0
4670.0
4723.0
5827.6
7367.0
4460.4
1M7.9
2760.2
22428
1874.0
15863.1
2252.5
2506.9
1511.0
1038.8
982.2
952.5
755.0
1072.3
458.2
7134
965.5

Volume (cc)

3453.3
4407.0
1436.2
2362.2
1302.9
1365.4
1296.6
1133.0
871.6
1260.0
402.2
689.9
688.3
692.1
403.5
471.6
283.7
354.3
402.3
334.5
4643.0
5637.5
7069.1
4205.8
4492.1
5515.9
69514
4102.8
1808.1
2%541.8
2064.8
16683.5
17215
2073.8
2583.6
16043
V617
$69.1
869.8
E88.3
959
905.2
G48.8
8779

Specific
Gravity
10851
1.1300
1.0622
1.0838
1.0904
1.0672
1.0884
1.0936
1.0804
1.1030
1.1034
1.1119
11117
1.1127
1.1093
11134
1.1163
1.1191
1.1034
11178
1.0532
1.0549
1.0639
1.0871
1.0514
1.0564
1.0598
1.0872
10773
1.0859
1.0861
1.1285
1.0785
1.0861
1.0861
11295
10802
1.0624
1.0950
11047
1.0767
1.0916
1.0990
1.0998
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TABLE 4

LOCATION OF CENTERS OF MASS AS A RATIO OF
THE DISTANCE FROM THE PROXIMAL END OR
JOINT AXIS AND THE TOTAL SEGMENT LENGTH

Harless Braune and Fischer Fischer
Graf Kefer No.2 No.3 No. 4 1906 Dempstert
Entire Body 414 ol | e e
Head* 36.3 81l | .. . 433
Torse — | e e b e
Entire Arm,Right .. .. | .. .. 427 |
Eatire Arm, Lot . . | . L 464 | ...
“"pper Arm, Right 484 42.7 43.8 50.9 446 43.8
Upper Arm, Left ... 432 45.4 7.8 4854 |
Forearty + Hand, Right . ... ... 475 47.2 444 61.7%
Forearm + Hand, L.t ... .. 46.3 477 479 | ...
Fo. earm, Right 439 418 414 422 | . 43.0
Forearm, Lefi 40.2 40.6 “41 1 ]
Hand, Right 474 36.1 494
Hand, Left .. BT VL e e
Entire Log, Right .. . 415 433
Entire Leg, Loft . - o . 408 | ...
Thigh, Right 46.8 43.0 43.2 46.9 5.5 438 433
Thigh Left . 57.0 44.8 47.8 388 434 | ...
Calf + Foot, Right ... 50.0 5.1 52.1 56.4 43.4
Calf + Foot. Left 517 514 53.1 ARy
Calf, Right 330 4.4 420 43.5 410 438 43.3
Calf, Loft 494 416 413 42.2 439
Fout, Right! 46.0 43.6 404 43.0 5.3 429
Foot, Leftt 435 I 42,4 139 453
*Measured from crown,
i?\tﬁ*ﬁ;ﬁf‘mﬁﬁtﬂuwm
Distance from elbow o uluar styloid oquals 100%.
5
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mass could be determined from the position and orientation of the trunk and extremities (Von
Meyer, 1873).

Braune and Fischer in 1889 published a comprehensive study of weight, volume, and center
of mass of the body and its segments. They based their analyses upon the results obtained from
a study of three adult male cadavers, all of whom were suicides. The cadavers were of middle-
aged individuals of muscular builds and each was about 169 cm in length. To avoid certain prob-
lems of earlier workers, Braune and Fischer kept the cadavers frozen solid throughout their in-
vestigation. This reduced fluid losses to a minimum, but prohibited dissecting out the joints as
Harless had done. Instead, Braune and Fischer sawed directly across the joints through the approxi-
mate centers of rotation of each joint.

To obtain a more accurate estimate of the center of mass than was possible with the then cur-
rent balance plate technique, Braune and Fischer drove strong, thin rods into the frozen tissue and
hung each segment from three axes. The intersection of the three planes was marked on the seg-
ment and gave an accurate location for the center of mass of each segment. Tables 1 and 2 give
the weight of each tody segment as determined by Braune and Fischer. Similarly, table 4 gives
the center of mass determinations of the body segments.

The data developed by Braune and Fischer have been widely quoted and extensively used,
and until very recently, have comprised the most detailed data available.

Mech (18%4) pointed out the desirability of supplementing such data with similar informa-
tion on the volume of segments of the living. To obtain the volume of body segments, Meeh care-
fully established for each body joint a plane of rotation that could be most easily associated with
anatomical reference points. The segments of the individuals were then immersed in water to
that plane, with the overflow water being caught and measured. Meeh found this method to be
inexact, as considerable variability occurred in repeated trials with the same segment. Therefore,
he averaged the results of repeated measurements to reduce his measuring error to a minimum.
Because of the difficultios in using this technique on living infants and small children. Meeh dupli-
cated Harless's experiment using four infant cadavers. The relationships between segment weights
and volumes obtained from Harless's and his own investigation were then used by Meeh to com-
pute segment weight from the sogment volume of his live subjects. From these data, and the data
he had experimontally determined on infants and children, Mech was able to establish a series of
graphs to illustrate the growth of the body and its segments with age. Meeh's findings are not re-
produced here as they were reported only as percent incroments of growth; however, this study
was the frst serious attempt to understand the changes in the weight of segments during growth
and development,

Fischer (10068) reported on a study of the moments of inertia of the human body and its seg-
ments. In this study, he included data of the weight and conter of mass of body segments from a
single cadaver. The procedures used appear to be identical to those he and Braune (1889) had
used carlier in their study of segmental paramoters. The weight and center of mass data obtained
by Fischer are given in tables 1, 2 and 4.

From the turn of the century until the mid-1920's, the interest in segmental parameters seems
to have lagged. Indeed, the research that had been carried out in thoe late 1800's appears to have
been received as the defivitive work and was widely quoted by those who were working in the arca
of human mechanics (Fischer, 1008; Amar, 1920).

In 1838, Steinhausen reported on a number of attempts by contemporary researchers to de-
velop segment weight and ceater of mass data on the living. He particularly cited the work of

6
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Hebestreit (unpublished) who was working with a modified Borelli balance. This device, first at-
tributed to Borelli (1679) and subsequently modified by du Bois-Reymond (1900) and Basler
(1931) in their studies of total body center of mass, consists of a rigid board supported by a
knife edge at one end and a sensitive dial scale at the other end (figure 1). The subject to be
measured stands or lies on the supporting board. Knowing the weight of the subject and the dis-
tance between supports, the subject’s center of mass can be determined by noting the reaction of
the scales to his weight.

Determination of Forearm-Hand Weight

W - Weight of Forearm-Hand

AR - Difference Between Scale Readings

D - Distance Botween Supports

d. - Displacement of Center of Mass of Forearm-Hand

1. Eatimation of t's Welght by the Mathod of
Fovrs . Balmaton o Rt

This technique is quite adequate for center of mass determinations of the total body, but
cannot be used for accurate sogmental center of mass determinations because the weights of the
segments are not known. If one unknown, either the center of mass or the weight of a segment,
can be accurately approximated, then the second can be determined using this principle of lever
moments.

Bernstein and his co-workers used this approach to determine experimentally on the living,
the welght and center of mass of segments of the body. This work, carried out in the late 1920's
and reported by Bernstein et al. (1831), is apparently not available in this country and the discus-
ston that follows is based upon the summary statement published later by Berastein (1967) and
others.!

While & numlm of authors have cited this early work by Bemstein and his associates, mmc contacted had
read the msd and all knew of it only through ty sources. Attompts to oltain copies of Bernstein's works
hg three lbnries were unsucoessful a3 were Genoml letters to the svientific attaché of the Russian Ewmbassy in

Washington, D. C. amd the President of the USSR Academy of Science.
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The major problem to be overcome Wwas developing a method to accurately approximate
either the weight or the center of mass of the body segments. Using frozen cadaver segments,
Bernstein concluded that the center of mass of a segment could be considered coincident, for most
practical purposes, with its center of volume. Since the volume and center of volume of a seg-
ment can be experimentally determined on the living, the weight of the segment could be deter-
mined by the method of reaction change.

The modified Borelli apparatus used by Bernstein is pictured as figure 12 in his 1967 publi-
cation, and our line drawing {figure 1) is a simplified version. The subject lies on the platform and
two readings of the scale are made, with the segment to be measured held in two different posi-
tions. Knowing the reaction of the scale to the changes in segment orientation, as well as the dis-
tance the center of mass of the segment has shifted and the distance between the knife edges sup-
porting the platform, the segment weight can be calculated from the following:

D(AR)
dw

=

where

W = weight of segment

distance between knife edge and scale support edge
displacement of W ( center of mass)

difference between scale readings

o
i

dy
AR
Bernstein's study was undertaken on a sample of 152 subjects of both sexes, ranging in age

from 10 to 75 years. His analysis did not include the center of mass of hands and feet, but did
include the weight of all limb segments and all centers of mass with the exception of the above.

]

1

Only certain of the summary statistics are available from this study. Those for the male sam-
ple are given below. These data are the segment weight as a percent of body weight, and center
of mass from the proximal end of the segment as a percent of segment lungth.

Scgment Weight as Segment Center of Mass
Percont of Body as Percent of Segment
Weight Length

Mean sD Mean sD
Thigh 12.213% 1.620 38.57% 3.11
Calf 4.655 507 4130 1.88
Foot 1.458 128
Upper Arm 2.655 312 48.57 2.63
Forearm 1.818 184 41.24 2.4
Hand 703 084

Bernstein concluded that the individual variation was so great that, “Either we may resign
ourselves to measuring with the complex techniques we have developed every new subject with
whom we deal - or we may attempt to find such anthropometric and structural correspondence
(correlations) as will enable us to determine with sufficient accuracy the. probable radii of our
subjects on the basis of their general habits and anthropometric data * (1967, p. 13). If a search
for “anthropometric and structural correspondence” was undertaken, it has not been reported by
Bernstein or other authors who have described his work.
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The accuracy of the estimates of segment weights based on the reaction change technique is
largely dependent upon the accuracy of the center of mass estimates. It is unfortunate, therefore,
that Bernstein’s original work on the basis of which he concluded that the center of mass is, for
most practical purpose, coincident with segmental mid-volume, is not available for examination.
Our study afforded the opportunity to test this concept, which has been accepted and used by later
workers. The results of our investigation are given in Appendix B.

Since the 1930’s a number of other researchers have attempted to estimate the weight of
body segments of the living. Zook (1932),in a study of human growth, measured in a rather gross
way the segment volumes of a large number of boys, ages 5 through 19 years. These data appear
to reflect a large experimental error and are believed to be of limited usefulness. In 1943, Cure-
ton reported the specific gravity of the body segments of fifteen male college students. The tech-
niques used by Cureton were not reported, but his results appear to be even more variable than
those reported by previous investigators.

Cleveland (1955) determined the weight and center of mass of body segments of 11 male
college students. In his study, the volume and mid-volume for the total body and its segments
were experimentally determined by hydrostatic weighing. The subject was suspended on a ham-
mock attached to a spring scale above a water-filled tank.

The volume of a segment was determined by weighing a subject in air and then reweighing
him with the segment immersed in water (im wt). The loss in weight was considered equivalent to
the segment’s volume. The mid-volume of a segment was determined by computing the value:

air wt — im wt
2

This value, CG., was the calculated reading of the supporting scale with the segment only
immersed to its mid-volume. The segment was then withdrawn from the water until the scale
value indicated the CG., and the center of volume was marked on the segment at the level of the
water. The weight of the segments was determined by multiplying the segment volume by the
subject’s total body density.

CGue= + im wt

Harless's data (table 3) indicate that this procedure for computing weight of sogments would
lead to significant errors due to the discrepancies between the density of the total body and the
donsity of the various segments. The results of this investigation are therefore believed to be of
limited use.

Dempster (1955) reported an intensive study of human biomechanics which included data
on the weight, volume, center of mass and moments of inertin of the sogments of eight cadav-
ers, The limb segments were separated at each of the primary joints and the trunk divided into a
shoulder, neck, thorax. and «n abdominopelvis unit. The planes of sogmontation were fairly simi-
lar to those established by B .une and Fischer, except that before the dismemberment, joints were
flexed to mid-range, which /' Jempster believed would provide a more equitable distribution of tis-
sue mass in each segment. "The joints after flexion were frozen before being bisected. Following
dismemberment, cach segment was put through a series of five steps: (1) the segment was
weighed, (2) the center of mass of the straightencd part was determined on a balance plate, (3) the
period of oscillation (for moment of inertia) was determined, (4) the volume was measured by the
Archimedes method and (5) the parts were then refrozen and prepared for further segmentation.
The segmental centers of mass were located using a balance plate designed specifically for the
study. The results of his analyses are shown in tables 1, 2, and 4.
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His study was the most comprehensive study of weight, volume, and center of mass of
body segments available. Dempster's sample of eight subjects doubled the number of subjects
that had been previously studied and, in addition, provided a wealth of new information on
biomechanics not fully reported by earlier investigators. Nevertheless, this investigation was car-
ried out on a sample restricted in terms of age, weight, and physical condition that could signifi-
cantly hinder the applicability of the data. The cadavers used “represented individuals of the older
segment of the population. The specimens were smaller than . . . the average white male popu-
lation . . . and the weights were below those of average young individuals. Physically, however,
the subjects were representative of their age level ” (Dempster, p. 47) The composition of the hu-
man body changes significantly with age (Behnke, 1961), and the data obtained on an older
sample is in all probability not fully representative of a younger population, Despite the possible
limitations in application that Dempster cited, these data remain the best available and are widely
used by researchers today.

Barter (1957) compiled the data obtained by Braune and Fischer (1889), Fischer (1906), and
Dempster (1955) and prepared a series of regression equations for predicting segment weights
from body weight. He was fully aware that the differences in technique among the investigators
did not make their results fully comparable but felt that these differences were probably not sig-
nificant when considered in the light of the magnitude of errors introduced by other factors. The
errors are those introduced by sampling bias, pre- and post-mortem wasting of the body, fluid and
tissue losses during segmentation, etc. Barter believed that the equations would provide a better
estimate of segment mass than mean ratio values, and would, through the use of the standard
error of estimate, give the range in values that might be expected for a given segment mass. The
equations formulated by Barter are:

Head, Neck and Trunk (Ib) = 47 x Body Wt. + 12.0 * 6.4*
Upper Extremities =.13 x Body Wt. — 3.0x21
Both Upper Arms =08 x Body Wt. - 2910
Forearms and Hands =.08 x Body Wt. — 14%12
Forearms =,04 x Body Wt. — 0.5 % 1.0
Hands =.,01 x Body Wt. + 0.7 £ 04
Lower Extremities =31 x Body Wt. + 2.7 %49
Thighs =.,18 x Body Wt. + 3.2 = 3.6
Calves and Feet =.13 x Body Wt. — 0520
Calves =.11 x Body Wt. — 19 1.6
Feet =02 x Body Wt, + 1508

*Standard ervor of estimate

These equations have been used extensively by designers and enginecrs despite the limitations
Barter clearly specified, because they provide a rapid estimation of segment weights.

Goto and Shikko (1856) reviewed the techniques used by previous investigators who had at-
tempted to measure the weight and center of mass of segments on the living and then designed
specific equipment for a similar study. They used two methods in their investigation. The first
method was that of reaction change using the coefficients Fischer developed for locating the cen-
ter of mass of limb segments. The second approach was that of determining the moments of in-
ertia of the body with the segments held in different orientations. The results they obtained us-
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ing the two techniques were found to be unsatisfactory. They concluded that the problem was
insoluble unless either a satisfactory approximation were developed for one unknown (segment
weight or center of mass) or until a new approach were evolved that would be independent of one
of the unknowns. More recently at Kyushu University, Mori and Yamamoto (1959) investigated the
weight of the body segments of three male and three female Japanese cadavers. The techniques
of this study have not been reported, and one can only assume that they followed those of
Braune and Fischer. The results of this study are shown in tables 5 and 6. An additional six ca-
davers were later studied by Fujikawa (1963) under the direction of Professor Mori. The results
of that investigation are also listed in tables 5 and 6.

TABLE 5
WEIGHT OF BODY SEGMENTS OF JAPANESE (kg)
Mori and Yamamoto Fujikawa*
(Cadaver) I I I v \Y VI
(Sex) M M M F F F

Entire Body 31.7 35.0 28.0 494 36.5 268 50.30
Head 3.9 41 3.9 4.0 42 a7 410
Torso 18.6 183 140 271.2 20.1 134 26.95
Entire Arm, Right 12 17 13 2.4 16 15 2.40t
Entire Arm, Left 12 186 13 2.0 20 14 2.301
Upper Arm, Right 08 1.0 10 14 08 038 1.30
Upper Arm, Left 0.6 10 10 12 1.0 0.7 1.25
Forearm + Hand, Right 06 0.7 0.3 10 08 07 1.10t
Forearm + Hand, Left 0.6 0.6 0.3 08 1.0 0.7 1.05¢
Forearm, Right 04 05 02 07 0.5 0.5 0.70
Forearm, Left 0.4 0.4 0.2 0.6 086 0.5 0.85
Hand, Right 02 02 0.1 0.3 03 02 0.40
Hand, Left 02 02 01 0.2 0.4 0.2 0.40
Entire Leg, Right 34 47 3.7 7.0 43 34 7.25t
Entire Leg, Left 34 44 38 6.8 43 38 7.30t
Thigh, Right 1.9 29 23 43 24 20 4.75
Thigh, Left 19 28 24 4.1 24 2.0 4.80
Calf + Foot, Right 15 18 14 2.7 19 14 2.50t
Calf + Foot, Left 15 18 14 27 19 14 2.50%
Calf, Right 10 13 0.9 2.0 13 09 1.65
Calf, Left 10 13 0.9 2.0 13 09 1.85
Foaot, Right 0.5 0.5 0.5 0.7 06 0.5 085
Foot, Left 05 0.5 0.5 0.7 06 0.5 0.85

®Average of six spocimens, male and female.
tCalculated value from sum of parts,

It is unfortunate that neither of the Japanese studies has reported in detail the techniques
and procedures used. In any event, the data are of limited use for other than Japanese because
of the significant differences in body proportions of the Japanese when compared with a United
States population.!.

YFor a briof discussion of the diffe bod rtiony Lot and United States oilots
Alexander, McConville, Kramer and m'g“iﬁ’g&'}) y proportions botween Japanese n os pllots seo
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TABLE &

WEIGHT OF BODY SEGMENTS OF JAPANESE
EXPRESSED AS A PERCENT OF TOTAL BODY WEIGHT

Mori and Yamamoto Fujikawa*
(Cadaver) I 11 III v \Y VI
(Sex) M M M F F F
Head 12.3 11.7 139 8.1 11.5 138 82
Torso 58.7 52.3 50.0 55.1 55.1 50.0 53.6
Iintire Arm, Right 38 4.9 46 4.9 44 5.5 4.8t
Entire Arm, Left 38 46 46 4.1 55 52 4.6t
Upper Arm, Right 19 29 36 2.8 2.2 30 2.8
Upper Arm, Left 1.9 2.9 3.6 2.4 27 2.6 2.5
Forearm + Hand,Right 19 2.0 1.1 2.0 2.2 27 2.21
Forearm + Hand, Left 19 17 11 1.6 2.7 27 2.1
Forearm, Right 13 14 0.7 14 14 1.9 14
Forearm, Left 13 1.1 0.7 1.2 1.8 19 13
Hand, Right 0.8 0.6 04 0.6 08 08 08
Hand, Left 0.6 0.6 04 0.4 1.1 08 0.8
Entire Leg, Right 107 134 132 142 11.8 127 14.41
Entire Leg, Left 10.7 12.6 136 138 118 13.6 145t
Thigh, Right 6.0 8.3 82 8.7 6.6 75 94
Thight, Left 6.0 74 88 83 6.6 735 9.5
Calf + Foot, Right 48 5.1 5.0 55 5.2 53 5.0t
Calf + Foot, Left 48 5.1 5.0 55 5.2 53 5.0
Calf, Right 3.2 3.7 32 41 36 34 33
Calf, Loft 3.2 3.7 3.2 31 3.6 34 33
Foot, Right 1.6 14 18 14 16 19 1.7
Faoot, Left 16 14 18 1.4 1.6 1.9 17

‘As-emJ.zv of six spechnens, male amd fomule,
FCalenwduted vatue from sum of parts.

In 1966, Drillis and Contini published a detailed study of characteristic body segments. This
investigation, carried out aver a number of years, appeared to be extremely thorough!. Thedr initial
interest was in the design of fmproved prosthetic devices, but this necessitated good estimates. of
the weight, conter of mass, and moments of inertin of limb segments. Their dissatisfaction with
available segment parameters led them to attempt to develop techniques to provide improved
data. The most recent and complete work undertaken by this group included a study of volume,
weight, and conter of mass of the segments of the living. A sample of 20 young male subjects was
studied, and complete data were obtained from 12 (Drillis and Contini, 1968).

Body segment volumes were dotermined using immersion ard segment zone methods. These
methods are generally similar; however, the latter is accomplished in sinall equidistant steps in
order that the distribution of volume throughout the length of the segment can be determined.
As the conter of mass was assumed to be coincident with the mid-volume (following Berustein),
the segment zone method provided un estimate of the conter of mass of the segment. These ap-

Soe Countini ot ul,, 1959; Contind ot al., 1963, Drillis ot al, 1064; Duggar, 1962,
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proximations were then combined with the previously published center of mass data (table 4) to
give an overall average value.

The weight of segments was determined by the method of reaction change, using a highly
sensitive apparatus based upon the general principles illustrated in figure 1. The weights of the
whole arm and whole leg were first determined, after which the weights of the forearm-hand and
calf-foot were determined. The weight of the proximal segment of each extremity was then com-
puted by subtracting the appropriate value. The hand and foot weights were not experimentally
determined but were estimated, using proportional values from earlier cadaver studies (table 2).
The weights of the forearm and calf were then determined by subtracting the estimated hand and
foot values. A summary of their analysis is given in table 7.

TABLE 7
BODY SEGMENT VALUES, NYU SAMPLE (n=12)
Volume (1) Weight (kg) Density CG
Mean SD %ofTB Mean %ofTB (g per ml) Ratio®

Total Body (TB) ... 1000 73420 1000 ...
Head, Neck& Trunk ... ... ... 42.608 5804 .
Total Arm 3.971 376 313 4.384 591 . 43.1
Upper Arm 2412 S 3495 2.619 3.57 1086 449
Forearm & Hand . . - 1.765 240 .. 38.2
Forearm 117 084 1702 1324 1.80 1127 423
Hand 384 035 566 441 0.60 1148 392
Total Leg 10091 1758  14.620 11.023 15.01 e 397
Thigh 6378 1464 9241 6.946 946 1088 410
Calf & Foot - e A 4.077 5.5 . 45.0
Calf 2518 J99 4083 3.056 4.20 1095 393
Foot 595 A7 1.997 991 1.35 LI07 4458

*Lacation of Mass Centers froin proximal joint a3 a percent of swgment leugth.
1Measured from heel.

This study was well thought out and carefully executed. The authors, fully aware of the many
difficultios in dotermining body segment densities, suggoested that the results should be “con.
sidered as good first approximations.” They do provide, in addition to the results of their study of
segment parameters, a detailed procedure for applying their results to orthosis and to the doesign
of prosthesis for specific individuals,

A number of theoretical studies of body seginent parameters have been made, beginning with
the early model developed by von Meyer (1863), and continuing through the sophisticated com-
puter simulations of today (McHenry and Naab, 1966). An clement common to each of these
studies is the attempt to ropresent the irregular shapes of the different body segments with geo-
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metric forms which are capable of simple mathematical descriptions.! Before developing such a
model it is necessary to assume, as did Whitsett (1962, p. 6), essentially that:

a. The human body consists of a limited series of linked masses.

b. The masses are linked at pivotal points (joints) which have a limited number of degrees of
freedom.

c. The masses are internally stable, rigid and homogeneous.

d. The masses can be closely approximated by simple geometric forms.
The segments and their most commonly associated geometric forms are:

a. Head ~ elipsoid or elipsoidal cylinder

b. Trunk — elipsoidal cylinder

¢. Arm, Forearm, Thigh and Calf — frustum of a right circular cone.

d. Hand - sphere or elipsoidal cylinder

e. Feet — parallelepipeds

The models are usually based upon data from Braune and Fischer (1889), Fischer (1908), or
Dempster (1955). Skerlj (1954) developed a series of formulas for computing the volume and sur-
face area of the body from anthropometric dimensions. His formulas are based upon treating the
body segments as a series of simple geometric forms. The general formula for sogment volumes
suggested by Skerlj is:

Sogment volume=r*wh
where
r is the average radius of the segment and h is the longth of the segmont.

As the radins of the segment at specific levels cannot be measured directly, Skerlj modifies the
formula for use with body drcumference as:

Segment value=c?hk
whore

k is a constant 0.72 which approximates Yerr and ¢ is the average crcumference of the sey-
ment. For example, ¢ frr trunk is exqual to % of chest plus waist plus hip circumference.

The compasite formula for total body volume developed by Skerlj was tested by Bashkirov
(1958) who found it offered a good approximation to empirical findings. Bashkivov determined the
total body volume for a large sample as 66.6920.55 liters with a density of 1.0413 where, as.with
the computed volumes based upon anthropometric dimensions, ke obtained values of 66.06 and
1.0514, respectively. This correspendence between the theoretical and empirical total body volume
speaks well for the use of models in this type of study. It is unfortunate that the formulas for in-
dividual segment volumes have not been compared in a similar wanner.

The widespread availability of high speed computers in recent years has intensified the intor-
est in the developinent of mathematical models of the human body. Whitsett (1962) developed a
mathematical model to approximate the mass distribution, center of mass, moments of incrtia

1See for cxample Calvit and Rosenthal, 1964 ail Whitsett, 1082,
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and mobility of the human body. His primary purpose was to use the model to predict the bio-
dynamic response of the body to specific conditions associated with weightlessness. The basic-
parameters of the model were obtained from the data of Dempster (1955) and the regression equa-
tions of Barter (1957). Whitsett attempted to validate his model by recording on film & free-float-
ing subject in an airplane flying a Keplerian trajectory. The maximum impact-free periods were
found insufficient to demonstrate conclusively the validity of the theoretical formulations.

In 1963, Santschi et al., reported their study of total body moments of inertia and locations
of the center of mass of 66 subjects in each of eight body positions (standing, sitting, etc.). Fifty
body dimensions were measured on each subject. They found that the moments of inertia of the
body in the various positions carrelated well with stature and weight (R=77 to .98). The authors
concluded that the location of an individual’s center of mass and his moments of inertia can be
effectively estimated from easily obtained anthropometric dimensions.

The high degree of relationship between stature and weight and moments of inertia encour-
aged Gray (1963) to derive from Santschi’s anthropometric data three models of differing body
size. Gray, as had Whitsett, used Barter's regresssion equations for assigning weight to the seg-
ments of the model and Dempster’s center of mass data. In comparing the calculated moments of
inertia and center of mass values to these experimentally determined parameters of the subjects
who served as bases for Gray's models, he found the calculated results differed disappointingly
from the experimental values and concluded that the model must be refined to represent the mass
distribution of man more precisely.

A more refined mathematical model to predict the inertial properties and the location of the
center of mass of the hbuman body was developed by Hanavan (1964). Hanavan restricted the me-
tion of his model to that of the arms and legs. The sizos of the sogmonts of Hanavan's models are
based on the individual anthropometry of the 66 subjocts used by Santschi. Again the critexia for
segment weights were based on the regression equations of Barter ( 1937), but the center of mass
of the segments was dependent sololy on the geometry of the segment. The formulated muodel
was then evaluated against the experimental data developed by Santschi for each of his 66 sub.
jects for seven body positions. Hanavan found that the prodicted center of mass of the mode! was
fuirly comparable to the empirical data and the predicted moments of inertia generally falling
within 10% of thase experimentally dotermined.

Maore recont work with mathematical modeling of the human body s that of Melenry aud
hix associates at Cornell Aerimautical Laboratories. The object of this research hus been the ap-
prosimations of whole-body kinematics and the Jnertial loading of restraint bolts in astomative
collision rather than a study of human biomechanical charactoristics {(McHenry and Naab, 1966).
The formulated model was evaluated by compariag the predicted responses with the results ob-
tained in controlled impacts of an instrumented anthropmnorphic dummy. The results of the com-
parisan of \he theuretical and empiricial data were sufficiently impressive to warrant further de-
velopinents atmed towarC general fmprovement in the simulation.

Fram the preceding general outlivie of research that bas been accanphished in determining
siment characteristios of body segments, it is apparent that a number of approaches are possible,
with each requiring cestain explicit or jmplicit asumptions. It is bevend the scope of this re-
port to discuss in detail each of the above studies or to point out all their wmerits and weaknessos;
rather, a discussion of the classes of studies and o critique of the assumptions which uaderlie
them are presented.

The two most obvious types of studies are those that differentiate between the choice of sub.
ject material to be studied. The preferenice for live subjocts as opposed to cadavess is obvicus. The
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use of the live subjects, howe" : -, assumes that the weight and center of mass of segments and
linked segments can be estu..ated with the required degree of accuracy. The most critical ap-
proach to this with live subjects appears to be that of Bernstein and his associates in Russia dur-
ing the early 1930’s. They were reportedly able to demonstrate that the mid-volume of each seg-
ment was coincident with its center of mass. Establishing the center of mass with accuracy is im-
portant as it becomes the critical variable for estimating segment weight using the reaction change
method. The validity of segment weight determinations is obviously a function of the accuracy
of center of mass estimates; but if we accept them as accurate, what errors remain in the actual
determinations of weight by the reaction change method? Preliminary work with this method in-
dicated many potential sources of error. If the scales are sensitive enough to detect changes in
mass with great accuracy, they respond radically to changes in the body center of mass during
respiration. Indeed, the beat of the heart will register on the scales as a slight oscillation. With
movement of a segment from one position to another, the muscle masses, which act as the prime
movers of the segment, also shift to some extent. For example, in determining the weight of the
forearm-hand, the scale is first read with this segment held in a horizontal position (figure 1). The
forearm-hand i. then moved to a vertical position and the scales read once again to obtain the re-
action change. = “ith flexion of the forearm, the belly of the biceps brachii and the underlying
brachialis are displaced proximally as much as two to three centimeters during muscle contrac-
tion. For ¢ :aposite segments, such as the arm or leg, the proximal shift in the mass of the flexors
could introduce a significant bias in determining the segment weights. Moreover, we cannot as-
sum- that the proximal shift in the muscle mass of the flexors is necessarily compensated for by a
dist-. movement of the extensors.

The use of cadavers, the second major type of study, while overcoming the above difficulties,
requires a new set of assumptions, the foremost being that the relationships found in a cadaver
population are equallv valid for the living. Changes that take place in the tissues and body fluids
at death are not well understood; nor has a serious attempt been made to document the -hanges
that occur or to estimate their significance. The possible sources of error in this type of study are
many, & few of which have been cited by Barter (1957). Some of the sources of ervor, such as
gross tissue pathology in general, and the effects of wasting diseases specifically, can be marked-
ly reduced with the careful selection of the caduvers. It dees not appear illogical to assume that
changes which do occur are nenspecife, that is, they occur throughout the body vather than only
in certain portions of segmerts. If this is true, then the relationships in the cadaver would remain
the same as in the living: only the absolute values would change.

The third type of study, that of the mathematical models, hus contributed little to our un-
derstanding of body segment parameters. Most of the models that have been formulated so far
are rather specific in design and have not been fully validated. In additiva, with the exception
of the work by McHenry and his associntes (1966) at the Cornell Aeronautical Laboratories, none
of the models were appareutly revised on the basis of the information obtained in the validating
tests. It should be possible through the uso of computer simulations and Monte Carlo technigques
to prepare a series of gaming solutions that could be evaluated against the results obtined in
limited high stress studies with human subjects. Such an approach would require the develop-
ment of new and sophisticated simulation techniques and demand a major effort by a number of
highily skilled specialists.

There is neither a simple nor easy approach to the study of body segment churacteristics. Each
type of investigation discussed previously has some definite limitations that reduce confidence in the
accuracy of the resulis obtained. Thus there is a major neod for research designed to answer ver-
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tain pertinent questions. Of primary interest is whether or not body segment parameters can be
predicted with any degree of accuracy from anthropometric dimensions. If this can te answered
in the affirmative, then it would be important to know if such predictions provide sufficient accu-
racy for estimating paranieters for individuals as well as for the corresponding populations.

We thought an investigation based on the extensive knowledge gained from previous
researchers and the results subjected to more elaborate statistical analysis would best answer

these questions.
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Methods and Techniques

The methods and techniques used in our investigation are similar in many respects to those
established by Braune and Fischer (1889) and Dempster (1955) for their studies of the weight,
volume, and center of mass of segments of the body. In the earlier investigations, unpreserved ca-
davers were used, which restricted the selection of subjects to those cadavers that could be
brought together in a relatively short period of time. This factor effectively reduced the probabil-
ity of obtaining a wide range of physical types and ‘ages for inclusion in the sample. In this study
preserved specimens were used, which permitted the selection of the sample from a relatively
large population of cadavers.! The use of preserved specimens is not believed to have introduced
a significant bias in the results obtained. In a recent study, Fujikawa (1963, p. 124) reported,
“There was little influence of the injected formalin-alcohol about the ratio of weight of each part
to the body weight and little individual difference of the physique.” Dempster (1955) included one
preserved specimen in his sample and did not thereafter differentiate between the preserved and
unpreserved specimens in his analysis. This would indicate that he believed, as did Fujikawa, that
the data from the two types of specimens were reasonably comparable.?

The cadavers used in this study had been treated with a solution containing equal propor-
tions of phenol, glycerine and alcohol. Three gallons of solution were injected by gravity flow
through the subclavian and femoral arteries. The cadavers were then stored in tanks containing a
2% solution of phenol, This was the normal technique used by the preparator although there was
no attempt at a strict standardization of the procedure. Todd and Lindala (1928) reported that
three gallons of preservative would probably be the amount necessary to restore the mean living
circumferences on a male white cadaver. Their findings are discussed in more detail in Appendix C.

The offect on the weight of body segments of adding a preservative has not been studied in
detail. The density of the preservative used was found to be 1.0615 (25°C)., which closely ap-
proximates the average density of healthy young men (1.063) as found by Behnke (Behnke, 1961)
and others. If an equal volume of preservative were injocted as a replacement for the blood of the
body (density 1.038)* the differences would be relatively insignificant. If the preservative, how-
ever, is an addition to the body fluids then the cadavers should, on the average, gain approximate-
ly 20 pounds after treatiment. It is fairly obvious that the preservative is not retained in the body
tissues for any appreciable length of time in the quantities in which it was injected, rather the tis-
sue appears only to retain the amount of preservative to replace body water, ote., lost through the
skin immediately after death. It is our opinion then that the cadavers, if properly treated during
storage to retard fluid losses, and if selected for general normal appearances, will be closely com-
parable in mass distribution and density to living subjects.

The study sample was selected according to the following criteriu listed in descending order
of importance:

1. Age at death
2. C(werall physical appearance, including evidence of pre- or postmortem wasting

"The authors ucknowledge their deop gratitle to Dr. K. K. Faulkner amd the faculty of the Department of
Anatomny, School of Modicine, of the University of Oklakoma, for thelr wholehearted cooperation and continued
suppuit of thix {avestigation.

n a porsonal communtcstion, Dr. Dompster aatlined an experiment he had conlucted on lhinb sogments in
which e located the center of mans of segments both before and after they were permitted to lose most of their
fluids. He found that the loss of timue Auids did sot significantly change the location of the centor of mass. He
was alto of the opinton that presesved specimens which look natural (not excessively puffy or desiceated) have in
all probatility, a weight and volume similar to that which they had at death,

*Hondbook of Bilogieal Data, 1936, p. 51.
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3. Evidence of debilitating diseases or accidents before death, including coroner’s statement
as to cause of death

4. Body weight
5. Stature

After each cadaver was selected for inclusion in the study it was treated to the following se-
quence of steps:

1. The cadaver was cleaned and the landmarks to be used in the anthropometry were made.
The body measurements were made and somatotype photographs taken.

2. The total body center of mass and volume were measured.

3. The planes of segmentation of the arms and legs were established and the segments
severed. The weight, volume, and center of mass for each of the segments were then es-
tablished. This procedure was continued for the remainder of the cadaver until the data
were gathered on each of the major segments of the body.

The specimens selected were photographed by the authors and then somatotyped by Dr. C.
W. Dupertuis, Case-Western Reserve School of Medicine. Observations made on each subject are
outlined in Appendix A as are the more detailed step-by-step procedures used in the study.

The technique of measuring the cadaver established by Terry (1940) was not used in the
study because of the need for a special measuring frame and the necessity for severing the ten-
dons of the ankle to allow proper dorsiflexion of the foot. In this study 2ach cadaver was measured

) in the supine position with the head oriented in the Frankfort plane (relative) and the trunk and
} limbs aligned. The inelasticity of cadaver tissue was a constant problem, consequently a rigidly
f standardized position could not be attained. A headboard, attached perpendicular to the table, pro-

vided the base for the anthropometer with all body height measurements being taken from the
headboard (fgures 2 and 3). A test with live subjects positioned in a similar fashion indicated the
correlation coefficient between standing and supine length measurements to be about 0.99. The
best approximation of standing stature was found to be the dimension Top-of-Head to Ball-of-
Heel with the foot relaxed (see Appendix C).

The body dimensions were measured using primarily the landmarks and techniques of Mar-
tin (1928), Stewart (1947), and Hertzberg et al. (1954). Many of the landmarks were difficult to
palpate and locate accurately on the cadavers. Therefore, fluoroscopy and X-ray were used to es-
tablish the exact position of the landmarks needed for the anthropemetry. The layout of the
fluoroscopy unit is iHustrated in figure 4. Where difficulties were encountered and landmarks
conld neither be located by fluoroscopy or Xeray, they were established by dissection (o.g. cer-
vicale).

After the anthropomotry was completed, the location of the center of mass of the total body and

its segments was detormined using balance tables developed by Mr. John J. Swearingen (1962).
The larger center of mass machine consisted of a tuble and a series of platferms mounted one above
the other with each counterbalanced so that the equipment as a unit remained in perfect balance
r . with the bottom platform regardless of the shifts in position of the upper table on which the sub-
' ject was positioned. The platforms were mounted to a base by means of a ball and socket joint

and four electrical contacts, one at cach corner. When the table was not in balance, the upper
platforms tilted to the side so that a metal pole touched a contact on the base completing an
clectric circuit that indicated the direction the table had to be moved to obtain balance. This equip-
ment is iLustrated in figure 5. After locating the conter of mass in one axis, the table was tilted
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Flgure 2. Autopsy Table with Headboard in Place.

Rgure 3. Techalque Used in Measuring Vertical Dimensiens of the Sedy.
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vertically, approximately 20 degrees, and the center of mass along a second axis was obtained.
The center of mass equipment did not provide for a ready determination of the center of mass in
the transverse plane, and no further attempt was made to obtain this measurement.! For this
study, the center of gravity is assumed to lie in the mid-sagittal plane of the body.

A table designed to measure the centers of mass of infants was used for the smaller segments.
This equipment was similar in principle to the larger table but not as elaborate, consisting only
of an upper platform separated from its base by a ball and socket joint in the center and four
electrical contacts. This device is illustrated in figure 8. The center of mass was determined by
moving a segment slowly about the surface of the table until both the segment and table re-
mained in balance. A plumb line then indicated the location of the center of mass. Repeated trials
with the same segment indicated that the maximum variations in reading were within +3 mm,

The equipment used in determining the volume of the body and its segments is illustrated in
figures 6, 7, and 8. The volume of the body (Vy) and its segments was computed as the difference
between the weight in air and the weight in water.

Vo=(Ms—My)/Dy, (16)
where

M, =weight of the body in air

M. =weight of the body in water

Dy =density of the water at a specific temperature

With the exception of total body and the trunk and the head-trunk segments, the volume of the
segments was also determined by the water displacement method. This method follows closely that
outlined by Dempster (1955) for measuring the volume of segments of the body. Each segment
was weighed immediately before its volume was determined by either the water displacement or
underwater weighing method. The equipment used in measuring volume by water displacement is
shown in figures 8 and 9. The water displaced was weighed and corrected for temperature to give
the segment volume. Each segment was measured twice by the water displacement method as a
check, and the two values were then averaged. If the difference hetween two trials for the same
segment exceeded 1%, the trials continued until successive measurements of volume differed by
less than 1% of the total segment volume. In general the differences between two successive mea-
surements of volume were less than 0.5%. Errors caused by changes in the surface tension of the
water were reduced and kept to a minimum by flushing the tanks during successive trials, by
draining and refilling as needed, and by keeping the tank mouths free of oils and debris. The tech-
niques of volume measurement are illustrated in gures 10 and 11.

Methods of dismemberment of body segments were similar to those used by Braune and
Fischer (1892), and Dempster (1955). Ciné- and still.roontgenograms were made of each joint to be
studied throughout its range of motion on a scries of living subjects. A planc passing through the
primary centers of rotation was then established using bony lrndmarks as reference points. It was
hoped that cach cadaver joint could be flexed to midrange before freezing and cutting; however,
the tissue could not be stretched suficiently to permit this. The alternative, severing of the tissue
to permit flexion to mid-joint range, was not considered as this would have resulted in o significant
loss of body fluids before observation. Bofore dismemberment of the cadavers, each plane of sog-

Swearingen (1962) reported the lateral displacement of the conter of gravity of the total body from the mid-
sagittal line to be small for an individual supine with arms and logy adducted. %‘ho mean center of gravity for
fivo subjocts lay n the mid-sagittal line with Al valucs €alling withis % of an inch of this line. Y
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Figure 4. Fusrescepy Unit Used te Establish Landmarks.

nguwre 8. Conter of Muss Moasuring Table for Totel Bedy end
Largs Segments.
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Figure 6. Conter of Muss Maasuring Yable for Small Segments,
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figure 9. Large Tank Used to Determine ment
Volume by Water Displacemens Ses
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Figure 8. Small Tank Used to Determine Segment
Volume by Water Displacement,
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Pigure 10. Technique Used in Determining ihve
Volume of the Bady and its Segmeris.




Figure 12a. Tracing of a Rosntgenogram of the Shoulder Sagmentation,
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Ngure 12b, Cress Saction of Shoulder Sopmaniation
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Ngure 130. Tracing of « Resnigensgram of the Hip Scqmentetion.

GLUTEUS MINIMUS M. GLUTEUS MEDIUS M.

GLUTEUS MAXIMUS M

TENSOR FASCIA LATA M.
PIRIFORMIS M,

SUPERIOR GEMELLUS M.
ILIOFEMORAL LIGA,

RECTUS FEMORIS M. — X SCIATIC N,
SARTORIUS M. — 03 1)
ILIACUS M, -~y
ga— ¢ INFERICR GLUTEAL
PSGAS MAJOR M. 08 rENuR % a5, V.. X GRS
FEMORAL N~ 3 D
/ Szl
DEEP FEMORAL A ot
e ; »
FEMORAL A, / Jy 1l
FEMORAL V. Q : OBTURATOR INTERKUS M.
GREATER SAPHENOUS V. N IREERIOR GEMELLUS M.
ISCHIO FEMORAL LIGA) v \ {
PECTINEUD M. 4 _ ISCHIAL TUBEROSITY AREA
ADDUCTOR LOWGUS M. & / . < u
ADDUCTOR BREVIS M. i QOTURATOR EXTERNU '

GRACILIS M.~ ADDUCTOR MAGNUS M.
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mentation was marked with a thin lead strip and ctudied under a fluoroscope to assure that it would
coincide with the desired reference landmarks. The segment to be cut was then {rozen. Each seg-
ment to be severed was spot frozen along the line of segmentation by packing small pieces of dry
ice completely around the segment. Extensive freezing of tissues beyond the plane of segmenta-
tion was avoided as much as possible. Immediately before any segmentation was made, the part
to be cut was weighed, and immediately upon completion of the dissection, the resulting seg-
ments were weighed. All cuts were made with a paper towel under the area being dissected, and
the few grams of tissue that fell on the paper or remained on the saw were weighed and one-haif
the weight was added to each segment.

The shoulder segmentation plane is illustrated in figure 12a. This is a tracing from a roentgeno-
graphic plate. As illustrated in the figure, the arm was abducted laterally approximately 15° before
freezing. This abduction rotated the shaft of the humerus laterally enough to assure that the cut
line would pass from the acromial tip to the anatomical neck of the humerus and into the
axillary region without touching the shaft of the humerus or the medial surface of the upper arn.
An actual cross section of this shoulder-arm segmentation is illustrated in figure 12b.

The hip plane of segmentation is illustrated in the tracing in figure 13a. The legs were ab-
ducted about 207 in order to assure that the plane of segmentation would pass high in‘o the groin.
This plane extends from the level of the iliac erest inferiorly along the external shelf of the ilium,
cutting the rim of the acetabulury and severing the ischial tuberosity ‘posteriorly ut the level of
the attachment £ M. Semimembranous anteriorly at the mid-point of the ascending ramus of the
ischium). A erc section of this line of dismemberment is shown in figure 13b.

After the appendages were removed, the . ater of mass of the head-trunk segment was estab-
lished: and after thawing, the volume of the headdtrunk o 1t was measered using the tech.
nicue of derwe weighing. The center o mnss was thes & rmined fer each appendage after
whieh two measurements of volume were made using both the water displacement and the under-
water weighing technique, This procedure was repeated for each segmont upon dismemberment,
In order to reduce thiid losses to a minimum, each et was sealed with a waterproof plastic flm
applied hy an werasol spray While the film did not completely prevent the loss of fluids from the
severed surface, i ld reduce seepage and evaporation.

The heae wa. severed from the trune olung the lne ilustrated in figure 14a. The head had
been positioned in the Frankfort plane. The cut began at the chin-neck juncture, fust infevior to the
hyoid bone, and was exteraled Hwongh the body o the third cepvical vertchra and the spinous tip
of the second corvical vert-hira. A cross section of this plane is shown in Bgure 14b.

The thigh was severed at the knee alung the plane illu wated in Bgure 15, The knes was
normally in an extended position asd no fesion was attvapted. The cut line bogan near the Jewe
third of the patella and bisected the maximum pratrusions of the medial and latesad epicondyles
of the temar, The cut pas:ed just obove the posterivr superinr edge of the modial epicondyle and
through the posterior superior tip of the lateral epivondyle. A cross section through this plane is
illestrated in Bgure 15h,

The foet of all the specimens were nenmally plantar extended. The plane of separation for the
calt und foot is illustrated in Bgure 16a. The plane of cut began at the anterinr superior edge of
the neck of the talus and passed through the posterior supesinr surface of the caleaneus. A cross
section through this plane i shown in figure 16h.

The foreann was nonmally floxed about 45" and was severed in that position. The plane of
separation (Bgure 172) begun by bisecting the area of insertion of the triceps cu the olettansn pro-
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Fgure 14a. Trucing of a Roentgenegram of the Neck Segmentatien.
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figure 14b. Crems Soction of Neck Sogmantation.




Figure 15a. Tracing of a Roentgenogram of the Knee Segmentation.
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Figure 16a. Yracing of a Roantgenogram of the Ankle Segmaentation.
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Figure 17a. Tracing of a Roantgenagram of the Elbow Segmentation.
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Figure 18a. Tracing of a Roentgenogram of the Wrist Segmantation.
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cess, crossed the greatest projection of the medial epicondyle of the humerus and ended at the
skin crease of the anterior surface of the elbow..A cross section of the plane of segmentation is
shown in figure 17b,

The hands of the cadavers were flexed to approximately 30° with the fingers slightly curled
in the relaxed position. This was not a desired orientation for measuring the center of mass of the
hand; however, the inelasticity of the tissues prevented the straightening of the fingers.! The plane
of cut for the wrist began at the palpable groove between the lunate and capitate bone, bisected
the volar surface of the pisiform and ended at the distal wrist crease. The plane of separation
{f and a cross section of this cut is illustrated in figure 18.

In all, the body was divided into 14 segmeits. Fourteen cadavers were used in this study and

data were gathered fully on 13. The first cadaver was used as a test specimen to evaluate the tech-
niques to be used; therefore data on this cadaver are not included in the analyses that foliow.

-

- — . —m

i

o

1Dempster found that the location of the center of ity of the hand is not cantly affected by the 8at.
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Summary Statistics and Predictive Equations

As previously pointed out, no attempt was made to select a fractional or stratified sample. In
choosing the sample of cadavers, a list of all the available adult males was ordered according to
age. Starting with the youngest (age 28), each was examined for condition of preservation, evi-
dence of debilitating or wasting disease, deformities, ete. Every specimen that met the require-
ments previously set was included in the study. Though the cacdaver pcoulation from which the
sample was drawn was large, there was a paucity of specimens that met the stringent require-
ments for this study. The final sample consisted of 13 specimens on which the data were complete
for all variables studied.

The physical evidence for emaciation, debilitating diseases, etc. was determined by visual in-
spaction. An attempt was made to select only those spec'mens that appeared physically “normal.”
This could have biased the sampling process if the subjective criteria used were invalid. There is
no absolute method to determine if a sampling bias existed. However, no consistent bias is be-
lieved to have existed in the method of selection that would invalidate the assumptions neces-
sary for normal statistical analysis.

The summary statistics for the variables of stature, weight, and age of the sample are listed
below. In comparison, the same variables for a USAF persornel sample (Hertzberg et al., 1954)
and a male civilian work force sample (Damon and McFarland, 1955) are also listed.

Cadavers USAF Personnel Civilian Workers
X SU X SD X SD*
1. Stature (cm) 172.72 5.04 175.54 6.19 1738 6.5
2. Weight (kg) 66.52 8.70 74.24 9.46 7575 13.15
3. Age (yr) 4931  13.89 27.87 4.22 370 82
*SD estimated from s.e. ’

The cadaver sample +was shoster, lighter and older in terms of mean values than either the
military o1 civilian sample. The differences in stature among the three samples is relatively small,
but the differences in weight are larger than were desired. The standard deviations for both height
and weight are reasonably comparable except for the civilian sample. It is unfortunate that a
closer approximation to the adult male population in respect to body size was not achieved. A
comparison of the anthropo: ety of living samples and the cadaver sample is discussed in some
dotail in Appendix C. It was from this comparisun that we concluded that the anthropometric
dimensions of ie cadavers are veasonable appreximations to those obtained on the living and can
be used withir: the framework of this study. Aiso of interest is the effect of the preservatives used
on the densit.es of cadaver tissues. This is discussed in Appendix G.

The descriptive statistics for the anthropometry of the cadaver sample are given in table 8.
These statistics include the range, 1nean, standard exror of the maan, standard deviation, standard
error of e standard deviation, and coefficient of variation. As these statistics are meant to de-
scribe only the samplu and not a population, none of tho conventional techniques for providing an
unbiased estimate of the population variance has been used. A brief outline of the statistical for-
mulas used in this study is given in appendix E. The coefficients of variation indicate that these data
reflect the level of relative variability common for anthropometric data on the living. Exceptions
to this are restricted primarily to the dimensions of the abdomen where greater relativo variability
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TABLE 8
ANTHROPOMETRY OF STUDY SAMPLE*

VARIABLE NAME (N=13) RANGE MEAN (SE) $.D. (SE) Cv
1. AGE 28.0—~ 74.0 49.31 ( 3.80) 13.69 (2.68) 27.76
2. ENDOMORPHY 30— 355 4.04 ( 0.16) 0.57 (0.11) 14.13
3. MESOMORPHY 3.0~ 5.0 4,31 ( 0.18) 0.64 (0.12) 14.78
4, ECTOMORPHY 1.0~ 5.0 2.38 ( 0.29) 1.04 (0.20) 43.64
5. WEIGHT 540~ 879 88.52 ( 2.41) 8.70 (L.71) 13.07
8. ESTIMATED STATURE 162.5 — 184.9 172.72 ( 1.85) 5.94 (1.18) 3.44
7. TRAGION HT 151.2 - 172.8 160.45 ( 1.57) 5.87 (1.11) 3.53
-8, MASTOID HT 147.4 —-169.4 157.18 ( 1.59) 5.72 (1.12) 3.64
9. NECK/CHIN INTER HT 139.3 - 161.1 148.70 ( 1.54) 3.55 (1.09) 3.73
10. CERVICALE HT 140.1 — 160.6 148.98 ( 1.42) 5.11 (1.00) 3.43
11. SUPRASTERNALE HT 131.8 - 151.8 141.05 ( 1.38) 4,98 {0.98) 3.53
12. SUBSTERNALE HT 105.9 — 134.2 120.72 ( 1.84) 6.62 (1.30) 5.49
13, THELION HT 1199-138.1 -~ 12891 { 1.36) 4.92 (0.968) 3.81
14. TENTH RIB HT 103.6 — 120.8 110,91 ( 1.31) 4,71 {0.92) 24
15. OMPHALION HT 96.7 — 114.0 105.50 ( 1.25) 4.49 (0.88) 4,26
16. PENALE HT 787~ 954 85.99 { 1.23) 4.43 (0.87) 5.15
17. SYMPHYSION HT 81.6— 98.5 89.60 ( 1.10) 3.98 (0.78) 4.44
18. ANT SUP SPINE HT 88.7 - 107.1 96.59 ( 1.23) 443 (0.87) 4,59
19. ILIAC CREST HT 95.9 - 118.9 104.27 { 1.42) 512 {1.00) 4,91
| 20. TROCHANTERIC HT 83.0—- 697 90.81 ( 1.13) 4.08 (0.80) 4.49
21. TIBIALE HT 40.9 - 50.9 45.68 { 0.85) 2.34 (0.46) 5.12
22. LAT-L MALLEOLUS HT 64—~ 7.9 7.13 { 0.11) 041 (0.08) 553
23. SPHYRION HT 58—~ 8.8 7.05 ( 0.23) 0,83 (0.16) 11.84
24. HEAD BREADTH 153~ 16.8 15.75 ( 0.11) 0.38 (0.07) 2.41
{ 25. HEAD LENGTH 186~ 21.2 19.98 ( 0.20) 0.73 (0.14) 3.65
] 26, NECK BREADTH 11.0—- 148 1245 ( 0.27) 0.96 {0.19) 7.75
27. NECK DEPTH 123~ 15.3 13.53 { 0.29) 1.03 (0.20) 7.61
28, CHEST BREADTH 20.1 ~ 394 33.23 ( 0.70) 2.53 (0.50) 7.62
29. CHEST BREADTH/BONE 26.7— 33.9 29.99 { 0.51) 1.85 (0.36) 8.17
30. CHEST DEPTH 177~ 248 21.06 ( 0.52) 1.88 (0.37) 8.93
31, WAIST BREADTH/OMPH 25.8 - 38.8 30.59 ( 0.90) 3.26 (0.64) 10.65
32. WAIST DEPTH/OMPH 151~ 235 18.17 { 0.71) 2.568 {0.50) 14.10
33. BICRI3TAL BREADTH 23,5 - 34.0 20.08 { 0.75) 272 (0.53) 9.35
34, BI-SPINOUS BREADTH 206 - 27.5 24.08 { 0.58) 2.09 (0.41) 8.68
35. HIP BREADTH 20.6 - 408 34.62 { 0.75) 2.69 {0,53) 7.76
36. BI-TROCH BR/BONE 285 — 36.7 32.51 { 0.58) 2,10 (0.41) 6.47
37. KNEE BREADTH/BONE 01~ 11.1 10.01 { 0.14) 0.52 {0.10) 521
38. ELBOW BREADTH/BONE 66—~ 8.0 127 ( 0.12) 0.43 (0.08) 5.94
39. WRIST BREADTH/EONE 52— 61 5.72 ( 0.08) 0.30 (0.06) 5.22
40. HAND BREADTH 74— 95 8.50 { 0.15) 0,54 0.11) 8.31
41, HEAD CIRC 539~ 800 57.08 { 0.49) 178 (0.35) 3.12
J 42. NECK CIRC 366 45.0 4043 (07 256  (0.50) 6.34
43, CHEST CIRC 84,5 - 103.8 93.39 { 1.59) 574 (1.13) 6.15
44. WAIST CIRC 703 - 103.4 80.65 { 2.15) 174 (1.52) 9.60
45, BUTTOCK CIRC 80.4 — 102.2 89,87 { 1.53) 5.51 (1.08) 6.13
468. UPPER THIGH CIRC 414 - 537 47.36 ( 1.01) 3.64 0.71) 7.69
47. LOWER THIGH CIRC 303 - 414 3555 { 0.74) 2.65 (0.52) 747
48. CALF CIRC 268 - 35.1 30.82 { 0.69) 2.50 (0.46) 8.12
49. ANKLE CIRC 186 - 224 20,05 { 0.34) 1.94 (0,24) 6.17
50. ARCH CIRC 234- 273 25.80 { 0.35) 128 (0.25) 4.95
*UNITS OF MEASURE —~
Age in years, somatotype in half units (0-7), weight ia kilograms, body fat in millimeters, all other dimensions in
centimeters,
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TABLE 8 (Cont.)

ANTHROPOMETRY*

VARIABLE NAME (N=13) RANGE MFAN (SE) $.D. (SE) cv

51. ARM CIRC (AXILLA) 26.1 — 33.0 29.38 { 0.58) 2.08 (0.41) 7.07
52. BICEPS CIRC 249~ 32.2 28.05 (0. 61) 2.19 (0.43) 779
53. ELBOW CIRC 241 -~ 313 2785 { 0.56) 2,01 (0.39) 7.22
54. FOREARM CIRC 243 — 29.7 26.27 { 0.39) 141 (0.28) 5.36
55. WRIST CIRC 148~ 188 16.54 ( 0.29) 1.05 (0.21) 6.38
568. HAND CIRC 18.0— 226 21.08 ( 0.25) 0.90 {0.18) 4.28
57. HFAD 4 TRUNK LENGTH 762~ 87.1 81.92 { 0.84) 3.02 {0.59) 3.68
58, HEIGHT OF HEAD 24— 266 24.02 ( 0.30) 1.06 (0.21) 4.43
59. TRUNK LENGTH 53.2 — 62.1 57.89 { 0.73) 2.65 (0.52) 4.58
60. THIGH LENGTH 42.1 — 48.8 45.14 ( 0.51) 1.84 {0.36) 4.08
61. CALF LENGTH 351-- 429 38.65 { 0.56) 2.00 {0.39) 5.19
62. FOOT LENGTH 23.0— 28.8 24.78 { 0.28) 1.00 {0.20) 4.05
63. ARM LIENGTH (EST) 723 - 84.2 7745 { 0.90) 3.24 (0.64) 418
64. ACROM-RADIALE LGTH 302 — 374 33.35 { 0.56) 2.01 {0.39) 6.03
63. BALL HUM-RAD LGTH 278 — 33.6 30.68 { 0 43) 1.56 (0.31) 5.07
686. RAD-STYLION LENGTH 235~ 280 25.90 { 0.34) 1.22 (0.24) 4,70
67. STYLION-MET 3 LGTH 78— 105 9.05 { 0.20) 0.71 {0.14) 7.79
68. META 3-DACTYLION L 97— 111 10.43 ( 0.12) 0.44 (0.09) 4.23
69. JUXTA NIPPLE (FAT) 05~ 250 8.85 ( 2.00} 7.21 (1.41) 81.53
70. MAL XIPHOID (FAT) 01~ 150 5.70 (1. 17) 423 {0.83) 74.22
71. TRICEPS (FAT) 10— 23.0 8.23 ( 1.45) 5.22 (1.02) 63.43
72. ILIAC CREST (FAT) 10—~ 27.0 10.58 (L 87) 6.72 (1.32) 63.58
73. MEAN FAT THICKNESS 09~ 225 8.33 ( 1.48) 535 (1.05) 64.23

*UNITS OF MEASURE —
Age in years, somatotype in half units (0-7), weight in kilograms, body fat in millimeters, all other dimensions in
t centimeters.

occurs thar is normal, and we believe this reflects the wide range of age and age-related changes
in the physique of the abdomen associated with the cadaver sample.

The 73 variables listed here are considerably less than the total number collected (99). A
number of dimensions such as Top-of-Head to Heel, Top-of-Head to Ball-of-Foot, etc., were all
estimates of stature and therefore were eliminated in the final analyses ( Appendix C). Early dur-
l ing the collection of data, it became apparent that the shoulders could not be measured in any
standard way; therefore, Acromial Height and Biacromial Breadth were both deleted from the
analyses. In addition, a number of body dimensions were measured on both the right and left
side of the body. These measurements were then averaged to give a single value to be used in
further analysis. The right and left side measurements of these body dimensions were found gen-
erally to agree within measuring error; therefore, averaging did not result in a significant numerical
i change. Several circumferences measured on the right and left sides did show some differepces,

primarily for those measurements of major active muscle masses, such as over the biceps, fore-
arm, and upper thigh. Before the right and left values could be averaged, it was necessary to de-
termine if the relationships between these and all the other variables were essentially the same
for the right and the left side. This was accomplished by computing the correlation coefficients :
for the right and left measurements with all other variables used in the study. The right coeffici-
1 ‘ ents were then used as ordinate or X coordinates with the left coefficients being used as abscissa
or Y coordinates for piotting as rectangular coordinates. If a perfect relationship existed between
the right and left measurements, the points on the graph would fall along a line that passed
through the origin of the graph and bisected the first and third quadrant. The variables treated in
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this manner indicated that the relationship of other variables with the measurements made on the
right and left sides was high, with most of the points being rather tightly clustered along the line
that would indicate a perfect relationship. It is believed on this basis that the measured values of
the right and left sides could be averaged without a significant loss in information.2,

In addition to deleting or combining anthropometric variables, there were a number of ad-
ditional variables calculated from other data. The computed variables are numbered 57 through
61 and are all concerned with segient length. These variables are largely simple subtractions of
measured anthropometry and are described in appendix D. Arm length (variable 683), however,
could not be measured directly on the cadavers owing to the flexion of the elbow, wrist and digits.
A summation of the lengths of the individual segments normally gives an excessive value for arm
length. In the 1967 Air Force anthropometric survey,? for example, arm length measured as Acro-
mial Height less Dactylion Height is one centimeter less than the sum of Acromion-Radiale
Length plus Radiale-Stylion Length plus Hand Length. In order to estimate arm length more ef-
fectively on the cadaver population, a series of regression equations was prepared, using Air Force
data, to predict arm length from measured values of Acromion-Radiale Length and Radiale-Sty-
lion Length. These two dimensions were measured in the same manner u both the Air Force sur-
vey and in the cadaver series. The multiple correlation coefficient ol. - ed was 0.892 and the
regression equation:

Arm Length (estimated) =1.128 Acromion-Radiale Length + 1.057 Radiale-Stylion
Length + 12,52 (+1.58).*
*( All variables used in the equation are in centimeters)

4 This equation estimates an average arm length, which was about a centimeter less than the
sum of parts for the arm in the cadaver sainple. This variable is used only in the descriptive sta-
tistics and the segmental ratios that foliow (tables 9-22) and not in any other analysis of the data
as it is considered an approximation and not a measured variable.

A comment is appropriate at this point about the statistical analysis presented in the remainder
of this study, In previous studies of segmental parameters, the statistics presented in the analysis
were, in general, limited to simple ratios and averages. The reasons for this are understandable, as
either the statistical techniques had not been developed or the samples were extremely small.
Sample size can be considered as an effective limiting factor on the degree and sophistication of
the statistical analysis. The sample size in this study is significantly larger than in previous studies
of this nature, but is still extremely small for the type of analysis that is desired. The small sample
size does not, of course, invalidate the statistical analysis, but does demand m.ae caution in the
interpretation of the results. In this study we have two levels of data interpretation. The first level
{ : of interpretation is associated with the descriptive statistics, Random experimental errors asso-

E ciated with data collection are magnified, in a sense, because of the small number of observations
made for each variable. They affect the descriptive statistics to a greater extent than an error of a
similar magnitude affects the descriptive statistics for a large sample. Care in collecting and edit-
ing the data helps reduce such errors but does not assure that the data are error free. A brief sum-
mary of the editing procedure used is given in appendix E.

A second level of interpretation is involved when the statistics are used to establish popula-
tion parameters from the sample or when the results are applied to a different population. Here

e v e

'Correspondence in anthropometric measurements made on the right and left sides of the body has been

studied for 2 number of body dimensions on the living with essentially s{mﬂnr findings to those reported above,

{See, for example, Laubach and McConvillo, 1967.)

P 'l{‘npubléshed dats, Anthropology Branch, Aerospacs Medical Rescarch Laboratory, Wright-Patterson Alr
'orce Baso, .
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again, the sample size is a limiting factor, as the precision of an estimate is a function of the sam-
ple size. The first factor is of less moment in this study, because an attempt is made only to relate
segmental characteristics to body size characteristics of the sample rather than established popula-
tion parameters. The difficulties in application may not be so lightly dismissed, however, since the
ultimate goal of this investigation is to transfer the findings of the interrelationships of the cadaver
population to the living, as a first approximation for determining segmental parameters from body
size characteristics.

An approach that strengthens the confidence in the interpretation of the statistical data from
a practical, but not a statistical point, is to examine the data for patterns of values rather than for
individual values. In table S, for example, we find the relative variability, as expressed by the co-
efficients of variation, to be tha: pormally associated with anthropometric data. In a similar
fashion, the interrelaticnship of these variables may be listed. The intensity of association among
body size dimensions is best expressed by the product-moraent correlation coefficient (r). This sta-
tistic is a numeric measuie of the degree to which veriables chunge together. The correlation ro-
efficient measures the degree of linear relationshiz. Since most pairs of body dimensions exhibit an
essentially linear relationship, its use here seems appropriate. The total intercorrelation matrix has
been computed but is not presented here because of its excessive length (6,903 individual values
for the 118 variables used in this study). A partial correlation matrix is given in appendix F, which
illustrates only the relationship of the anthropometry with the segmental parameters.

The interrelationships among human body dimensions are relatively well understood but less
well documented. A number of correlation matrices of anthropometry have been prepared from
military anthropometric survey data, but these have not been fully published or widely circulated.
These matrices show a common series of patterns of relationships between body dimensions which
have practical applications in many design problems.! A comparison of the cadaver correlation
coefficients with the 1967 Air Force correlation coefficients indicates that the two samples exhibit
a similar series of relationships and that the individual coefficients are alike in magnitude despite
the great differences in the sizes of the two samples. This suggests that the body dimensions of the
cadaver sample exhibit essentially the same type and degree of interrelation as are found in the
living.

Despite these findings, the analysis presented below is based upon a very small sample and
considerable caution in interpretation is warranted.

The descriptive statistics for the weight, volume, and center of mass of the body and its

segments are given as variables 74 through 132 in tables 9-22. A single table is devoted to each

of the body sogments as well as to the total body. Each table is divided into three parts with the up-

* ; per section containing descriptive statistics, the center section predictive equations, and the lower
section simple ratios.

i . Each of the body segments is described by a weight, a volume, and a center of mass location.
' For the smaller segments, the center of mass is located in the X as well as the Z plane with the an-
teroposterior depth of the segments at the conter of mass (AP at CM) also being given. The loca-
tion of the center of mass in the Y plane was not measured on the body segments and is assumed to
lie in the mid-line of the segment in cach instance.

The results obtained in measuring both the right and loft sides for segmental variables have
been averaged in o manner similar to that carried out for the anthropometric data. The rationale

-

Un gonenal, body leuqtha correspond most highly with smuw and by girths with weight, wuh onl
mudento wlationslu boing found between stature and weight, For a practical application of ium(
too. Bxnanuel of oL, 1850, r McConville at Alesander, tog T or @ proctiul appl e
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for this is the same as was used in averaging the anthropometric data and involved an identical type
of evaluation. The average weight of segments from the right side was found in each instance to
be greater than the averages for the left, with the difference being 1% or less of the total segment
weight for the leg and leg segments. The difference in right and left average arm segment weight
was found to be proportionally greater with the largest difference, 4.8% (81 g), being associated
with the weight of the upper arm. This difference is assumed to be due to muscle development
related to ase and handedness. The combining of the data from the right and left sides is not be-
lieved to have resulted in a significant decrease in information and greatly simplifics the presenta-
tion of the analysis that follows.

The total body weight given in table 9 (variable 74) differs from that given in table 8 (variable
5). This difference reflects the body fluids lost during the course of the work. The body weight
given in table 9 is the one used in the following analysis and is the value that reflects more closely
the actual sum of the weight of segments. Despite numerous precautions to retard fluid losses and
prevent evaporation of body fluids through the epidermis, the segments lost weight during the
various steps of the study. For example, the sum of the weight and volune for the foot plus calf plus
thigh was always less than the measured weight and volume of the total leg. To prevent carrying
this type of discrepancy into the analysis, an adjustment was made to the values for the segments
so that the sum of parts and the total segment values weuld be equal. Thus, if the sum of the parts
was 50 grams less, for example, than the total segment’s original weight, then the weight of each
part was adjusted upward by that amount of the difference so that each part was as a ratio of its
mass to that of the total segment. The volume was then adjusted upward to maintain the density
of the segment at its original level.

The descriptive statistics are followed by a series of equations that permit the prediction of a
segment variable from arthropometric dimensions. The multi-step regression equations were ob-
tained by using a step-wise regression computer program. This program selected body dimensions
(variables 1-73) having the maximum power to predicc a given segment varinble. The initial an-
thropometric variable was selected on the basis of the largest correlation coefficient, and then partial
correlation coefficients were computed from which the next variable having the greatest predictive
power was selected. The process was then repeated to ebtain the third prediction variable,

The pradictive equations were restricted to three or loss stops because of the small samplo sive.
There is, also, a decreasing efficiency (in terms of predictive power) in the addition of stops in the
regrossion equation after a certain level is reached. Here again, the small sample size i a limit-
ing factor, as one degree of freedom is lost for each added step in the regression equation.

Body size varfables used in each equation were restricted t those measured diner 'y en the
sogment involved and bady weight. If, for example, the weight of the arm weie o v preddicted,
the only varfables that could be selected are measurements of arm size or total Us +fy eight. The
wtter was included as it often provided a better prediction of segment weight: thar say other sin-
gle variable. In addition, when two anthropometric variables had essentially the same kevel of
prodictive power, the one that we bolieved would be the easiest to measure with the greatest ac
curacy was selected. This selection was made possible by weighting certain variables so they would
appear first in the equation. The cut-off point in terms of the number of steps iv any squation
was based upon the rate of decrease in the standard error of estimate {Sew). For moz vartables,
& three step equation is given, although the Se., may not show a marked decrease in the thind
step. In a fow instances, the second and third steps are not given, indicating that the Se., shown
is the lowest that could be obtained by using the available predictive variables.
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TABLE 9
TOTAL BODY
DESCRIPTIVE STATISTICS

RANGE MEAN {SEY S-Dg {SE) cv
T4 WEIGHT* 534240 = 864819 650606 (2440) 84640 (1469) 13,17
78 VOLUME 514760 = 834721 626989 (2e34) 84451 (1466) 13442
76 CM-TOP OF HEAD 6542 - Taeb Tlell {0s66) 2439 {0e47) 3436
PRELICTIVE EQUATIONS
CONSTANT R SE& EST
WEIGHT CHEST CIRC WAIST BREADTH
T4 43 31
75 VOLUME 04970 = 0650 4992 1,13
0802 + 9.288 = 164528 <996 0479
0.703 + 00299 + 0,305 - 206388 ¢999 Q49
WEIGHT EST STATURE CHEST CIRC
T4 é ’ 43
T6 CM=-TOR OF 0.199 + 584052 ,720 14173
HEAD 0.1%9 + 0,147 + 364898 77T 1463
0e387 + 04239 - Qedb] + 474591 4914 1.1l
LOCATION OF CENTER OF MASS AS A RAITO OF SEGMENT SIZB
RANGE MEAN (58) S¢0¢ (SE) v
133 CN=TOP OF MHEAD/STATURE 3944 = #3,1) 4119 (0632) 1146 (0.22) 2478
Wit In kilograms, volunse in Libow, bidy fat i oulfieton, and ol athee dimcnsions in conlimelets.
*Soe page 4.
2
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TABLE 10
HEAD AND TRUNK
DESCRIPTIVE STATISTICS

RANGE MEAN {SE) SeDe (SE) v
77T WEIGHT 304237 - 504542 384061 (ledd] 5,180 (1602) 13,461
T8 VOLUME 304080 -~ 49,085 374123 (leh2) 5,115 (1400) 13478
19 C4=TOP OF HEAD 43,0 ~ 537 48452 (0072) 2460 (0e51) 5,37
PREDICTIVE EQUATIONS
CONSTANT R SE EST
WEIGHT TRUNK LEMGTH CHESY DEPTH
T4 39 30
TT MEIGHY 0.580 + 04009 <968 1436
0,821 + D362 = 174077 +980 141l
0491 + 04304 + 06370 « 314122 4987 Q492
WEIGHT CHEST CIRL  TRUNK LENGTH
T4 43 59
T8 VOLUME 04563 + 06137 951 1465
0.358 + (e333 =~ 192331 4970 135
0.220 + 0450 + 0s848 -~ 45,797 4988 050
BICRISTAL BR  MHEAD=TRK LYNH  EST STAVURE
3 37 6
79 CM-TOP OF 0.839 + 23539 L8977 1.20
HEAD D491 + 04402 +  1e313 4935 1,00
Ded2l « 04582 - 0e181 + 144050 948 Q75
LOCATION OF CENTER OF MASS AS A RATIO OF SEGMENT SIZE
RANGE MEAN (5€) SeDe (SE) v
134 CN=TUP OF HEAD/HOTRUNK LTH 55644 « E2e6 59421 (0ebd} 1460 {0431} 270
RATIO OF THE WHIGHT OF A SHGMENT AS A
PERCENT OF TOTAL BODY WEIGHT
RANGE HEAN (SE) SeDy {SE} 14
137 HEADCTRUNK wWT/B0DY WY S804 ~ 613 58,01 {0e36) 2400 (0:39) kP )

Welght s bilageuns, volunw in lilers, body fa2 in willineten, wod o) cldee diowasions i cratissitan

L]




TABLE 11
TOTAL LEG
DESCRIPTIVE STATISTICS

RANGE MEAM {SE) SeDe (SE)
80 WEIGHT 84672 - 134935 100563 (0e42) 14516 (04303 1
81 VOLUME 84254 - 13,362 94955 (0e41) 14468 (0429) 1
82 CiH~TROCHANTERION 31e6 -~ 39.3 34,68 (0453) 1490 (0437}
83 AP AT M 1062 = 1349 12.04 (0430) 1405 (0.21)
84 CM=-ANT ASPECT 5.9 ~ 9.1 7«59 (0423) 0483 (016} 1

PREDICTIVE EQUATIONS

CONSTANT R
WEIGHT CALF CIRC UPPER THIGH C
T4 48 46
80 WEIGHT 0.161 - 04000 4919
C»115 + Q0e221 - 34792 +954
0084 + Qelbs + 0113 - 54,455 ,964
WEIGHT UPPER THIGH C
T4 &6
81 VOLUME * 0.15%7 - 04345 924
04105 + 00157 - 44370 4955
TIBYALE HY CALF CIRC UPPER THIGH ¢
21 48 46
82 CM~TROCH 04518 + 11.01¢ 638
0e534 + 0099 + Te235 650
Qo562 + 0504 - 0264 + 94061 721
AP AT CM WEIGHT ILIAC CR FaT
83 T4 72
84 CM-ANT ASPECT 0530 + 1e212 4695
0,798 - 04053 + 1,499 4817
0935 - 040% - 04050 + 04408 48946

LOCATION OF CENTER OF MASS AS A RAT!O OF SEGMENT SIZE

RANGE MEAN (SE)
135 CM-FYROCH/TROCHANTERLIC KY 34¢5 = 4046 38421 (0446}
136 CM-ANY ASPECT/AP AT (M 557 = T4e0 63413 (ladl}

RATIO OF THE WEIGHT OF A SECMENT AS A
PERCENT OF TOTAL BODY WEICHT

RANGE MEAN (SE)
158 LEG WEIGHT/BODY WEIGHT 1443 = 1748 16410 10426}

Wol ht in kilograms, volume in litors, body fut o millinetens, and all athor dinensious i contbreten.
ﬂtdvunl steps do not improve the effectiveness of prodiction.

L2

S.0e (SE}

1667 (D233}
5¢07 (Qe29)

SeDe (SE)
0e94 (Qel8)

cv

4435
GeT4
5648
9809
0«99

SE EST

0.62
0450
0e46

0.58
Qe&7

1452
1,57
1450

0462
0e52
0443

v

4428
8403

v
Se84
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TABLE 12

TOTAL ARM
DESCRIPTIVE STATISTICS
RANGE MEAN {SE) SeDe {5S€) v
8% WEIGHT 2:647 - 4e177 36216 (0e13) 0e464 (0609) lheké
86 VOLUME 24383 - 34956 24978 (0e12) OQobha5 (0609) 14e96
87 CM=ACROMION 2942 - 374 31498 (0e61) 2420 {(Qa43) 6487

PREDICTIVE EQUATIONS
CONSTANT R SE EST

WEIGHT WRIST CIRC BICEPS CIRC
T4 55 52
45 WEIGHT 0047 + 00132 4883 (Qe23
0.031 + 0.188 - 1a89% o929 0619
0014 + 00182 + 04083 - 34041 4952 016
WE 1GHY WRIST CIRC BICEPS CIRC
T4 55 52
886 VOLUME Ce04R7 - 0e106 4907 0420
0032 + DelbS = 1e850 4965 0416
0015 + 06161 + 00080 - 26913 <968 0.13
B HUM-RAD LTH FOREARM CIRC ARM CIRC(AX]
45 54 51
87 CM~ACROMION 0986 + 24336 +684 1467
Q2947 + 04391 - Te35F o729 1lebé
0.963 + 04918 - 057 - &He909 o542 1435

LOCATION OF CENTER OF MASS AS A RATIO OF SEGMENT SIZE
RANGE MEAN {SE) SeDe (SE) Y

137 CM—-ACROMION/ARN LENGTH 3943 © A48 41426 (0ed2) 1,59 (0431) 3.86

RATIO OF THE WEIGHT OF A SECMENT AS A
PERCENT OF TOTAL BODY WEICHT

RANGE MEAN (SE) S4D¢ (SE) v

155 ARM WEIGHT/BODY WEIGHY Kol = Bab 4490 (0409) 0434 (0.07) 6.85

Wetght i kilogru, valuwe w tea, body fat i mitlineten, sl all mber dincasions w contimetr,

&




88 WEIGHT
89 VOLUME
90 CM-TOP OF HEAD

91 CM=BACK OF HEAD

88 WEIGHT %

89 VOLUME «

90 CM-~-TOP OF
HEAD #

91 CM~BACK OF
HEAD #

LOCATION OF CENTER OF MASS AS A RATIO OF SEGMENT

138 CM-TOP OF NEAD/HY OF WEAD
139 CM-BACK OF HEAD/HEAD LGTH

160 HEAD WEIGHY/B0DY

TABLE 13

MEAN

11.15

(SE)

44729 (0,09)
40418 {0.10)

(0.21)

HEAD
DESCRIPTIVE STATISTICS
RANGE
4,333 -~ 9,307
3,928 ~ 44925
10,0 - 1246
T.0 - 9.0

Te98

{0.17)

PREDICTIVE EQUATIONS

HEAD CIRC

WEIGHT
41 TH
Osl48
04104 + 06015
HEAD CIRC WEIGHT
a1 T4
0.173
0el39 + 04012
HEAD CIRC HT OF HEAD
A1 58
04293
0e246 + 0.159
HEAD CIRC HEAD BSREADTH
41 24
0.158
04238 - Be370

RANGE

42,2 = 50.4
30,0 = 47

MEAN (SE)

46402 (0.7)
3996 (0.082)

RATEDY OF THE WEIGHT OF A SEGMENT AS A
PERCENT OF TOTAL BODY WEIGHT

RANGE

WEIGHT 809 = 842

~feapiove the ciisctiveoms of pradictin

MEAN {SE)
7428 (0416)

Weighe i Mgy, “one i Liter, Bovly Fal i edfloeede, aed ol : ,
. & s 3 # 5, Olbey dimonsions i coatimeton.

'.\\

48

SaDe

{SE)

0e324 (0406}
04350 (0«07

076
0460

{0e15)
(0s12)

CONSTANT R

814
«875

34716
24189

Se453
42301

+883
«912

5573
6¢7T11

¢ T04
«731

b8
«541

1,03%
3376

SIZE
S«0s (SE)

2463 10,52)
2:97 (0.58)

S¢De¢ (SE)
059 {0.12)

v
6486
7492

6465
Te54

SE EST

0+20
0417

0617
0elé

0455
0e55

0455
0e55

v

5.66
Tebd

14
8416




TABLE 14

TRUNK
DESCRIPTIVE STATISTICS
RANGE MEAN (SE) SeDe (SE)  QV
92 WEIGHT 25,809 « 454337 334312 (1e37) 4,931 (0e97) 14480
93 VOLUME 264127 = 444385 324691 (1e35) #4860 (0695) 14487

94 CM=SUPRASTERNALE 198 = 2442 22402 (0440) 143 (0a28) 6e48

PREDICTIVE EQUATIONS

"CONSTANT R SE EST
WEIGHT TRUNK LENGTH  CHEST CIRC
16 59 43
92 WEIGHT 04551 - 24837 4966 1433
0,494 ¢ 06347 - 194186 4979 1.1l
0¢349 + 0423 + 00229 =~ 35,460 ¢986 0492
WEIGHT WAIST BREADTH  CHEST CIRC
74 3 43
93 VOLUME 0e534 - 24343 949 1.59
04389 + 076 - 74392 968 1433
Gel?9 ¢ 04502 + 00347 = 264817 4988 0486
BI-SPINOUS BR ILIAC CR FAT TRUNK LENGTH
% 72 59
94 CM-~SUPRASTERN 04578 + 84102 <846 0479
0s622 - 04066 + TeT4l <900 068
00T - 0058 + 00168 + 1683 4926 061
LOCATION OF CENTER OF MASS AS A RATIO OF SEGMENT SIZE
RANGE MEAN {SE) SeDs (SE) Y
140 CM=-SUPRASTERN/TRUNK LGTH 3846 ~ A3ol 38,03 (0443) 1455 (Ge30) 4,08
RATIO OF THE WEIGHT OF A SEGMENT AS A
PERCENT OF TOTAL BODY WEIGHT
RANGE MEAN {SE) Se0¢ (SE) cv
161 TRUNK WEIGMT/80DY WEIGHY 0607 = 33.7 30470 (0e87) 2406 (04001 4407

Weight in klogreins, volusue o liters, body fat ia mullienctoes, and ddl othee disosions in ceothneiecs.
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TABLE 15
THIGH
DESCRIPTIVE STATISTICS

RANGE MEAN (SE) SeDe (SE) cv
9% WEIGHT Sebleg ~ Qo437 6749 (06432) 164158 (0.23) 17.16
96 VOLUME 50331 - 94119 6¢062 (0e31) 14129 (0422) 17447
9T CM~TROCHANTERION 1449 - 1940 16480 (0e34) 1621 (Qe24) Te21
98 AP AT CM 13.0 - 1748 15478 (0448) 1e72 (0e34) 10490
99 CM=~ANT ASPECT 6ol - 1049 8eh3 (0e34) 1222 (0s24) 14449
PREDICTIVE EQUATIONS
CONSTANT R SE EST
WEIGHKY UPPER THIGH C ILIAC CR FAT
T4 46 72
95 WEIGHY 06120 = 18123 4893 0.5%
0074 + 06138 - 44641 <933 Q445
0074 + 04123 + 0.027 = 442186 4944 0443
WEIGNTY UPPER THIGH C ILIAC CR FAT
74 'Y 72
96 VOLUME 04116 -~ 1ala9 o888 0454
0073 + 00128 = 44390 o924 0447
0073 + 00106 + 0039 = 34760 4950 0440
TROCH HT KNEE BR/BONE ILIAC CR FAT
20 ” 12
97 CM-TROCH 0.2%0 ~ 54902 B4l Db
0.214 + 04902 - 114660 .18 0452
0.227 + 04989 - 04033 = 134362 4934 Q49
AP AT CM
98

99 CM=ANT ASPECT ¢ 0595

LOCATION OF CENTER QF MASS AS A RATIO OF SEGMENT SIZE
RANGE MEAN (SE) Se¢De (SE)

181 CH=TROCNANTERION/THIGH LOGTH 34,4 ~ 39,6 37,19 (0447) 1e69 (0433)
142 CM=ANT ASPECT/AP AT (M 4842 =~ 6243 53435 (14l5) 4ol (0e82)

RATIO OF THE WEIGHT OF A SEGMENT AS A
PERCENT OF TOTAL BODY WEIHT
RANGE MEAN (SE) SeDe (SE)

162 THIGH WEIGHT/80DY WEIGHT 8e9 = 114 10s27 (0e23) 0082 (0.18)

Wi &k , voluree in b ot in millimeterny,
¥ mlﬂ &o,ub'u elers, s all otler dissensions iz cetlimetors.
48

of

04956 +833 0409

v

4,95
T.79

oy
8400




TABLE 16
CALF AND FQOT
DESCRIPTIVE STATISTICS

RANGE MEAN {SE) SeDe {SE} v
100 WEIGHT 24913 -~ 4518 3,805 (0s12) Osdh2 (0609) 1161
101 VOLUME 24691 ~ 40166 34505 (0e¢ll) Ook06 (0408) 11459
102 CM=TIBIALE 197 = 24eb 21667 (0¢30) 1407 (0s21) 593
103 AP AT (M Tel = 99 BekB (0¢25) 0490 (0618} 10460
104 CM=ANT ASPECT 1a7 = 349 2486 (04171 062 (012} 21483

PREDICTIVE EQUATIONS

CONSTANY R SE EST
CALF CIRC TISIALE HT ANKLE CIRC

AB8 21 A9
100 WEIGHT 0416% - 1¢279 +934 0el6
b 0,172 + 0,0% - 34824 4971 0.1l
1 04130 + 0058 + 00103 - #e9185 4982 0409
CALF CIRC TIBIALE HT ANKLE CIRC
o8 21 49
101 VOLUME Oela8 - 14056 911 0017
04158 + 04050 - 3,555 995 013
0.10% + 00059 + 00127 = 4910 975 0el0
TIBTALE HT CALF CIRC
21 48
102 CM~TIBIALE ¢ 0.360 + 54226 4789 0468
1 0,338 - 0e1%9 ¢ 110267 +871 0657
1 AP AT CM CALF LENGTH
103 ' 3%
104 CM=ANT ASPECT @ 0.%39 -~ 1731 782 Q&0
Qo640 + 0o0lld w  Te04h +850 Qe33

LOCATION OF CENTER OF MASS AS A RATIO OF SEGMENT SIZE

1 RANGE MEAN (SE) S$eDe (SE) eV
1643 CM-TIBIALE/TIBIALE WY Ahel = 50,7  &Te0T (0443) 1434 (04301 3423
146 CH=ANT ASPECT/AP AT (M 2841 = 4046  33.2% (1ed6) 8,26 (1,03} 1581

RATIO OF THE WEIGHT OF A SEGMENT AS A
PERCENT OF TOTAL BODY WEIGHT
RANGE MEAN (SE) SeDe (SE} 4 ]

183 CALFePOOT WEIGHT/B0DY WY 842 = 647 8092 (0012) 0edd 10,09 Te53

W 1 Nilograsme, voleme. i Ubers, tody fat i millimete and ol dissensions to ceclimotors.
. e s eageove the slactivecete of predition oler o
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TABLE 17

CALF
DESCRIPTIVE STATISTICS
. RANGE MEAN (SE) SeDs (SE) cv
105 WEIGHT 2125 - 3419 20842 (0e10) 04363 (0607) 12477
106 VOLUME 1950 - 34194 2:620 (0e09) 0e340 (0+407) 12499
107 CM=-TIBIALE 12.9 - 1645 14032 (0e22) 0481 (0416) 5463
108 AP AT CM 8e8 - 117 10606 (0628) 1400 (0420} 9493
109 CM=ANT ASPECT 29 - S5e7 4¢28 (0419) 0468 {(0413) 15497
PREDICTIVE EQUATIONS
CONSTANT R SE EST
CALF CIRC TIBIALE HT ANKLE CIRC
48 21 49
105 WEIGHT 0.13% 1,318 4933 0414
00141 + 04042 346421 o971 0609
0.111 + 04047 + 00074 = 44208 4579 0408
CALF CIRC TIBIALE HT ANKLE CIRC
48 21 &9
106 VOLUME 0.123 1170 4908 015
0.130 + 04044 34396 4956 0.1}
04090 + 0051 + 06097 40427 o973 0409
TIBTALE HT KNEE BR/BONE
21 37
107 CM~TIBIALE # 0e276 1,709 «4800 0450
04309 - 04858 5786 4872 0443
AP AT CM CALF LENGTH
108 61
109 CM=ANT ASPECT # 0435 04301 <665 0453
0503 + 04101 40688 o725 Q51
LOCATION OF CENTER OF MASS AS A RATIO OF SEGMENT SIZE
RANGE MEAN (SE) SeDs (SE} Cv
148 CM=~TIBIALE/CALF LENGTH 34,7 = 3846 37405 (0e36) 1430 (0626) 3.92
146 CM=ANY ASPECY/AP AT CM 4l = 49,6 42447 {(1082) 5412 (1400} 12405
RATIO OF THE WEIGHT OF A SEGMENT AS A
PERCENT OF TOTAL BODY WEIGHT
RANGE MEAN (SE)} S5.04 (SE) (4
164 CALF WEIGHT/80DY WEIGNTY 3.9 = 8,1 4¢3% (0410} 0a36 (0407) 8438
m volume i hody fa 3
-y mﬁz‘&udwum«m and all other dinensions (o ceatimetors.
; 50
!
i
; ;
! '
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TABLE 18

FOOT
DESCRIPTIVE STATISTICS
RANGE MEAN (& ScDe (SE) v
110 WEIGHT 0760 -~  1419%9 06959 10403) 06091 (0e02) 9049
111 VOLUME 0:699 = 1,048 0885 (0s02) 04083 (0:02) 9.38
112 CM=HEEL 1043 =« 1146 11611 (0s11) 0639 (0.08) 3,47
113 CM-SOLE 2¢8 = 540 3475 (0s17) 0462 (0012) lbebé

PREDICTIVE EQUATIONS
CONSTANT R SE EST

WEIGHT ANKLE CIRC FOOT LEMNGTH
T4 &9 62
110 WEIGHT 0.009 + 06369 4810 0406
0,005 + 06033 ~ 00030 882 0405
0,003 + 00048 + 06027 = 0869 o507 0004
WEIGHT ANKLE CIRC FOOT LENGTH
T4 49 62
111 VOLUKE 0.008 + 0360 810 0005
04005 + 06029 - 06025 4875 Qo0&
0.003 + 0eG43 + 04025 = 0796 4901 0404
FOOT LENGTH  ANKLE CIRC LAT MALL MT
62 &9 22
112 CM=HEEL 0,217 = 4+ 5,729 4566 0433
0.233 ¢+ 0135 + 24627 #7112 0429
04153 + Oel37 + Oesbbs + 14403 o827 (Qe25
ARCH CIRC
50
113 CM~SOLE # 04328 = 44639 4672 087

LOCATION OF CENTER OF MASS AS A RATIO OF SEGMENT SIZE

RANGE WEAN (SE) Se¢Ds (8E) eV
147 CM=HEEL/FOOT LENGTH 431 = AT T 24,085 (0s44) 1459 (0.31) 3455
148 CM=SOLE/SPHYRION HEIGHT 3363 = 735 53478 (2480) 10409 (1498) 18476

RATIO OF THE WEIGHT OF A SEGMENT AS A
PERCENT OF TOTAL BODY WEIGHT
RANGE MEAN (SE) SeDe (SE) v

165 FOOT WEIGHT/B00Y WEIGNMY 1e2 = 146 1647 (0403) 0010 (0402) 6092

Weight in kilogruna, volume in liters, body fat in millimeters, dimensions in contisseters,
mdhuus“&'mdommmmﬂtam&&udw&"&“dmm .

31




TABLE 19

UPPER ARM
DESCRIPTIVE STATISTICS
RANGE MEAN (SE) SeDe (SE} (A"}
114 WEIGHTY 14365 < 24305 1¢730 (0608) 06290 (006} 16478
. 115 VOLUME 1e263 - 24250 10638 {008} 06293 (0606} 17491
) 1186 CM—ACROMION 14,2 - 20e3 17413 (Oehé) 160 (0e31) 9,33
117 AP AT CM 8.9 - 11.8 1016 (0e25) 0490 (0418) 8490
118 CH=ANT ASPECT heS - 549 5018 (0el3) 0e46 (0+09) 8487
PREDICTIVE EQUATIONS
CONSTANT R SE EST
WEIGHT ARM CIRC(AX) ACROM«RAD LTH
T4 5] 6h
114 WEIGHT 0,020 - 06238 o879 Oelh
0.019 + 06060 - 1280 4931 012
04007 + 04092 + 0050 - 34101 961 0409
WEIGHT ARM CIRC(AX) ACROM=RAD LTH
T4 51 &4
115 VOLUME 04030 - (0330 o886 Odl4
G018 + 04070 = 14600 #9532 0410
0008 + 04098 + 06044 - 34234 4976 0407
B8 HUM~RAD LTH ARM CIRC(AX) ELBOW BR/BONE
.1 51 k1]
116 CM=ACROMION 04707 - 44563 o689 1,21
0.710 - Q048 - 34333 4691 1426
04329 - 04250 + 24827 - 60168 4918 0.72
AP AT CM
117
118 CM=ART ASPECT ¢ Osbd + 04663 487h 0423
1
. LOCATION OF CENTER OF MASS AS A RATIO OF SEGMENT SIZE
. ) RANGE MEAN {SE) SeDs (SE) v
1 ' 149 CM=ACROM/5.CROM=-RAD LGTH 4602 = 9546 51430 (0e78) 2272 (0e53) 3430
. 180 CM~ANT ASPECT/AP AT CH Mbeh = 5643 5100 (0e68) 2429 (Cotd) 4450
‘ RATIO OF THE WEIGHT OF A SECMENT AS A
PERCENT OF TOTAL BODY WEIGHT
: RANGE MEAN (SE) SeDe (SE) eV
166 UPPER ARM WEIGHMT/B0DY WY 2¢2 = 31 2463 (0e06) 0022 (0a04) 8.38

Weight in kilograms, volume in body {at in millim and all other dimewsions la centimetors.
'A:mdmdo;!x;wm«umwdwmm .

s
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TABLE 20
FOREARM AND HAND
DESCRIPTIVE STATISTICS

RANGE MEAN (SE) SeDe (SE) Qv
119 WEIGHY 1,263 ~ 14926 1e483 (0,06) 04,203 (0e04) 13469
120 VOLUME 1,138 -~ 1716 16349 (0405) 0.181 (0+04) 1343%
121 CM=RADIALE 146 - 1845 16421 (0430) 1,08 {0e21) 64086
122 AP AT CM Se7 - 8.0 6449 (0s17) 0ebl 012} 9Sa&b
123 CM=ANT ASPECY 246 - 445 3,42 (0s417) 0,60 (0412} 17446
PREDICTIVE EQUATIONS
CONSTANT R SE EST
WRIST CIRC FOREARM CIRC RAD-STYL LTH
55 54 66
119 WEIGHTY 0s168 « 14295 4874 0010
Qo132 + 04049 = 1e987 +919 0009
0103 + 06046 + 04043 ~ 24543 4940 0408
WRIST CIRC FOREARM CIRC RAD-STYL LTH
5% 54 66
120 VOLUME 0.153 - lel81 4890 0409
0.117 + Deda8 = 1847 <943 0a.07
04092 + 04045 + 0,035 ~ 26278 «760 0406
WRIST BR/BONE RAD~STYL LTH FOREARM CIRC
3 66 54
121 CM=RADIALE 20745 + 04408 o764 0e72
16962 + 04379 - 54822 JBAT 0462
14617 + 04583 - 04331 + 0e510 929 Qe
AP AT CM ELBOW BR/BONE STYL=META 3
122 38 &7
123 CM-ANT ASPECT 0890 - 24353 4913 0,25
0900 - 04280 - D385 4936 0422
0+890 - Q4313 - 04229 - 24153 4974 0416
LOCATION OF CENTER OF MASS AS A RATIO OF SEGMENT SIZE
RANGE MEAN (SE) SeDe (SE) v
151 CM~RADIALE/RAD~STYL LGTH 588 =~ 6Ta7 62658 (0e81) 291 (0e57) hebH
182 CM=ANT ASPECT/AP AT CM AB¢6 =~ 6006 82,40 (160} 504 (0499) 9¢62
RATIO OF THE WEIGHT OF A SEGMENT AS A
PERCENT OF TOTAL BODY WEIGHT
RANGE MEAN (S$E) S¢De¢ (SE) cv
167 FOREARMeNAND WY/800Y 1 14 149 « 246 2627 (0406) 0220 (0406} 8498

wmumwmumwywummmmwum
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TABLE 21
FOREARM
DESCRIPTIVE STATISTICS

RANGE MEAN  (SE)  SoDs  (SE) v
124 WEIGHT 04850 - 14380 14055 (0.04) 04152 (0403) lhebl
125 VOLUME 0,781 = 14250 04961 (0404) 04138 (0e03) léeé0
126 CM=RADIALE 8¢l - 1146 10010 (0e423) 0483 (0416) 8422
127 AP AT CM 6s6 = 943 7461 (0418) 0466 (0e13) 8468
128 CM~-ANT ASPECT 266 = Sl 3472 (0e17) 0462 (0412) 16465
PREDICTIVE EQUATIONS
CONSTANT R SE EST
WRIST CIRC  FOREARM CIRC
58 sS4
124 WEIGHT # 04119 - 04913 4827 0409
0.081 + 04052 - 14650 4920 0406
WRIST CIRC FOREARM CIRC
1] 34
125 VOLUME # 0.111 - 04875 o842 0408
04072 + 04053 ~ 14622 +9%% 0405
RAD-STYL LGTH WRIST BR/BONE
66 39
126 CM=RADIALE 0537 ~ 3,808 788 053
00440 + 0e761 ~ 5,645 ,821 051
AP AT CM
127
128 CM=ANY ASPECT & 04790 - 24295 o843 0433
LOCATION OF CENTER OF MASS AS A RATIO OF SEGMENT SIZE
RANGE MEAN (SE) SeDe (SE) v
139 CM=RADIALE/RAD-STYL LGTH 3605 = 4240 33496 {04591 2411 (0.41)  Sea2
154 CM=ANT ASPECT/AP AT (M 3348 = 54,8  A8.63 (ledd) 9418 (1,02) 10486
RATIO OF THE WEIGHT OF A SEGMENT AS A
PERCENT OF TOTAL BODY WEIGHT
RANGE MEAN (SE) $eDs {(SE) v
168 FOREARM WEIGHT/800Y WY leb = 149 1461 (0.04) 0415 (0.03) 9460

W - voluse (a body fat o millicsete ;
‘m M&ms:.“ l&:ﬂ- iy  § th, aod all othwe diowsiions in centimetecs.
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TABLE 22

HAND
DESCRIPTIVE STATISTICS
RANGE MEAN (SE) SeDe (SE) Qv
129 WEIGHT 0334 - 0:540 06426 (0002) 04063 (0+01) 144072
130 VOLUME 0,302 ~ 0.480 06384 (0602) 06057 (0e01l) 1473
131 CM=META 2 1.1 - 2¢3 1663 (0611) 0639 (0408) 24410
132 CM-~-MED ASPECT 3.7 - Se5 4477 (0el3) Co&7 (0409) 9495

PREDICTIVE EQUATIONS

CONSTANT R SE EST
WRIST TIRC WRIST BR/BONE  HAND BRDTH
-1 39 40
129 WEIGHT 0.051 = 06418 4863 0403
0.N38 + 06080 = 06660 ¢917 0403
04029 + 04075 + 0e03)1 = 0eT46 <942 0402
WRIST CIRC WRIST BR/BONE HAND ERDTH
1] 3% 40
130 VOLUME G048 - 0410 885 0.03
0.036 + 0.071 = 0617 4935 0.02
0,028 + 00066 + 06027 = 0686 4958 0402
WRIST BR/BONE HARD CIRC
59 26
191 CM=META 3 & 00338 « 00418 4272 Q439
0.697 = 00202 + 24130 <886 037
WRIST BR/BONE  HAND BRDTH
" 40
132 CM=MED ASPECT » 1224 ~ 24226 o769 O0e%2
1,098 + Oe208 = 34271 ,0810 0.30

LOCATION OF CENTER OF MASS AS A BATIO OF SEGMENT SIZE
RANGE NEAN (SE) SeDs (SE)

18402 (14160 4417 (0.82)
88+13 (1433) 480 (0.94)

13.0 = 2447
45,7 = 671

188 CM<NETA 3/STYL~RETA 3 LGTH
136 CHM-MED ASPECT/MAND BRDTN

RATIO OF THE WEIGHT OF A SECGMENT AS A
PERCENT OF TOTAL BCDY WEICHT
RANGE MEAN (SE)

0463 (0402) 0008 (0,01}

Sa0¢ (SE)
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The regression equations presented in these tables are relacively simple to use. For example,
in table 18, the weight of the Calf and Foot (variable 100) is given with relation to one, two, and
three anthropometric variables. The dimension of Calf Circ (variable 48) gave the highest cor-
relation coefficient with Calf and Foot w..ight (r=.932). The regression equation is: Weight of
Calf and Foot (kg)=0.165 Calf Circ (cm)—1.279 (£0.16 kg).

If the average values for the cadaver sample (lable 8) are used for the independent variable,
the three step equation becomes: Weight of Calf plus Foot=0.130x 30.82 (Calf Circ.)+0.058 x
45.68 (Tibiale Ht.) +0.103x 20.05 (Ankle Circ.)-4.915 =3.306 kg=0.090 kg.

The predicted value of the Calf plus Foot weight for the sample is 3.806 kg with the true value
for such a sample falling between 3.716 kg and 3.896 kg (3.806+.090) in two out of thiee such
samples.

Simple ratios for predicting weight and location of the center of mass as a function of body
weight, segment length, and the anteroposterior depth of the segment at its center of mass are
given at the bottom of each table. The ratio of segment weight to total body weight and center
of mass from proximal end as a ratio of segment length have been the most widely used methods
of reporting segment data and are given here to facilitate comparison with previous studies
(tables 2 and 4). Such comparisons ure necessarily gross because of the variation in methads of
dismemberment used by different authors. In this study, the length of a segment is defined as the
distance between specific bony landmarks that approximate, but are not necessarily coincident with,
the ends of the segment. Trochanterion, radiale, and tibiale are traditional anthropometric apnroxi-
mations for the “hinge points™ at the hip, elbow, and knee but are all somewhat distal to the actnal
plane of segmentation used in this study. The ratios for the center of mass often, thercfare, are
not precisely comparable to the ratios obtained by other investigstors who may have used caly ap-
proximately the same plane of segmentation for that particular segment.

There are a nuimber of patterns that become apparent when the predictive equations are
viewed together. Total body weight appears as one of the best anthropometric variables for pre.
dicting the weight and volume of segments, occurring more often than any other single variable
The bady circumferences are also often selocted to predict segment weight, whereas segment
longths most often cccur in the prediction of the location of center of mass of segmenis.

A number of methods for estimating weight and conter of mass have been given in the pre-
cecing discussion. It is a vatural desive, when alternative mothads of making an approximation
wre given, to know which method is the most accurate or appropriate for a given problem. The
regression equations were used to predict the weight and the iocation of the center of mass for cach
segment of each cadaver. The various ratios were alto computed and the resulting values comparerd
to the actual weight and location of center of mass of each segment. These comparisons show that
the three step regression equations, without excoption, provide the smallest average orrar for pre-
dicting the unknown variables on the cadavens. In fact, the three step equations generally redtuce the
average orror {actual-predicted ) to one half, or less, of the average error obtained by using the
ratios or single step equations. Without exception, the simple ratios provided the poorest average
estimate, with improvenest fomd with the addition of each step of the equation.’ This is ant to
say that the multi-step equations always provided a better estimate for 2 siagle segsmental value
than did the simple ratio; in a fow instances, the simple ratio provided the best estimate for a
single segment from a single cadaver. In terms of all the segments fram all of the cadavers, the
umllmwp equmom were clearly mare effoctive in ;mmdmg, gn ostimate cluser to the wea-

"When the sﬁ\gtc st eyuation to predict sement wolght dss baai> werghi an the predicting varable, the
rosults are identical to !hueo{;h maglhcwvm 5«‘8, e
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sured value. The multiple step equations, however, necessitate the maximum amount of informa-
tion concerning the anthropometry of the sample. On the other hand, the simple ratios can be
used when the minimum anthropometric data are available, and provide the first but least accurate
prediction. For these reasons, the alternate methods of computing unknowns have been provided
in order that the techniques of computation can be tailored to the availability of body-size in-
formation.

It is also pertinent to determine the appropriateness of these equations for the living. The abil-
ity to transfer the equations formulated on a cadaver population to a live population is not without
danger because of the numerous uncertainties that have previously been cited. A validation of the
predictive equations developed in this study is clearly desirable.

In working with many biological populations, the general validating procedure would be to
select a representative sample from the population, make the necessary measurements, and then
compute the values for the unknown variables. Animals could then be sacrificed and the unknown
values measured. If the values computed should provide a sufficiently accurate estimate of the
true values, the equations would be considered to have been validated for the represented popu-
lation. In working with human populations, the validation procedure is indirect and may ot be
fully satisfactory as rigorous proof.

If the volume of body segments could be measured accurate’y on the living, then it would
be possible to validate the predictive equation for the segment volume ard indirectly validate the
approach that was used. In obtaining the volume of the cadaver segments, we found that repeated
measurements of a segment could be held within a range of 20.5% or less of the segment’s aver-
age volume. The experimental error has been found to be much larger than 20.5%, however,
when segmental volumes of the living were determined using the same equipment and land-
marks as had been used for the cadavers. For major segments such as the arm or leg, the range
of vepeated observations became as high as 3 to 5% of the total average valume. The higher error
was related to the difficultios encountered in maintaining a subject’s body segment relatively mo-
tionless at & specific depth in the tank for the period of time necessary to allow runoff of the dis-
placed water. Contini indicated that his group has been able to obtain the volume of the more
distal segments on the living with a small error, using specially doveloped equipment.! This equip.
ment does not, however, appear to be waable for the larger sogments of the body. Until new tech-
uigues of measuring segmental volumes accurately on the living can be developed, this approach
to the validation of the predictive equations dees not appear to be satisfactory.

As it is aot passible to validate satisfactorily the predictive equation an the living, an attempt
was made to determine the reasonableness and congistency of predicted segment vasiables for the
living. Three individuals were solocted that represented a wide range of adult male body types.
The subjects were measured for the body dimensions needed, and the weight for each segment
was computed, using the three step equations giver. in tables 9.22 The resulls obtaired for the
segnont weights ure given in table 23.

The column to the left for vach subject pives the predicted values for the weight of each
segment, and the column on the right (values in parentheses) gives the sum of the companent
segmentz. In general, the internal consistency. that is, the sum of the small component segiments
equaling the value of a total segment, is vemarkably good. This, of course, shoukd be true when the
same anthiropometric dimensions are used to predict the segmental parameter for both the tetal
segment and the segment’s parts. Where this is not true, the values of the total and swm of garts

s :fg”:axml comtunication with R Cootial For details of the tochnigue and equigwient see: ;Jr;ilis atw Con.

Y

G et ey -




o

appear to be very comparable. The greatest discrepancy in values is in the difference between
Head-Trunk weight and the sum Head weight and Trunk weight for subjects A and B. This dif-
ference is larger than expected, and the reason for it is not understood.

TAELE 23

PREDICTED WEIGHT OF BODY SEGMENTS
OF THE LIVING (kg)

Subject A B Cc

Stature (cm) 161.5 178.3 175.5

Weight 58.523(57.937) 71.200(73.210) 84.350(84.333)
Weight of:

Head-Trunk 32.368(30.737) 41.575(40.030) 48.931(48.905)
Leg 10.320( 10.430) 12.574(12.718) 13.580(13.572)
Arm 3.103(2.900) 3.440(3.874) 4.142(4.124)
Head 4.357 4976 6.140

Trunk 26.380 35.054 42.765

Thigh 6.298 8.394 8.663

Calf and Foot 4.173(4.133) 4.322,(4.322) 4.909(4.909)
Calf 3.144 3.279 3.669

Foot 989 1.043 1.240

Upper Arm 1.42%5 2.114 2.218
Forearm and Hand 1.455(1.425) 1.741(1.760) 1.915(1.906)
Forearm 1.045 1.314 1.358

Hand 380 446 548

A second area of discrepancy is iu the sum of parts not equaling the total body weight. For
subject A,the sum of parts is less than the total body weight; for subject B, the sum of parts ex-
ceeds the total; and for subject C the sum and the total body weight are essentially equal. Initially
we believed that the sum of the predicted weights of segments would always give an overestimate
of the actual total body weight on the living. The logic involved was that the cadavers had certainly
lost body fluid after death that would effectively reduce the body circumferences on which the
predictive equations were based. The use of the body cricumferences of the living would, thevefore,
tend to overestimate the weight of each segment so that the sum of the weight of segments would
exceed the actual live weight. If it can be assumed that the fluid losses are equal throughout the
body, then when the sum of parts needs to be equated to the body weight, the adjustment should
be proportional for all segments. For example, for subject B, live body weight is equal to 97.25% of
the estimated sum of component weights. In order to adjust the sum of parts to the observed body
weight, each of the smaller segments must be multiplied by the constant 97.25% to arrive at the
adjusted weight for each of the component parts. This process will preserve the relationships of
the weights of the various segments, while making the sum of parts equal to the observed towl
body weight.

The methods of predicting the weight and the location of the center of mass of body segments
presented are believed to represent a marked improvement over the methods used in the past, but
must still be considered as approximations for the unknown quantities. They do, however, permit
the estimates of the weight and the location of the center of mass of the segments to be based upon
the individual variability in body size, which until this time, had not been udequately considered.

58




—

[

Summary and Conclusions

It is desirable to determine how the results obtained in this study compare with the results ob-
tained by earlier workers. As previously pointea out, differences in the techniques of dismember-
ment, etc., are such that any comparisons are necessarily gross and enly indicative of similarities
and/or differences between results or both.

The comparisons of primary interest are those of (1) the segmental weight as a ratio of total
body weight and (2) the location of the center of mass from the proximal end of the segment as a
ratio of segment length. These two comparisons are shown in tables 24 and 25.

TABLE 24

SEGMENTAL WEIGHT/BODY WEIGHT RATIOS FROM
SEVERAL CADAVER STUDIES*

Braune

Harless and Fischer Fischer Dempster = Dempstert This
Source (1860) (1889) (1908)  (1955) (1955) Study
Sample Size 2 3 1 8 8 13
Head 7.6% 7.0% 8.8% 7.9% ( 81)% 73
Trunk 44.2 46.1 45.2 48.6 (49.7) 50.7
Total Arm 5.7 6.2 5.4 49 ( 5.0) 49
Upper Arm 3.2 33 28 2.7 ( 28) 286
Foreram & Haad 2.6 29 2.6 2.2 (22) 23
Forearm 1.7 21 1.8 ( 18) 16
Hand 09 08 08 ( 0.8) 0.7
Total Leg 184 17.2 176 15.7 (16.1) 18.1
Thigh 119 10.7 11.0 97 ( 99) 103
Calf & Foot 6.6 6.5 6.6 6.0 (61 538
Cualf 46 48 4.5 4.5 ( 48) 4.3
Foot 2 17 21 14 (14) 15
Sum! 100.0 100.0 100.0 07.7 100.0 100.0

‘(Studlrt;; nf) Jupanese populations by Morl and Yamamoto (1039) aud Fujikawa (1983) are aot iheluded in this
comparison,

1 Adjusted values, Explanation in test.

§The sum i caleulated as Head + Trmk + £ (Total Aon 4 Total Leg.)

Table 24 indicates that the results of this study are most similar, in torms of the simple seg-
mental ratio, to the results obtained by Dempster. This finding is not completely vnexpected as
the techniques of this investigation were based on those Dempster had used in his work. Note that
Dempster's sum of the ratio of parts is 97.7% rather than 100%. It is assumed that this discrepancy
reflects Hluid and tissue losses during segmentation althougl: this is not explained in his text. If the
loss is added proportionately to each segmont, the values given in parentheses (column, Dempster
1855, adjusted values) will be obtained. The data from Dempstor’s and this study thus appear
to be very comparable.
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If the center of muss deterninations from the various investigators are compared in a similar
manner, the results are as given in table 25.
TABLE 25

CENTER OF MASS/SECMENT LENGTH RATIOS FROM
SEVERAL CADAVER STUDIES

Braune
and
Harless Fischer Fischer Dempster This
Source (1860) {1889) (1906) (1955) Study
Total Body 41.4% e 41.2%
Head 362 0 . o 43.3% 46.8
Trunk 48 38.0*
TotalArm . 44.6% . 413
UpperArm . 47.0% 45.0 438 51.3
Forearm & Hand 7.2 46.2 67.7* 62.6*
Forearm 42,0 42.1 L 43.0 3.90
Hand 37 . .. 494 18.0°
Total Leg A 41.2 43.3 38.2¢%
Thigh 48.9 44.0 43.6 433 37.2*
Calf& Foot ... 524 33.7 437 415
Calf 433 42.0 433 43.3 371
Foot 444 44.4 - 429 449

*These values are not directly comparable due to varations in the definition of segment length used by the
different investigators.

This comparison is less helpful than the previous one for segment weights as so many of the
values can not be equated. In our study, as we have pointed out above, segment lengths were de-
termined from readily identifiable bony landmarks and not from the actual overall length of the
segment. A major criticism of the earlier work has been with the inability to determine accurately
the length of body segments of the living based upon the planes of segmentation used by differont
workers. The use of bony landmarks to approximate segment lengths eliminates this difficulty,
but at the same time almost entirely precludes meaningful comparisons. The data in table 25 do,
however, illustrate the wide range of ratios that have been obtained for the center of mass of body
segments. From the above comparisons, particularly the first, we may conclude that the results ob-
tained in this jnvestigation are not grossly different from the results of earlier investigations and
that the ratios are approximately the same magnitude.

The specific goals of this study were to investigate two basic questions concerning the estima-
tion of body segment parameters:

1. Can body sement parameters be predicted from one or more anthropometric dimensions
with the needed dogroe of accuracy?

2. Can predictive equations for estimating the weight and the location of the center of mass
of body segments provide accurate estimates for individuals as well as for populations?

To answer the quustions satisfactorily, it was necessary to undertake a basic study of the re-
latiouships of anthropometry to the weight and center of mass of body segmonts. The approach
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to this study was neither new nor unique but followed closely the guidelines of the classic studies
undertaken by Braune and Fischer (1889) and Dempster (1955). A major difference between this
investigation and those previously undertaken was in the choice of study specimens. In this study
preserved specimens were used so that the selection of subjects would more closely approxi-
mate the wide range of physical body sizes found in normal populations.

Data developed in this investigation indicate that the anthropometry of the body can be used
effectively to predict weight and location of the center of mass of body segments. In earlier investiga-
tions, the simple ratio of segment weight as a percent of body weight and the distance of the cen-
ter of mass from the proximal end as a percent of segment length were the primary methods for
prediction of these variables on the living. This study indicates that these predictive variables were
well chosen in that they occurred more often in the predictive equations developed in this study
than any other single variable.! The fact remains, however, that in using the ratios, the assumption
is made that all individuals have essentially the same hody proportions, with the variance from the
group “average” being disregarded. This should lead to major errors in estimates made for those
individuals and groups that differ in any significant way in body size from the wverage of the group
from which the ratios were calculated. This was indeed found to be so with the ratios having a
greater average error in estimating segment unknowns than the one, two, or three step predictive
equations based upon body size variability. One may draw from this the possibly self-evident
conclusion that the greater the amount of information available concerning the individual's body
size, the more accurate becomes the prediction of the segment weight and its center of mass lo-
cation,

It would appear, therefore, that the two questions can be answered in the affirmative. A key
word, accuracy, in each question has not been adequately dealt with in this study owing to the in-
ability of validating the findings of this study on the living. As with any statistical prediction, ac-
curacy must be thought of in terms of probability, with the standard error of the estimate provid-
ing a measure of the accuracy of a predictive equation. As the standard error of the estimate is re-
duced through the use of the multi-step equations, one may assume that the relative accuracy of
the predictions is also improved.

The predictive equations developed in this study are belioved to provide n better estimate of
weight and location of the center of mass of segments of the boady for individuals and popula-
tions than wero previously available. They should not, however, be considered as other than good
first approximations until they can be adequately validated on live populations.

1There is an element of hias here in that variables that could be selected In this study were limited to those
:mthmpmudﬁc dimensions of the sement involved and budy weight. Even with the blas, the statesaent is largely
rue.
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Appendix A
OUTLINE OF PROCEDURES AND DATA FORM

The general step-by-step procedures followed in this study are outlined below. Detailed descrip-
tions of the procedures are in the text.

1st Day

Step. 1. The cadaver was cleaned, examined, and its condition noted. It was weighed, and land-
marks required for the anthropometry and the planes of segmentation for the arms and legs were
established.

Step 2. The cadaver was weighed in air and weighed under water.

2nd Day
Step 3. The cadaver was measured.

Step 4. The total body center of mass was located, and its distance from selected landmarks was
measured.

Step 5. Somatotype phatographs of the cadaver were taken.
Step 6. The areas of segmentation of the arms and legs were packed in dry ice.

3rd Day
Step 7. The cadaver was weighed, and the arm and leg segments were removed.

Step 8. The arm, leg, and head-trunk segments were weighed.

Step 9. Photographs of the planes of segmentation were taken, and the cut ends of the segments
were sealed.

Step 10. The center of mass of the leg and head-trunk segmonts were located, and their dis-
tances from selected landmarks were moasured.

Step 11.  After complete thawing, the arm and leg segments were weighed and their volumes
measured by the water displacement method,

Step 12. The arm, leg, and head-trunk segments were weighed in air and weighed under water.

Step 13.  The planes of segmontation of the head, forearm-hand, and calf-foot segments were de-
termined.

Step 14. The areas of segmontation of the head, forearm-hand, and calf-foot segmonts were
packed in dry ice.

4h Doy
Step 15. The head-trunk sogment was weighed, and the head was separated from the trunk.

Step 16. The head and trunk segments were weighed.
Step 17. The plane of sogmentation was photographed, and the cut surfaces were sealed.

Step 18, The log segments were weighed, and the thigh segimonts were separated from the calf-
foot segments.

Step 19. The thigh and calf-foot segments were weighed.
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Step 20. The planes of segmentation were photographed, and the cuts ends were sealed.

Step 21. The arm segments wzre weighed, and the upper arm segments were separated from
the forearm-hand segments.

Step 22. The upper arm and forearm-hand segments were weighed.
Step 23. The planes of segmentation were photographed, and the cut surfaces were sealed.

Step 24. The center of mass of the head, trunk, thigh, calf-foot, upper arm, and forearm-hand
segments were located, and their distances from selected landmarks were measured.

Step 25. After complete thawing, the head, thigh, calf-foot, upper arm, and forearm-hand seg-
ments were weighed and their volumes measured by the water displacement method.

Step 25a. OPTIONAL. The volumes of selected segments proximal to their centers of mass were
determined.

Step 26. The head, trunk, thigh, calf-foot, upper arm, and forearm-hand segments were weighed
in air and weighed under water.

Step 27. The planes of segmentation of the hands and feet were determined.
Step 28. The areas of segmentation of the hands and feet were packed in dry ice.

5th Day

Step 29. The calf-foot segments were weighed.
Step 30. The feet were separated from the calves.
Step 31. The calf and foot segments were weighed.

Step 32. The planes of segmentation were photographed. and the cut surfaces of the segments
were sealed.

Step 33. The forearm-hand segments were weighed.

Step 34. The hands were separated from the forearms.

Step 35. The hand and forcarm segments were weighed.

Step 38. The planes of segmentation were photographed, and the cut surfaces of the segments
wore sealed,

Step 37.  The center of mass of the segments were located, and their distances from selected land-
marks were measured.

Step 38, After complote thawing, the feot, calf, forearm, and hand segments were weighed and
their volumes were measured by the water displacement wethod.

Step 38a. OPTIONAL. The volumes of selocted segments proximal to their conter of mass were
determined.

Step 39, The foor, calf, forearm, and hand segmonts were weighed in uir and weighed under
witer.

Step 40, Small arcas of the upper arm, chest, and hip were dissected and the thicknesses of the
skin and panniculus adiposus were measured,

Step 4i.  OPTIONAL. Samples of skin, fat, wusclo, and boue tissue were dissected for density
determinations,

.
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BOOY SEGMENTS - WHGHT, VOLUME, C. M. DATA SHEST

SUBJECT NO.

AGE

RACE

CONDITION OF SPECIMEN

CAUSE OF DEATH

DEGREE OF WASTING, MALNUTRITION

DEGREE OF DESICCATION

DATE OF DEATH

EVIDENCE OF PREVIOUS DEBILITATION

PRESERVATION DATA

SOMATOTYPE &
ANTHROPOMETRY
Weight Trochanterion r. 1.

Approx, Stature et 1!
TOP OF HEAD TO:

Tragion

Mastoid

Neck/Chin Intersect

Cervicale

Acromion r. 1

Suprasternale

Substernale

Thelion

10th Rib

Omphation

Perale

Symphyeion

NMospinale r.

Nieccristale r. 1

. - Le

;a.-hﬁgh&
’l

%

BOOY SEGMENTS — WROMT, VOUMAL, C. M. DATA SHEET (Canr'd)

DENSITY OF BODY TISSUE {Cunt'd)

Other,

TOTAL BODY:

Initial We. in Alr

__ Tibiale r, 1
Med, Mallcolus r. 1.
Lat. Malleolus r. 1.
Sphyrion r. 1.
Ball ot Foot r._ L
Ball of Heel =, 1.

BREADTHS AND DEPTHS:
Hesd Bl!ldlh———_—_—
Headlemgth ___ .

Neck Breadth

Neck Depth

Biacromial Breadth

Chest Breadth

Chest Breadth (Bornr)

ChestDepth_

Waist {(OVBreacth

Page ¥
SUBRJECT NO.

Welght in H20

Pre-cut Wt. in Alr

C. mJ from Top of Head

C. m. from Suprasternals

C. m. from Symphysion

C.m. from Penale

C. m. from Table

s. of
HEAD, N' K, TRUNK:

Inftial Wt. in Alr ¥ e+

We. in Alr Pre HpO Wt.

time

Weight tn HO

Pre-cut Wt, in Alr

Added Weight
C. m. from Top of Head

€. m. {rom Suprasternale

. m, ;rom Bymphysion

e

C.m.tromPerale ______
C.m,fromTeble_________

..:;
>3

I

E

BODY SEGMINTS — WHONT, VOLUME, C. M. DATA SHEET (Conrd)

BREADTHS AND DEPTHS (Cont’d)

Page 2
SUBJECT NO.

Waist {O} Depth Wriet v. L
Bicristal Breadth Mand r, 1.
Bispinal Breadth LENGTHS:

Acromion-Radiale r.__ 1.

Hip Breadth

PBitrochanteric Breadth (Bone)

Knee Breadth(Bone) _____
Elbow Breadth {Bone)

Wrist Breadth {Bone}

G.T. l-Radiale r.______ 1.

Stylion-Meta Il r, 1.
Meta Iil~Dactyllon r. 1.

Radiale-Stylion =, 1

FAT THICKNESS:

Hand Breadth
CIRCUMFERENCES: Direct Measurement
Head, »at " Skin Total
Neck mt I
Chest MaLx? [
Walat {O) Triceps e —— e
Buttock Nlac Crest ——
U. Thigh r. L. DENSITY OF BODY TISSUE
L. Thigh r. L Fat
Calf r. 1.
Ankle 1. 1.
Arch of Foot 1. 1. Muscle
Axillary Arm 1. 1.
Biceps r. 1
Elbow r. 1. Bone
Forearm Fr. I
§ Oneater Tubecle of Mumenss
s M - Justa Nippte 3
MLy - Hid-Azillany Line at Xyphoid
B00Y SEGMENTS - WRIGHT, VOLUME, C. M. DATA SHEET (Cev'd)} Page 4
SUBJECT NC.
TO1AL LEGS:
R. Inidal Wt, in Air + date tume
R. Wt. in Air Pre H,0 Wt, date time
R, Weight in HyO date time temp_°
R. Pre-cut Wt. (n Alr date tme,
R, C.m, from Trochanterlon _______
R, C.m, from Tiblale____
R, C. m, from L. Malleolus
R. C. m. sbove Table
R. A-P¢ Depthat C. m,
R, C. m. from anterior surface
R. 8. g
L. Initial We, in Alr + date time
L. Wt. in Air Pre H0 Wt, date time
L. Welght in H,0, date vime temp____°
L. Pre-cut Wt, in Alr - date time

L. C.m. from Trochanterion
L. C.m, (rom Tiblale
L. C.m. from L. Malleolus

|

L. C.m, from Tabls
L. A-P DepthatC. m.

l

i

L. C. m. {rom anterier surface

L. S g

CAntercpoitenisn




BODY SEGMENTS — WEIGHT, VOLUWME, C. M. DATA SHERT {Conr'd) Page 3 S0DY SEOMENTS — WERIOHT, VOLUME, C. . DATA SHEET (Conrd) Page &

SUBJECT RO,

TOTAL ARMS: SUBJECT NO,

TRUNK:
R. Initial We. in Alr + date tdme

- Initia) Weight + date tme

R. W, in Atr Pre H;0 Wt date time -

Wt. in Afr Pre HO W, date, time
R. Weight in H0 date time temp °

Weight in H20 date time temp °
R. Pre-cut Wt. in Alr date time

€. m. from Symphysion

R. C. m. from Radiale®
C. m. from Suprasternale

R. 5. g.
C. m. from Penale Added Welght
R. / of Elbow
C. m, above Table
R. / of Wrist
S 8.
L. Initial Wt. in Air +__ date time
L. We. in Alr Pre H,0 We. date tme THIGH:
L. Weight in 4,0 date dme terop ° R. Initial Wi, in Air + date time
L. Pre-cut Wt. in Air date me R. Wt, in Alr Pre H,0 Wt, date time
L. C.m. from Radiale® R. Wt. In Hz0, date time temp__ "
L5 g R. C. m, from Trochanterion
L. / of Elbow R. A-P Depthat C. m,
R. C.m.
L. / of Wrist C. m. from anterior surface
R. 8. g.
HEAD AND NECK:
Initial W, an Air +___ date time L. Initial Wt, in Alr +___ date time .
Wt. in Air Pre H0 Wt, date time L. Wt. in Alr Pre H,0 Wt. date time
Weight in Hp0 date, time temp ° L. Weight in H,0, date time
C. m.{from Top of Head L. C, m, from Trochanterion
C. m, Tragion L. A-P Depth at C. yn,
C. m, Tragion L. C.m. from anterior surface
C. m. from Back of Head L. S g )
S. g. . ) SComputed Valus
BODY SEGMENTS — WRIGHT, VOLUME, C. M. DATA SHEXT (Conr'd) Page 7 SODY SPOMENTS — WIIGHT, VOLUME, C. M. DATA SHEET (Conrd) Ps.
SUBJECT %
SUBJECT NO,
CALF AND FOOT: CALF {Cont'd): —
R.Initial We. dnAdr ¢ date tme L. Initial Wt In Alr, +__ date time
[
R. Wt. in Air Pre H0 Wt date, me. L. Wt. In Alr Pre H,0 W, date tme
tem| ° )
R. Weight in Hy0, date, tme *mP— L. Welght in H2O date time temp__ "
R. Pre-cut We. in Alr date time L. C. m. from Tibiale
R. C. m. from Tibiale, L. A-P Depth at C. m.
R. A-PDepthatComm. L. C. m. from anterior surface
R. C. m. from anterior surface LS g
R. G. g
FOOT:
R. / of Foot
R. Wt in Alr +___ date time,
. al Wt in Al * dat time
L. tnid At < R. Wt. in Alr Pre H;0 Wt. Jdate, time
.« Wt. in AdT Pre H0 Wi, date time
L t. in Alr Pre Hj R. Weight in H;0 date time tes
. Weight in HO date time tem, b
L elght in Hy . R. Foot Length
- ~cut Wt, {n Al dat time N
L. Pre-cut Wt . . R. C.m. from gt. toe
o Com. { wlal —_——
L. C.m. from Tiblale R. C. m. from heel
. A~P Depthat C. m, -_—
L. A Pt e - R, C. m. from table
L. C. m. from anterior surface A
—— R. 8. 5.
L. S 5.
L. Wt in Alr + dat L
L. / of Foot ate tme
L. Wt in A r Pre H0 W1, date time
CALF:
L. Weight in H;0 dite time temy °
A Infulal Weo dn Abr_ = ¢  date time .
L. Foot Length
H. Wi, in Afr Pre HO Wt date, tme
o L. C.m, from gt. toe
R. Weightin H date : time, temp___ °
4 2. B L. C.m. from heel
R.C.m,from Tibiale_______ ————
L. C.m, from tadle N
R, A-F DepthatC.m, e eanes
’ P —— L. S 3§
R, C.:n, from anterlor surface
R. S g
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BOOY SROMENTS — WRIGHT, VOLUME, C M. DATA SHEETY (Conr'd)

Page 9

SUBJECT NO,
UPPER ARM:
R. Initial Wt in Alr ¥___ date time
R. Wt. in Air Pre H0 Wt, date, . time
R. Weight in H20, date __ tme temp___°
R. C.m, fromG. T.
R. C.m. from mid-olecranon :
R. A-P Depth at Com.
R. C.m. from anterior surface
R. S. g.
L. Inicial Wt in Alr, ¢ date time
L. Wi, in Alr Pre HO Wi, date time
L. Welght in H2O date dme temp____°

L. C.m. fromG. T.
L. C.m, from mid-olecranon

L. A-PDepthat C. m,

L. C.m. trom anterior surface

L.S. 5.
s0DY - C. M. DATA SHEST (Conr'd) Page 11
SUBJECT NO.
FOREARM® (Cont'd}:
L. initial Wt. in Alr +__ date time,
L. Wt. in Alr Pre H0 Wt date time
L. Welght in H0 date time temp____°
L. C. m. from Radiale
L. C. m. from Olecranon
L. A-P Depth st C. m.
L. C. m. from anaterior surface
L. 8. g
HAND:
R. Inicial Wt. in Alr +___ date time -
R, Wt. in Air pre HO W, date dme
R, Weight in H0, date time wmp___°
R. C. m.from Mets 11
R. C. m. from Medial (litthe Aingar) Aspect
R. S g5
L. Initlal Wi, im Adr 4 date tmae
L. Wi, fa Alr Pre HO Wt date time,
L. Weight in M0,
L. €. m.{rem Meta I
L. C. m.irem Medial {little finger) Aspect
L. 8% g
DEGREE OF WASTING - MALNUTAITION: DESICCATION
0 Neae
1 Siigm
1 Moderate
3 Marked

SODY SEGMINTS — WINOHT, VOLUME, C. M. DATA SHEEY {Cenr'd) Page 10
SUBJECT NO,
FOREARM-HANDS®:
K. Initial Wt. in Alr & date time
R. Wt in Air Pre H20 Wt, date tHmae
R. Waight in HyO date time temp___©
R. Pre-cut Wt. in Air date tme
R. C. m. from Radials ‘
R. A-P Depth at C. m.
R. C. m. from anterior surface
R. 5. g
L. Initlal Wt. in Alr, +_ date dme
L. Wt. in Alr Pre HZ‘O wt, date time
L. Weight In H20 date tme temp. bl
L. Pre-cut Wt. ia Alr,
L. C. m. from Radlale
L. AP Depth at C. m.
L. C. m. fram anterior surface
L. S. g
FOREARM®:
A. Inftial Wi, is Alr +__ date time
R. Wi ir - Pre HzO We, __ . date time
R. Welght ln tige date time temp__ °
R. C.m. from Radiale
R. C.m, from olecranom
R. A-P'Depth at C. m,
R. C.m. from asterior surface_______
A, 8. g ?’M » anterior
SODY SBOMENTS — WHONHT, VOLUME, €. M. DATA SHEIT (Conr'd) Page 12
SUBJECT NO,
YoLUMES
LEGS Trial
R. Wi s AlT date time 1
R. Wi of H0 Displaced temp______° 2
3
Trisl
L. Wi, in Alr date, time, 1
L. Wi, of H,O Displaced temp, ° :
3
ARMS Trial
. Wi, in Alr date time | S
R. Wt, of HyO Displaced, temp_____ 2
3
Trial
L. wt, fn Ar date time 1
L. Wt. of Hz0 Displaced temp_____ ° L
3
Trial

HEAD AND NECKX
Wt In Alr, dite tme
Wt. of H,0 Dieplaced

Il

Best Availab!e Copy
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BODY SEGMENTS —WHONT, VOLUME, C. M. DATA SHIST {Cand'd} Pags 13
SUBJECT NO,

YOLUMES {Cont'd)

THIGHS Trial
R. Wt. in Alr date time 1
R. Wt of HyO Displaced temp, ° 2
3
Trat
L. Wt la Air date time 1
L. Wi of H,0 Displaced temp, ° H
3
CALVES AND FEET Trin
R. We. in Alr date Ume 1
R. Wt of H,0 Displaced temp ° 2
3
Tral
L. Wt. in Ale dawe dme 1 —
L. Wt of N0 Displaced temp, ° 2
)___.—-
UPPER ARMS Trial
R. Wi {a Alr date titne 1]
R. Wt of Ha0 Displaced, temp M 2
)
e
SODY SAGMENTS - WINGAY, VOLUME, C. ML DATA SHIRT (S’ Page It

WRNCT NO,
YOLUMES (Coar'd)

EET Yatal
4. we A Ay _date . Nne . L
B Wi et 10 Dlagta ey ) ey 5

THad
L. LINRTY Y] L LU e 1,

b WL e M0 DRasteves L :

e

PR NEESFNENY

O kMl Tl

PV AR Y . S Gs [

R S ut HL0 Rapleved B ¥
tas

[ A . . Mg t

(SR O P LT N SN b

AR Tl
. A ANR R 1) dte Wone 1
(ST
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BOOY SEGMENTS — WRIGHT, VOLUME, C. M. DATA SNEET (Conr'd) Page 14

SUBJECT NO,
VOLUMES {Cont'd)
UPPER ARMS {Cont'd) Trial
L. Wt in A7 date time H
L. Wt of H,0 Displaced temp, ° 2
3
FOREARMS-HANDS Trial
R. Wt, in Alr date Hme 1
R, Wt of H,0 Dlsplaced temp ° F
3
Trial
L. We, o Adr, date tdme 1
L. Wi of HO Displaced temp ° 2
3
CALVES Trlal
R. Wt in Alr date Umae 1
R. Wi, of RzO Dlsplaced Temp, ° 2
3
Trial
L. Wi, n Al o date ime. 1
L. Wi of H0 Displaced Lemp ° b
)
[V
OOV LIGHENTS — WBONT, VOLMML C M. CACTA LAWY (Conrh) Page i+
SUBIPCT NO, _
YOLUMES (tuat' )
HARDY {Cour' F PN
L. L {NR1Y N'_,,,‘f.’“",,___z,-ﬁ,.“‘“’ﬂ-,wm I
LWL e Detaked_ beee 0 L.

1
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Appendix B

MID-VOLUME OF SEGMENTS AS AN APPROXIMATION OF A SEGMENT'S
CENTER OF MASS

A few investigators, notably Bernstein, et al., (1931), Cleveland (1955), and Drillis and Con-
tini (1968), have assumed that for the required accuracy the center of mass of a bedy segment can
be considered coincident with its center of volume. Salzgeber (1947), using this assumption,
treated the body segments as a series of geometric forms from which he developed mathematical
formulas to predict the weight and the location of the center of mass of body segments of the living.

This study offered an excellent opportunity to ascertain the correspondence between the plane
of mid-volume and the plane of the center of mass of segments by using a number of segments
from a series of cadavers all being treated under the same experimental conditions. Twenty-four
bady segments were selected on a random basis for use in this test. The center of mass was first
established for each segment on the medial and lateral surfaces by an observer, using the small
electric balance plate described previously. A second observer then independently redetermined
the center of mass after reversing the position of the segment on the balance plate. A line drawn
around the circumference of the segment perpendicular to its long axis then joined the center of
mass points established by the two observers. The total volume of each segment was measured
using the water displacement technique. This was done twice with the average tatal volume being
recorded. The difference between successive trials was small and generally ran to 0.5% or less of
the total volume of the segment. The volume of the proximal end of the segment ( measured to the
circumferential line at the center of mass) was then measured in a similar manner. The data from
this investigation are given in Table 26. The last column represents the percent of the segment vol-
umo that is proximal te its center of mass.

TABLE 26
VOLUME OF SEGMENT PROXIMAL TO ITS CENTER
OF MASS AS A PERCENT OF TOTAL
SEGMENT VOLUME

Tatal Volume Prosimal % of Valume

Segment Segment Volume to Conter of Mass to Center of Mass
Right Ly 9499 ml 5525 ml 58.2%
Left Leg 9785 5544 50.0
Rirht Thigh 6281 KNYE] 5.7
Left Thigh 6202 19 546
Right Thigh 4264 B 50
Left Thigh 5020 4152 37
Right Calf and Foot 3050 1655 537
Left Calf and Font NI VA 1827 53.4
Right Calf 2250 1224 54.4
Left Call 2353 1325 55.6
Calf 1514 1012 358
Calf 1964 1084 55.2
Calf 2094 1160 35.4




e

TABLE 26 — (Cont.)

Calf 1819 967 53.2
Calf 2037 1120 55.0
Right Upper Arm 1642 882 53.7
Left Upper Arm 1784 943 52.9
Left Upper Arm 1813 913 56.6
Right Forearm and Hand 1360 751 55.2
Left Forearm and Hand 1370 744 54.3
Right Forearm 869 489 56.1
Right Forearm 977 562 515
Left Forearm 937 518 55.3
Left Forearm 865 485 56.1

These data are summarized in table 27 with the minimum, maximum, and average ratio for
each group of segments being given as well as the mean ratio for all segments. From this summary,
it is apparent that segment mid-volume is not coincident swith segment center of mass; in each in-
stance, the volume of the segment proximal to its center of mass exceeds one-half the total seg-
ment volume.

TABLE 27

SUMMARY OF MID-VOLUME AS PREDICTOR OF
CENTER OF MASS

Segment N Percent of Volume Proximal to Center of Mass
Minimum Maximum Mean
Log 2 56.6% 55.2% 57 4%
Thigh 4 517 54.6 5395
Calf and Foot 2 534 537 538
Calf 7 32 55.8 5349
Upper Arm 3 5T 4.6 544
Foyoarm and Hand 2 543 55.2 54.5
Foarearm 4 55.3 515 56.3
Mean of All Segments 54.0%

If the mid-volume were to be used o approximate the location of the conter of mass of seg.
ments, the estimated center of mass would be prosimal to its true location. The actual error in-
volved in using this assumption is difficult 1o determine for the imegularshaped segmoents of the
human bady. It is believed, howover, that the mid-volume of the segment will be, at most, some
two to three centimeters proxsimal to the actual seggment center of mass. No attempt was made to
establish the plave of the actual mid-voluime of segments in order that the distance between the
conter of urass as measuwred and as approximated by its micd-volume could be determined. In vetro-
spect, it is unfortunate that this was not done. The error invelved in using mid-volume to locate the
center of mass of body seguicnts may not be so great ax to invalidate this approach for some prob.
lets, but it is important t wndorstand that an ertor of coustant direction is imparted with s use.
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Appendix C

- STANDING AND SUPINE ANTHOROPOMETRY
AND POSTMORTEM CHANGES IN BODY SIZE

Considerable attention has been given to the standardization and replicability of anthro-
pometry on the living with the subject in the standing and seated positions ( Randall et al, 1946;
Stewart, 1947). The anthropometry of a supine subject has received little attention, with the ex-
ception of workspace anthropometry to determine supine clearance dimensions (Alexander and
Clauser, 1965) sad a comparative study by Terry (1940) of supine and ercct anthropometry.

In the present study, it is necessary to understand the relationships of anthropometry as tra-
ditionally taken on the living to the anthropometry of the cadaver measured in the supine posi-
tion. Terry (1940) made a detailed study of measuring and photographing cadavers and, in addi-
tion, compared the standing and supine anthropometry of live subjects. His analysis was primari-
ly concerned with the changes in body length, with the exception of a single dimension of body
breadth. A summary of his results is presented in table 28A. In an extension of his study, using a

] specially designed measuring panel that vertically supported the body, Terry measured ten ca-
davers in a supine and an erect position. He found that by careful positioning of the cadaver on
the panel, characteristic features of the standing posture could be reproduced. A summary of the
results obtained in this test is given in table 28B. From his apalysis of the two studies, Terry
(1840, p 438) concluded that, “ . . measurements made on the supine body should not generally
be accepted as equivalent to those taken with the body erest.” His findings on the living series
showed that the differences were relatively constant in direction; that is, inall but a fow instances,
the supine value exeveded the standing value for the same measurement. This finding was not as
well substantiated in the measurament of the cadavers, which indizates that o groater measuring
ervor is assoctated with this series.

Todd and Lindala (1928), using 4 selected series of cadavers, made an intousave study of
the postmortem changes in the thickness of bedy tissue and their consequent effect on the anthro-
pomotry of the cadaver, They observed that the weight of cadavers ways almost always loss than
might be expected. This welght loss did not fully result from emaciation associated with o Yager-
ing illness, but persisted after death, with a cadaver losing a pound and a half for the first and
secondd days after death and thercafter progressively smallor amounts. They attributed the weight
last primarily (o tissie dehydration of fluids theough the epidenmiz. We observed a siailar weight
loss when dealing with praserved cadavers. However, an offective reduction in the weight losses
can be achivved by keeping the 1otm temperature low and by covering the cadaver with moist
sheots whenaver pussible.

Todd and Lindala destgned an experiment jn which a sories of cadavers were weasured be-
fore and aftor the injection of a knswa quantity of embalming fluid. Suflicient fluid was injected
in each instance to restore the tissue to a “normal” appearance. 1o general, approximately two or
three gallons of Buid were sequired for a satisfactory restoration of the appearance of the tissue.
This amount of Buid was found to increase the radius of the head, chest and appendages of adult
white male csdavers by an average of 6.2 mum, ranging from 18.0 mm at tie leve) of thigh circum-
ference to 2.3 mm at wrist circuinference. ‘This difference, while not lagge, will increase the cir-
cumference at thigh and wrist sespectively by 10.0 and 1.4 em. Todd concluded froin this experi-
ment that the results obtained on different cadavers were highly variable and gquite unsatisfactory
fur predicting accurately the living body size from measuresuents of the cadaver. As Todd pointed
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out, the fault lies not so much with the technique he used as with the problem under consideration.

TABLE 28

COMPARISON OF ANTHROPOMETRY:
STANDING AND SUL'NE*
(All Values in Millimecers)
A. LIVING
Acro Sternal  Xiphoid Umbil. Pubic  Biacromial
Subject  Stature Height Height  Height Height Height Breadth

Tn table 29 are summarized Todd's recommanded incroments in radii necessary to approxi-
wale living dimenwont oo the male. The variability of the data from which these recommenda-
tone zre derived is b, thedr coullicients of variation averaging about 50%.

1 7 91 -7 24 20 5 2
2 2 51 6 18 10 14 -7
3 13 41 11 12 15 12 ~1
4 S 27 12 5 25 17 2
5 24 39 a1 24 2 5 0
8 23 61 27 38 18 -2
7 8 41 11 29 28 3 -8
8 7 28 8 4 8 11 1
9 11 19 i5 14 6 3 15
10 28 81 30 39 18 22 -1
‘ Mean 128 457 134 203 176 11.1 03
sD 8.55 20.22 1017 1146 743 6.56 5.69
B. CADAVERS
Subject
T3 1 46 -3 -8 30 10 ~34
79 7 o) 14 -7 b)) 12 i
Yili ] 24 3 -7 25 3 -3
837 -4 20 «16 ~20 1 -3 3
84 5 31 6 1§ 41 ki 9
8% 1 23 i ~7 2 2 -3
OM 1 A 1 | 30 40 1
945 1 30 10 13 16 10
{ 1101 -4 @ ~2 -8 4 -22
1029 13 &3 -15 -18 5 37
Mean 06 1.0 03 ~58 330 120 ~35
. s 5.04 1431 9.53 10.71 14.15 1288 i5.12
) 'Snmn}aﬁm_! from ‘I‘euy(!%‘lﬁe values shown in this table are diffezences in hady diswasions obtained when
_ stauding wwdsuresients ate sublsacted from supine seasutenionts on the same sebject.

FPPS,
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TABLE 29

AVERAGE INCREASE IN RADIUS OF CADAVER DIMENSIONS TO
APPROXIMATE LIVING DIMENSIONS (in mm)*

Circumferences Male Caucasian Male Negro
Head 3.5 39
Chest 77 7.8
Upper Arm 5.2 5.6
Forearm 3.4 3.9
Wrist 2.3 2.8
Thigh 16.0 17.0
Calf 9.9 145
Ankle 7.6 6.0

*After Todd and Lindala (1928) table 14, page 194.

.-

From their analysis, it appears that any attempt to obtain living dimensions of the body from
cadaver measurements, even when the tissues are returned by injection of a fluid to a normal
appearance, must be acknowledged as approximate. A significant finding by Todd and Lindala
(1928, p. 177) stated that “. . . sudden death brings in its train no marked changes of radii from
those characteristic of the living body and therefore calls for no correction of (body) dimensions.
In the lingering deaths accompanied by emaciation, however, the subcutaneous tissues are de-
hydrated and one is fairly safe in correcting the several dimensions.”

On the basis of Todd and Lindala’s research, we decided to select for our study only those ca-
davers having a medical history that indicated “sudden death” and those having postmortem ap-
pearances that showed signs of minimal desiccation. Because of the limited number of cadavers
in our study, it was possible to be highly selective, using only very well preserved specimens.
This does not imply that the cadavers can be assumed to be fully representative in all their body
dimensions to those of the living. Howcever, because it was possible to be highly critical in select-
ing the sample, the anthropometry taken on the cadavers is believed to be a “reasonable approxi-
mation” to that of the living.

Terry’s study (1940) indicated that the measurement of stature in the supine position is sig-
nificantly different from the in normal standing position. In order to understand these differ-
ences more fully, a brief study of certain measurements with subjects in a supine and a standing
position was carried out.! The supine position was one similar to that observed in the cadavers, the
body being fully relaxed with the feet in plantar flexion and rolled slightly laterally. Table 30
gives the statistics for the variables considered in the 30 subjects studied. The correlation coeffi-
cients between paired variables are quite high for the dimensions of length and somewhat lower
for the dimensions of girth. Estimates of stature were computed for the cadavers based upon the
simple and multiple regression equations using variables 2, 3, and 4. The estimates of stature pre-
dicted from these variables appeared excessively large. The possibility that the factors involved
in diurnal variation in stature may affect estimates of stature in the cadaver cannot be over-

looked.
1The authors wish to express their appreciation to Capt. W. Bennett, Mr, D, Walk and Ca FlfLO{i Henni,

then of the Anthropology Branch, Aerospace Medical Research Lnbomtory. Wright-l’atterson A o, for t
work in obtaining the ata used in this section,
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Estimates of diurnal variation are given as averaging 0.5 inches in children (Kelly et al, 1943)
and 0.95 inches in adult males (Backman, 1924). This type of variation could be expected in a
cadaver population in which the muscles and ligaments are without tension, giving a body stat-
ure in excess of that for the same individual during life. A more refined estimate of stature was
therefore believed necessary.

If samples of live subjects could be matched to the cadaver sample un the basis of certain
critical body dimensions, then the live samples should serve as a basis of validating estimates of
body dimensions in the cadaver series. Body stature and weight, for example, are relatively sensi-
tive indicators of many other body dimensions (McConville and Alexander, 1963). Three san-
ples from live populations were therefore matched to the cadaver sample on the basis of weight
and various estimates of cadaver stature.! The most reasonable estimate of stature proved to be the
dimension, Top-of-Head to Ball-of-Heel. The results of this comparison are given in table 31. The
comparisons are surprisingly close considering the inability to match the samples on the basis of
age. Differences in technique and in the interpretation of landmarks are apparent in those instances
where the comparisons show gross differences. The factor of age, which could not be controlled in
matching the samples, is undoubtedly also responsible for some of the variations seen in the com-
parison.

It was on this basis then that the dimension, Estimated Stature, was determined. In order to
make the anthropometric data of the cadaver sample more readily usable by others, the vertical
distances on the body (that is, the heights) were determined by subtracting the Top-of-Head to,
etc., distance from the estimates of body stature. This means that errors associated with estimated
stature are also reflected in these height dimensions This propagation of possible error in stature
determination is unfortunate but is unavoidable if the data are to be presented in the simplest and
most usable form.

Referring to table 50, note that the correlation rpefficients for paired dimensions of girth,
standing ver:" - .npine, are somewhat lower than those for the linear dimensions but are still quite
high, Of imp«.-+ance here, are the means and standard deviations of the measurements. In the
first two cases, the means between the standing and supine measurements are nearly identical and
the SD’s are reasonably close. The third dimension, Buttock Circumference, is significantly differ-
ent between the two measurements, with a marked tissue compression occurring in the supine po-
sition. The difference is about 1.5% of the standing value, The weight of the cadavers rested on
the heels, occipital area of the head, the scapula, and the buttocks. Of these, the buttocks are ob-
viously deformed by flattening; but the others, because of the bony structures just beneath the sub-
cutaneous tissuc, exhibited only minor distortion and flattening. The buttocks may therefore have
the maximum compression of tissue, which is approximately 1.5% of the standing dimension.

In summary, while no attempt is made to suggest the anthropometry of the cadavers is iden-

 tical to that of the living, the assumption is made that their anthropometric data are a reasonable

approximation of those obtained on the living and can be used within the framework of this study.

!t is unfortunate that extensive anthropometric data are available for rather few populations, The matched
samplog used here were selected from: the USAF flying population survey of 1950; Hertzberg et al., 1954; the
USAF military population survey in 1957, using a photometric technique to supplement the teaditional form of
measurements, unpublished MS, Anthro?o'logy Branch, Aerospace Med?cal Research Laboratory, Wright-Patterson
AFB, Ohio; and an older civilian population survey made up of Spanish-Anerican veterans residing in the Soston
area, Damon and Stoudt, 1963, The military samples are composed largely of men younger, and the civilian sam-
ple men older than those in the cadaver series.
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Appendix D
DESCRIPTIONS OF ANTHROPOMETRIC DIMENSIONS

1. Age: As recorded on the coroner’s report.

2.* Endomorphy: The relative predominance of soft-roundness throughout the various regions
of the body. An expression of the relative amount of body fat.

3.* Mesomorphy: The relative predominance of muscle, bone, and connective tissue.

4.* Ectomorphy: The relative predominance of linearity and fragility. This is, in part, expressed
by Ht/ V/wt.

5. Weight: Body weighed with scalec vead to the nearest gram.

6. Approximate Stature: Cadaver supine with its head oriented in the Frankfort plane (rela-
tive) and firmly touching the headboard of the measuring table. Using an anthropometer, mea-
sure the horizontal distance from the headboard to the most distal portion of the heel. The
distance to both the right and left heels is measured and the two values averaged. Note: All
anthropometry which follows was measured to the nearest millimeter.

7. Top-of-Head to Tragion Length: Cadaver supine with its head oriented in the Frankfort
plane (relative) and firmly touching the headboard of the measuring table. Using an an-
thropometer, measure the horizontal distance from the headboard to the right tragion.

8. Top-of-Head to Mastoid Length: Cadaver supine, with its head oriented in the Frankfort
plane (relative) and firmly touching the headboard of the measuring table. Using an an-
thropometer, measure the horizontal distance from the headboard to the apex of the right
mastoid (or to the mastoid landmark).

9. Top-of-Head to Chin/Neck Intersect Length: Cadaver supine with its head oriented in the
Frankfort plane (relative) and firmly touching the headboard of the measuring table. Using
an anthropometer, measure the horizontal distance from the headboard to the anterior inter-
section of the chin and neck (or to the chin/neck landmarks).

10. Top-of-Head to Cervicale Length: The horizontal distance between the headboard and
cervicale. This dimension is computed from the difference between top of head to thelion
and the horizontal distance between thelion and cervicale.

11. Top-of-Head to Suprasternale Length: Cadaver supine with its head oriented in the Frank-
fort plane (relative) and firmly touching the headboard of the measuring table. Using an an-
thropometer, measure the horizontal distance between the headboard and suprasternale.

12. Top-of-Head to Substernale Length: Cadaver supine with its head oriented in the Frankfort
plane (relative) and firmly touching the headhoard of the measuring table. Using an anthro-
pometer, measure the horizontal distance between the headboard and substernale.

13. Top-of-Head to Thelion Length: Cadaver supine with its head oriented in the Frankfort
plane (relative) and firmly touching the headboard of the measuring table. Using an an-
thropometer, measure the horizontal distance between the headboard and thelion.

*Somatotype Components: An anthroposcopic method of clussifying the configuration of the human form ac-
cording to an established typology. The somatotype of an individualis the numerical expression of the strength of
three y components hased on a seven point scale; 1 is the least expression, 7 the maximum expression of the
component, The first number of a somatotype rating is the strength of the endomorphic component, the second is
the strength of the mesnmorphic component, and the third is the strength of the ectomorphic component.
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14.

15.

16.

17.

18.

19.

20.

21

4.

27.

Top-of-Head to 10th Rib Length: Cadaver supine with its head oriented in the Frankfort
plane (relative) and firmly touching the headboard of the measuring table. Using an anthro-
pometer, measure the horizontal distance between the headboard and the most inferior point
on the margin of the 10th rib.

Top-of-Head to Omphalion Length: Cadaver supine with its head oriented in the Frankfort
plane (relative) and firmly touching the headboard of the measuring table. Using an anthro-
pometer, measure the horizontal distance between the headboard and omphalion.

Top-of-Head to Penale Length: Cadaver supine with its head oriented in the Frankfort
plane (relative) and firmly touching the headboard of the measuring table. Using an anthro-
pometer, measure the horizontal distance between the headboard and penale.

Top-of-Head to Symphysion Length: Cadaver supine with its head oriented in the Frankfort
plane /relative) and firmly touching the headboard of the measuring table. Using an anthro-
pometer, measure the horizontal distance between the headboard and symphysion.

Top-of-Head to Anterior-Superior Iliac Spine Length: Cadaver supine with its head oriented
in the Frankfort plane (relative) and firmly touching the headboard of the measuring table.
Using an anthropometer, measure the horizontal distance between the headboard and the
anterior-superior iliac spine.

Top-of-Head to Iliac Crest Length: Cadaver supine with its head oriented in the Frankfort
plane (relative) and firmly touching the headboard of the measuring table. Using an anthro-
pometer, measure the horizontal distance between the headboard and the iliac crest.

Top-of-Head to Trochanterion Length: Cadaver supine with its head oriented in the Frank-
fort plane (relative) and firmly touching the headboard of the measuring table. Using an an-
thropometer, measure the horizontal distance between the headboard and trochanterion.

Top-of-Head te Tibiale Length: Cadaver supine with its head oriented in the Frankfort
plane (relative) and firmly touching the headboard of the measuring table. Using an anthro-
pometer, measure the horizontal distance between the headboard and tibiale.

Top-of-Head to Lateral Malleolus Length: Cadaver supine with its head oriented in the
Frankfort plane (relative) and firmly touching the headboard of the measuring table. Using
an anthropometer, measure the horizontal distance between the headboard and lateral mal-
leolus.

Top-of-Head to Sphyrion Length: Cadaver supine with its head oriented in the Frankfort
plane (relative) and firmly touching the headboard of the measuring table. Using an anthro-
pometer, measure the horizontel distance between the headboard and sphyrion.

Head Breadth: Using spreading calipers, measure the maximum horizontal breadth of the
head,

Head Length: Using spreading calipers, measure the maxitnum length of the head between
the glabella and the occiput.

Neck Breadth: Using the beam caliper, measure the maximum horizontal breadth of the
neck.

Neck Depth: Using a beam caliper, measure the maximum depth of the neck perpendicular
to the long axis of the neck.
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32,

34.

RY

40.

41

42,

4.

45.

Chest Breadth: Using a beam caliper, measure the horizontal breadth of the chest at the level
of thelion.

Chest Breadth (Bone): Using a body caliper, measure the horizontal breadth of the chest at
the level of thelion exerting sufficient pressure to compress the tissue overlying the rib cage.

Chest Depth: Using an anthropometer, measure the vertical distance from the measuring table
to the anterior surface of the body at the level of thelion.

Waist Breadth: Using a beam caliper, measure the horizontal breadth of the body at the leve!
of the omphalion.

Waist Depth: Using an anthropometer, measure the vertical distance between the measuring
table and the anterior surface of the body at the level of the omphalion.

Bicristal Breadth (Bone): Using a body caliper, measure the horizontal distance between the
right and left ilia exerting sufficient pressure to compress the tissue overlying the bone.

Bispinous Breadth: Using a beam caliper, measure the horizontal distance between the right
and left anterior-superior iliac spines.

Hip Bre-dth: Using a beam caliper, measure the horizontal distance across the greatest lat-
eral protrusion of the hips.

Bitrochanteric Breadth (Bone): Using a body caliper, measure the horizontal distance be-
tween the maximum protrusion of the right and left greater trochantor exerting sufficient
pressure to compress the tissue overlying the femurs.

Knee Breadth (Bone): Using a beam caliper, measure the maximum distance between the right
femoral epicondyles exerting sufficient pressure to compress the tissue overlying the femur.

Elbow Breadth (Bone): With a spreading caliper, measure the maximum distance between the
humeral epicondyles exerting sufficient pressure to compress the tissue overlying the humerus.

Wrist Breadth (Bone): With a spreading caliper, measure the maximum distance between
the radical and ulnar styloid processes exerting sufficient pressure to compress the tissue over-
lying the radius and ulna.

Hand Breadth: With a sliding caliper, measure the maximum breadth across the distal ends
of metacarpal II and V.

Head Gircumference: With the tape passing above the brow ridges and parallel to the Frank-
fort plane (relative), measure the maximum circumference of the head.

Neck Circumference: With a tape in a plane perpendicular to the axis of the neck and pass-
ing over the laryngeal prominance (Adam’s Apple), measure the circumference of the neck.

Chest Circumference: With a tape passing over the nipples and perpendicular to the long
axis of the trunk, measure the circumference of the chest.

Waist Circumference: With a tape passing over the umbilicus and perpendicular to the long
axis of the trunk, measure the circumference of the waist.

Buttock Circumference: With a tape passing over the greatest lateral protrusion of the hips,
and in a plane perpendicular to the long axis of the trunk, measure the circumference of the
hips.
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46.

47.

48.

49,

52.

Upper Thigh Circumference: With a tape perdendicular to the long axis of the leg and pass-
ing just below the lowest point of the gluteal furrow, measure the circumference of the thigh.

Lower Thigh Circumference: With a tape passing just superior to the patella and perpendic-
ular to the long axis of the leg, measure the circumference of the lower thigh.

Calf Circumference: With a tape perpendicular to the long axis of the lower leg, measure the
maximum circumference of the calf.

Ankle Circumference: With a tape perpendicular to the long axis of the lower leg, measure
the minimum circumference of the ankle.

Arch Circumference: With a tape perpendicular to the long axis of the foot and passing over
the highest point in the arch, measure the circumference of the arch.

. Arm Circumference, Axillary: With a tape perpendicular to the long axis of the upper arm

and passing just below the lowest point of the axilla, measure the circumference of the upper
arm,

Biceps Circumference: With a tape perpendicular to the long axis of the upper arm, mea-
sure the circumference of the upper arm at the level of the maximum anterior prominsuce
of the biceps brachii.

Elbow Circumference: The elbows of the cadaver were flexed to about 125° (X=125°; S.D.
=16"). With a tape passing over the olecranon process of the ulna and into the crease of the
elbow, measure the circumference of the elbow.

Forearm Circumference: With a tape perpendicular to the long axis of the forearm, measure
the maximum circumference of the forearm.

Wrist Circumference: With a tape perpendicular to the long axis of the forearm, measure the
minimum circumference of the wrist proximal to the radial and ulnar styloid processes.

Hand Circumference: With a tape passing around the metacarpal-phalangeal joints, measure
the circumference of the hand.

Head-Trunk Length: A derived dimension calculated by subtracting Trochanteric Height
from Stature.

Height of Head: A derived dimension calculated by subtracting Chin/Neck Intersact Hoight
from Stature.

Trunk Length: A derived dimension calculated by subtracting Trochanteric Height from
Chin/Neck Intersect Height.

Thigh Length: A derived dimension calculated by subtracting Tibiale 3cight from Trochan.
teric Height.

. Calf Length: A derived dimension calculated by subtrscting Sphyrion Height from Tibiale

Height.

Foot Length: Using a beam caliper, measure the distance from the dorsal surface of the heel
to the tip of the longest toe.

Arm Length, Estimated: A derived dimension calculated ty the following: Ann Length
(Est.) =1.126 Acrom-Radiale Length+ 1.057 Radiale-Stylion Length + 1252 (£1.58) (in
centimeters ).
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67.

€8.

70.

71.

72

73.

Acromion-Radiale Length: Using a beam caliper, measure the distance along the long axis of
the upper arm between acromion and radiale.

Ball of Humerous-Radiale Length: Using a beam caliper, measure the distance along the axis
of the upper arm between the superior portion of the intertubercular sulcus of the humerous

and radiale.

Radiale-Stylion Length: Using a beam caliper, measure the distance along the Jong axis of
the forearm from radiale to stylion.

Stylion-Meta 111 Length: With a sliding caliper parallel to the forearm-hand uxis, measure the
distance between stylion and metacarpale 111

Metacarpale 111-Dactylion Length: Holding digit 111 as straight as possible and using a slid-
ing caliper, measure the distance between metacarpale 111 and dactylion.

Juxte Nipple (Fat): The thickness of the panniculus adiposus dissected from a site approxi-
mately one centimeter lateral to the right areola.

MAL X (Fat)*: The thickness of the panniculus adiposus dissected from a site on the mid-
axillary line at the level of the distal end of the xiphoid process.

Triceps (Fat)*: The thickness of the panniculus adiposus dissected from a site on the poster-
jor aspect of the uppor arm midway between acromion and olecranon,

Hiac Crest (Fat)®: The thickness of the panuiculus adiposus dissected from a site in the mid-
axillary line, just superior to the crest of the right ilium.

Mean Fat Thickness: A derived dimension calculated as the arithmetic mean of the values
obtained in varisbles 69-72.

the use of the regremion equations developed by

*Theso Cunensions (in millimeters) can be wpproximated on the living from skinfold mwasurenients through
‘fm and Ng (1985) where:

MAL X {Fat) ==0.88 Skinfold MAL X-0.94 ( +!.53)

Tricops (Fut) == 0.89 Skinfold Triceps—-0.44 {x1.78)

Ihiae Crest (Fat) =2 0.78 Skinfold Ilac Crent~0.27 (£2.01)
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Appendix E
STATISTICAL TECHNIQUES

The statistical techniques used in this study are those most commonly used for a random sam-
ple. In selecting the sample there was no attempt made to select a stratified or fractional sample.

Prior to preparation of descriptive and analytical statistical analyses, the data were treated to
an extensive set of editing routines. Any large body of data is likely to contain errors of observa-
tion and transcription. While the number of subjects in this sample was small (n=13), the num-
ter of observations per sampling unit was large (approximately 510). A number of these observa-
tions, however, were redundant in that they were duplicate estimations of the same variable. The
volume of segments, for example, was measured by both under-water weighing and by water dis-
placement.

Despite the rigorous checking of observations, which normally consisted of independent checks
by two observers, the probability is high that errors exist in the more than sixty-six hundred ob-
servations made, recorded, and transcribed to punch cards. In order to determine if and where
crrors in these data might occur, a series of test or editorial routines were used. These routines
have beer developed by Professor Edmund Churchill, and while rather widely used, have never
been adequately described in the literature. The simplest and least expensive routine is that which
he terms the "X-VAL” routine. This is a computer program that orders cach variable from its

smallest to the largest value and then prints out the ten lowest and ten largest values with the x, SD
and CV of the total sample. In addition, this routine deletes the top and bottom values and re-

computes the x and SD. This allows a close look at the two tails of the distribution of values and
often permits the pinpointing of values abviously out of range as a result of transpasition or drop-
ping of digits.

A second editing routine that we used extensively (termed EDIT) is more expensive and time
consuming but is correspondingly more sensitive in error detection. This routine requires that all
values of a variable be tested against values predicted from one or more multiple regression equa-
tions. The multiple regression equation contains independent variables that have a high correla-
tion with the variable being tested. 1f the predicted values are greater than a specified number of
Sea units away from the actual recorded value, the information is printed.! While the X-VAL
routine treats only the ends of the distribution, the EDIT routine examines each value against the
values of two or more closely related variubles. The use of o sufficient nnnber of combinations of
the variables in various regressions permits the pinpointing of possible errors. It is important to
stress thee the editing routines cannot offer a “cerrect” value for an “incorrect” observed value
but can only furnish a value in line with those observed in the rest of the sample. 1t rests with the
investigator to determine in the final stage where possible errors exist and how the data should
be treated when such questions arise.

In this study many observations were made using two independent techniques so that suspected
values could be checked against their companion values as well as the values suggested by the edit-
ing routine. Values for any variable were not changed except in those instances where the burden
of proof was overwhelming and cousistent that a change was necessary to correct some form of
erTor.

1A simplified vonsion of this type of editing routine is outlined by Yates (1960, pp. 392-394).
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The general formulas for statistics used in this study are as follow::

.=
X = n
NIX -3X?
SO = ———
. _ 8D
Cv = < X 100
Se = §D
SD
Se = —
SD VN
NIXY-IX1Y

r = VINGEXY) = (EK) [N(EYP) = (3¥)]

The stepwise regrossion program used in this study is a modified form of the computer pro-
gram prepared at the Schoel of Medicine, University of California. The program was extensively
maodified to expand the number of variables to be considered in the analysis but otherwise remains
similar to the form described by Dixon (1864). The program computes a sequence of multiple
linear regression equations with an independent variable being added at each step. The first in-
dependent varfable to be added has the highest correlation coeficient with the dependent variable.
The remaining independent variables are then selocted from the highoest partial correlation co-
eflicionts, partialed on the variables already in the equation.

The program permits the weighting of the independuent variables so that they can be forced into
the equation at any step in the sequence. The general background for this type of computer pro-
gram has been well described by Efroymsen (1960).
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Appendix F

CORRELATION MATRIX OF SEGMENTAL VARIABLES

LIST OF ANTHROPOMETRIC VARIABLES

Age
Endomorphy
Mesomorphy
Ectomorphy
Weight
Estimated Stature
Tragion Height
Mastoid Height

d. Neck/Chin Intersect Height
10. Cervicale Height
11.  Suprasternale Height
12.  Substernale Height
13. Thelion Height
14. Tenth Rib Height
15. Omphalion Height
16. Penale Height
17.  Symphysion Height
18.  Anterior Superior Spine Height
19.  Tliac Crest Height
20.  Trochanteric Hoight
21, Tibiale Height
22, Lateral Malleolus Height
23, Sphyrion Height
21, Head Breadth
25, Head Length
26. Nock Breadth
27. Neck Depth
23.  Chest Breadth
Chost Breadth/Bone
Chest Depth
Waist Breadth/Omphalion
Waist Depth/Omphalion
Bicristal Breadth
Bispinous Breadth
Hip Breadth
Bitroch Breadth/Bone
Knee Breadth/Bone
Elbow Breadth/Bone
Wrist Breadth/Bone
Hand Breadth

® Anteroposterior depsth st the lovel of the ecaler of mass,

B <3 Al o o

EEIBHEBRESE

e
<=

41.
42,
43.
44,
45.
48.
47.
48.
49.
50.
Sk
52.

| el - *
EEEESEEZE

117.
122,

127.

8

SALRZEBEBEEABLLY

Head Circumference

Neck Circumference

Chest Circumference

Waist Circumference
Buttock Circumference
Upper Thigh Circumference
Lower Thigh Circumference
Calf Circumference

Ankle Circumference

Arch Circumference

Arm Circumference (Axilla)
Biceps Circumference
Elbow Circumference
Forearm Circumference
Wrist Circumference

Hand Circumference

Head and Trunk Length
Height of Head

Trunk Length

Thigh Length

Calf Longth

Foat Length

Arm Length { Estimated)
Acromion-Radiale Length
Ball Humerous-Radiale Length
Radiale-Stylion Length
Stylion-Meota 3 Length

Meta 3-Dactylion Length
Juxta Nipple (Fat)

Mal Xiphoid (Fat)

. Tricops (Fat)

IMac Crost (Fat)

Mean Fat Thickness

AP at Cm® (Leg)

AP at Cm® ( Thigh)

AP at Cm® (Calf and Foot)

AP at Cm*® (Calf)

AP at Cm* (Upper Arm)

AP at Cm® { Forearm and Hand)
AP at Cn® ( Foreann)
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1)
11
21)
L3 )
41)
51)
61)
T

15

1)
11)
21)
EDN)
41)
1)
61)
)

16

1)
m
21)
L33

41)

3
61}
11}

17

1
1)
2N
1n
41y
-2
61}
1)

T8

1n
11
211
n
Al)
1)
61)
4%

CORRELATION COEFFICIENTS OF SEGMENTAL
VARIABLES WITH ANTHROPOMETRY

WEIGHT

« 074
« 540
+ 288
«8067
«605
s 705
«315
«481

«838
o654
«207
«h36
«6T6
« 843
o hé9
0257

VOLUME

«100
«590
« 360
«838
«570
« 709
«382
o537

+838
«T19
0281
Y Y
«663
«828
529
321

CM-TOP

« 369
573
« 376
o 738
+ 592
« 292
e 216
o281

61
« 489
37
+20%
+ 148
AT
« 202
-0748

WEIGHY

+198
063}
«389
o880
+619%
o645
« 387
AT

T8
+T1Y
0 3%0
shdb
0610
s T4Y
«S5A0
«21%

VOLUNME

o218
«690
+ 889
o872
«98%
+ 631
«43)
o321

o 762
« 109
« 384
o832
« 594
o 721
0621
o273

OF TOTAL B0ODY

¢ 099
0526
«038
«172
<875
* 756
«568
«408

«105
«501
«539
«297
«813
« 737
0551

*999
+323
0558
«506
0953
¢733
+ 385

OF TOTAL BODY

«108
584
«076
2784
« 914
T4
o541
o 869

o121
«580
«089
¢332
«837
« 731
529

«992
+403
« 561
«923
«968
«TAA
« 360

OF HEAD (TOTAL

+ 026
582
e 545
« 894
Y Y. X ]
«320
«687
+177

«220
NY.%4
Q)
4554
624
«191
« 782

+ 120
w406
+ 944
« 191
{3
bl
+17)

6)
16}
26)
36)
46)
56)
66}

6)
16)
26)
38)
%6)
56)
66)

800Y)

6)
16)
28}
36)
86}
56)
-1

OF HEAD AND Taumrw

« 039
o619
eld]
«823
«8178
«686
+37
o405

o187
o573
«5989
» 398
.33
T ¥
«339

« 968
419
obl4
21
« 937
759
+383

5)
16)
26)
38
&6}
s6)
66)

OF NEAD AND TRUNK

o024
o682
«183
o822
929
0699
»9%0
o852

232
o657
o491
%10
w881
536
%22

«9%1
517
« 587
923
«929
o723
2360

6}
16)
26)
38}
&6}
561
66)

«599
«039
«598
+902
« 185
+306
24Tk

2642
sllé
«599
«926
« 154
0281
Y Y

o605
o119
«138
«802
«63%
43
0268

73
o102
938
«912
8T
+228
501

«722
° 199
+ 526
+929
o631
« 107
+479

«561
o246
«T46
«821
o814
s Tkl
e 381

+600
0313
«T29
« 840
«823
«T28
007

0618
o 207
LYY
.1 Fi
« 713
773
o356

+ 638
o3
-1}
»T01
+ 139
« 798
oH32

+680
+400
+630
+ 708
s 782
o 787
oh8

«338
«198
+859
«568
716
«770
+515

«582
o266
«817
+386
862
« 150
b8l

«599
o272
359
+515
0638
2820
494

w0232
« 280
+890
% 131
582
o641
819

o671
%:-1.1.]
+807
+565%5
829
+$36
o481

493
e251
«907
0262
o641
¢534
0269

e 543
¢313
¢ 904
«25h
o602
«527
«321

« 5993
+361
+ 604
1Y 1]
e 348
«$63}
«2006

597
o322
«898
350
+ 336
Y IY
+ 310

+ 580
oA0Y
«8179
+320
o492
«618
0349

+408
0325
«085
¢596
¢518
+364
+600

YY1}
0397
¢130
0547
+522
0433
646

«517
«398
LYY
od3)
« 8569
«400
0369

522
o391
o118
574
2401
+ 409
«502

586
o
0196
o518
ohih
o499
Wbl
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79

1)
11)
21}
m
41}
51
61)
TH

80

1}
11)
21)
ERY)
41)
51)
61)
T

81

13
11
an
m
Al)
S
611
™"

82

1}
IR Y
21
mn
)
1)
R )
)

8a

1
1
21
Ny
a1
51)
61}
)

CORRELATION COEFFICIENTS OF SEGMENTAL
VARIABLES WITH ANTHROPOMETRY

CM=TOP

2582
+503
«236
+856
2473
+389
«063
0214

+683
0426
« 459
¢336
+1%0
0363
+ 206
-080

WEIGHT

-087
0346
+150
o654
o523
«673
212
e472

«839
A7
~011
« 3683
«695
«856
« 300
« 300

VOLUNE

=086
0366
2176
« 100
+509
2 705
¢235
«53%0

« 887
«535
2031
«378
+690
« 861
217
0368

OF HEAD (HEAD AND TRUNK)

«130 079
0544 (397
¢519 565
+897 4124
o431 795
«283 L200
e542 o546
0163

OF LES

«180 -055
0340 L2378
=098 415
«662 4159
o172 4659
«eT48 (784
«6B%) 4487
+388

OF \EG

e214 082
4371 o427
=082 +401
o661 4204
+ 194 701}
« 768 L7156
shlT 445%
0658

CH=TROCHANTER{ON

2 %49
+651
« 838
+3%%
oid0
362
410
-19%

« 063
o 387
o828
« 0%
«320
-35%3
«2%9
-0

CR-=ANTY

-11%
—2’!
-29%
«126
«03)3
-019%
«305%
«113

<219
-199
=130
0130
-129%
+ 004
=219
-0ls

~384T +%67
8538 L8497
2813 L0%8
o576 L4612
« 028 (20)
~19¢ ~308
ab3b o T11
~&28

«722
2290
0557
+ 180
T4
«628
0548

4919
0182
o417
+ 796
2 90%
« 932
«319

«VES
221%
+413
«822
+92%
.38
+ 267

(LEGY

e 101
.13
»22%
«29%
S RLY
-306
o173

ASPECY (LEG)

+3%9 =389
164 =127
«089 =079
«230 4101
-078 078
=227 =203
-210 -026
«107

e10%
-2
-120
o163
o187
=189
-010

6)
16)
26}
36)
45)
56)
66)

6)
16)
26)
36)
46)
56)
66)

6)
16}
26)
361
46)
36)
¢95)

6}
161
261
36)
a6}
56)
68)

6)
151
26)
36)
46}
861
66)
an

«591
-085
«216
« 156
ohB9
0337
oH1?

oh20
=034
« B9
+ 792
+879
«334
«289

o438
-013
«618
818
«A7%
o321
eib}

«563%
24052
264
321
=123
109
=385

-1%7
~-342
~-147
181
«h37
e 104
-&t6
«695%

«592
«117
«308
«T11
+680
«889
0362

«380
«131
a1 Th
« 186
o042
o 5h0
0234

393
2150
oI
812
o3&8
1))
+ 2346

YY)
+%70
=117
I
«0%
Y Y
«30]1

-al3
-340
-g02
«080
YY)
-015
«073

552
«103
« 702
e331
+520
+&0Q6
LY 1Y

3464
«072
707
2524
« 836
«852
¢ 398

* 366
«089
e TAT
*535
o193
«821)
o370

o 64T
«392
»050Q
«262
2030
048

+286

-218
-348
033
-122
«393
+301
-148

555
2173
0662
674
obin
«849
181

0286
«133
«812
«086
«101
0272
189

«311
LY
«829
«04)
2682
2250
Y.}

«T03
+636
«031}
564
~019
2534
-120

-2268
-276
025%
-188
+519
-138
«118%

«&17
0204
-215
2681
o4ll
el61
«385

0204
2213
033
0523
«668
¢291
«572

0234
o233
2029
« 498
«650
2307
«637

« 701
«610
0159
«010
0245
« 540
-142

-2290
=218
=303
-014
o504
~159
«219




v

st s S

oL

o 2B s

<

85

1)
1
21)
31
41)
51)
61)
kg3

86

1)
11)
21)
3
41)
51)
61
%)

87

11
1
21
)Y
A1)
81
81)
™

83

1
1
21y
mn
aly
£33
&1
mn

8y

8
i
21)
m
A1)
-2
138
k23

CORRELATION COEFFICIENTS OF SEGMENTAL
VARIABLES WITH ANTHROPOMETRY

WEIGHT OF ARM

-099 4704 145
e384 JATT o342
0145 (124 =079
¢570 4377 +499
¢489 586 4692
0728 4861 +750
0193 4367 4633
0265 +181 4255

¢112 4883
¢239 +088
«525 4400
0063 (697
0631 <762
oT79 +843
e541 4434

VOLUME OF ARM

=086 «+T745 178
«h31 546 4402
0197 4172 ~064
0636 2371 o540
490 o611 4741
T80 +882 806
e248 4406 4602
+360 4278 4352

CM=ACROMION

4190 0% =31
525 o4]1) L0388
820 L2593 4220
0162 4238 4206
2178 4207 ,407
-139 4118 L4201
«508 527 o848
~208 429 %48

«089 907
¢326 4152
¢ 500 (400
«123 47152
«885 (804
o796 J245
«517 2406

{ARM)

«709 2406
« 580 450
+128 4188
~083 4357
2135 (287
22087 4403
a8l4 o684

WEIGHY OF MEAD

+ 058 «8TY =a35
#8319 4572 4492
2384 348 217
o387 4287 #7360
oB16 (A8 478
oATT 4580 4269
2321 4287 887
268 L1171 2270

«3INB +T48
2377 364
+ 668 4711
ohlh 4625
2303 694
2423 4402
+660 4580

VOLUME GF NEAD

~017 8T8 «a72
+62T 4718 4620
o498 318 (238
5T 40A2 758
o808 (408 JT03
+ 394 (568 N2
o880 L4609 811
568 o982 488

+ 389 (718
« 540 L8564
eB2T 4129
o811 o508
+ 496 (T80
0354 42%6
«319 (466

6)
16)
26)
36)
461
56)
66)

6)
161
24)
38)
44)
56)
66)

6)
15y
26)
26)
46)
46)
66}

6)
16)
20)
&)
48)
86
&)

6)
16)
26)
i
48)
56)
85}

+h58
-070
+586
709
+633
«500
0653

+501
=018
+640
«7C)
1651
+78
«619

1626
2840
+011
«399
+013
287
« 709

+528
«104
2025
o611
2449
«035%
%-34]

N YL}
«309
o010
6T
2872
«097
+381%

o451
0138
s T10
oTld
«579
«686
«343

+ 490
¢ 185
LY
¢ 763
632
«T02
0340

a 645
+549
«300
0211
«001
ohf8
W31}

«B0)
+ 289
o526
1Y
«492
0609
o3V

« 583
+ M2
«520
o&T0
«5MN
«2%3
+ 398

+&20
«069
0697
o512
¢662
783
597

oh67
o115
o768
«530
0824
«T61
«583

«592
2867
146
«924
«228
%6
822

+834
Y33}
+568
313
1828
218
Y3

37
o832
+ 604
389
350
o239
+319

¢340
«123
« 755
0352
0657
e 468
e151

«390
«165
«802
¢339
o630
«493
2226

+580
1623
0222
w7
«077
¢330
«291

76
«257
0680
LY
b lé
o405
0198

-1
3y
+ 738
-11%
0263
o018
2364

2234
+160
«037
0628
¢390
o179
o411

«288
o211
«023
«593
«375
«226
«504

o518
5T}
o541
+ 594
156
+H0S
-304

N1}
« 200
« 069
s 136
o058
+&70
1.1

P A N L T L
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P P .

90

1)
11
21)
31
41)
51)
81}
T

91

1)
10
21}
N
A1)
511
61)
T

92

|9
1
21
i
A1)
-3 8
61)
1)

9

1)
19 %)
2l)
M
(28]
)
61)
m

1 1)

1
10
21
3
41)
L3 §)
61)
T

T

CORRELATION COEFFICIENTS OF SEGMENTAL
VARIABLES WITH ANTHROPOMETRY

CM-TOP

-129
o434
250
+660
«T04
822
0363
«T26

CM~BACK OF HEAD (HEAD)

-626
2194
+15%9
«-177
68
«329
0222
0365

+687
«679
«120
2276
« 157
o846
o489
«561

~087
«2T5
~-069
~-3y7
2249
0261
+609
0135

WEIGHT

205
0827
s 342
+ 843
« 994
1Y
0342
2004

« 781
+ T10
« 222
Y TY
0611
+ TA3
0548
218

VOLUME

0229
o674
YY)
anmn
933
630
o836
«511

2 T3
o171
oM
o473
389
o123
2613
2268

OF MEAD (HEAD)

~-022 +027
sh3]l 488
=194 449}
o578 4167
«877 4671
e 792 <698
e261 4232
2679

=353 4457
+167 =005
~111 103
~039 296
«343 -22%
2149 -032
~091 =181
2291

OF TRUNK

0068 <174
0616 o577
v134 8543
«817 39¢
«883 L8%9
o089 644
0552 o521
o (9

OF TAUNK

o063 ,209
o068 L8648
o172 L482
2809 402
0922 8M
¢ 700 +645
+%36 5006
YN

CM=SUPRASTERNALE

+ 5%
+280
0N
«676
o366
o128
-1%6
«079

471
o190
o&83
e213
«10%
«080
~-0e2
=120

~0%0 «073
0369 ,191
0942 403
2728 846
o081 544
-0%0 «080
o271 4249
2062

2851
¢ 306
«570
o762
«804
«539
+ 066

»102
«171
2242
0016
e115
121
«Q9%

2266
o418
«600
«926
0918
e 162
0363

e 949
o A9A
+ 8567
o922
o924
aTA)
«349

&)
16)
26)
36)
46)
56)
66)

6)
16)
26)
36)
46)
56i
6%)

-3
18
28)
b 1Y
46)
561
66)

6)
18)
26)
36)
Ab)
36!
66)

{TRUNK)

0366
130
+5%4
YY1
o408
0328
e 331

&)
16}
26)
361
#8)
38
669

kb
«095
+688
o T4}
o157
«003
«256

«155
186
~0061
«109
2065
-189
«0(88

669
« 099
537
N7
572
023¢
Y T

+ 109
o8}
523
927
620
215
oh12

331
-233%
0867
»398
«239
=014
o248

+396
0226
o753
+606
0692
b4
e 248

«187
1M
022
-186
-047
+ 092
o063

0632
«306
+681
« 768
o T&7
« 798
YL

+ 648
o302
0626
o197
o754
o T45
o2

287
«087
=049
« 388
eblld
«873
o151

¢399 4363
¢193 4184
«833 (874
oh68 -12%
o450 4304
a522 4329
2374 507

03646 4117
«222 J172
«127 229
-0kl -438
-006 ~146
«255 4002
2467 4584

+820 4594
0278 #319
2397 899
0537 493%
«BT0 o538
o637 649
«312 4317

o638 (417
¢ 349 3089
«890 ,872
o346 352
+521 503
631 617
1485 1344

318 W34
=089 =049
+438 380
~D82 %99
«289 2308
-03% 11
+227 »088

e328
0283
«067
371
0215
0317
« 785

0120
«158
e 076
017
~194
2183
+080

517
2308
w116
oSub
«3089
oA08
«588

«370
Yy
«199
1534
21414
Y 1]
+808

o348
-018
-370
o198
o206
=116
o260

Lostt

-
e
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95

1)
11
21)
31)
41)
51)
61)
1)

96

1)
11
21
L3 Q)
41)
51)
61)
n

31)
a1)
31}
1)
T1)

99

1
1
21)
L3 8
al)
Sh
61)
kY

100

1
11)
21
m
41)
28]
L3 8)
)

CORRELATION COEFFICIENTS OF SEGMENTAL
VARIABLES WITH ANTHROPOMETRY

WEIGHT

-165 4821
¢322 8521
0152 «024
o626 4371
oA82 737
«T16 879
0260 307
«539 4422

VOLUME

-13%3% ,830
339 588
«177 012
o686 4360
e 568 728
« 748 880
0282 4330
«597 486

OF THIGM

¢211 =117 893 6}
0320 +406 L4175 16)
«211 331 334 26)
e582 4090 (77T 36}
8792 +845 (875 46)
e TI9 811 4499 56)
¢3T4 409 o219 66)
b7

OF THIGH

o244 ~138 888 6)
0347 L448 L2055 16)
=194 4313 4248 26)
¢569 +126 4793 36)
0807 4672 881 46}
«819 804 4502 56}
0335 370 4187 66}
s 544

CM~TROCHANTERION (THIGH)

o485 (390
«880 758
+820 4692
0569 4161
0257 L018
2168 114
o673 L4811
2344 L1508

CM=ANY

-143 412
-162 076
=263 =344
«237 4T
<510 368
od1A L0618
=213 J0A0
«278 L0800

WEIGHY

o126 (729
« 381 344
a122 +09%%
«009 278
.93‘ 0‘59
+ 480 897
+ 084 (229
0209 «069

o018 4TI JA6S 6)
+853 4861 «837 16)
e880 +104 4253 26)
oT1S 4592 701 36)
0306 o303 o545 AS)
+358 ,090 «29% 88)
0831 4717 <700 66)
0328

ASPECT (THIGH)

0072 =164 4387 6)
=1Th =194 ~216 16)
=222 334 o034 26)
+252 =191 2313 34)
o460 309 L8512 44
2297 4389 197 86
0039 4101 =047 64)
0243 98}

OF CALF AND FOOY

0039 (125 +814 6)
0332 4237 J170 16)
o213 o887 458 26
o733 2311 o695 W)
o578 o870 <829 &85
ohb6 L4483 (523 38)
3Th L6046 o324 66)
+ 086

+381
-000
o673
« 767
«868
0273
«232

«396
«025
+690
o T84
«856
«266
2202

«887
«691
102
o« TA3
+ 186
«3064
o304

-112
-387
+0088
w383
o743
w158
-078
038

PY YY)
=112
2 204
« 113
2139
o825
0398

o338
0142
822
+ 750
o820
+&52
«160

330
o161
819
o170
0836
«453
0162

+896
«78%
+350
811
shib
-3}
0382

-170
-394
«3N
310
2918
«0238
2268

o423
«084
« 506
130
« 740
«613
«391

«315
«082
o117
o541
« 137
« 190
«340

338
101
+ 748
531
+687
« 798
«319

o869
763
492
o726
o042
o318
0397

-214
-$31
o340
/LY )
« 182
«889
=026

2362
+038
o353
«380
«935
+ 094
W19

0257
+130
« 798
~0hb
«599
o197
0247

«278
«148
+808
~0&
8572
93 §
0310

+8886
0821
Wh21
ohT9
«028
2948
357

=252
-296
«369
=286
+h10
-243
o229

o316
+117
«$9
o272
«838
b 23
«000

¢188
221
«057
o bbb
«3717
+306
o644

o214
0242
o 046
+ 436
+548
2321
« TQL

o845
o841
0239
a1l
o217
o823
«373

-204
-184
« 188
1009
«638
-0711
« 362

sl
o189
=044
+5T0
« 179
«196
«261

PP




101

3]
i
21}
ED D)
41)
51
61)
T

102

1)
11)
21)
1)
Al)
81
1)
T1)

104

1)
11}
1)
)
41)
51)
é1)
n)

109

1"
19 %)
21
M
A1)
m
1)
n

106

1
11)
t3 3]
1)
L33
-3 4
L33
m

CORRELATION COEFFICIENTS OF SEGMENTAL
VARIABLES WITH ANTHROPOMETRY

VOLUME

o185 o749
+367 #3370
+145 4060
0659 L2081
¢501 o449
480 (634
o087 o231
0260 -020

OF CALF AND FOOT

«119
2389
o249
¢761
«590
1484
o543
+138

092
«289
539
0366
«608
o857
+583

CM-TIBIALE (CALF

0109
+ 635
« 789
«009
-189%
-180
o172
=081

CM=ANT

=339
552
2397
« 082
-092
-240
s6A2
0057

«~184 (43)
«046 4018
=072 =14}
0219 ~1M)
2219 540
2201 «30)
=026 ~22%
+019 J022

WEIGHY

102
0350
e12%
+ 598
o521
o821

« 792
3%
«053
o293
YY)
«613
+0%% J187
+193 -0%7

VOLUNE

o138
+ 380
o100
856
301
s b8
+00%
291

+ 76
2378
+094
o240
+ 484
0621
«207
+ 001

176
0564
=250
=001
=020
=033
0349

=363
T
336
+ 017
0273
2023
o h20
=012

«817
0204
o479
o727
«851
«522
+504

6)
16)
26)
36)
46)
56)
66)

AND FOOT)

6)
16)
26)
36)
46)
56)
66)

-047
+T18
-180
LY
=063
«130
« 290

2067
-089
0294
o Th4
«T40
ohb2
«383

«380
«801
-059
0122
-508
-052
oA54

ASPECT (CALF AND FOOT)

-137
038
-134
«374
0178
02%6
0283
=116

OF CALF

=083
095
«197
2203
o210
+ 360
0282

2026
+33%9
0211
2736
+ 340
LYY
o376
«070

OF CALF

109
0238
519
09342
560
oh38
«802

« 019
380
2246
o171
565
o082
1)1
e192

+084
« 299
+509%
+40)
o808
Y Y Y
+591

&)
18)
26)
36)
438
36)
66)

103)

«393
027
s 126
0272
oh32
0101
0201

6)
14)
26)
38)
46)
6)
66)

o 193
o171
o482
680
o817
+489
o832

o808
o219
oAT)
*72%
o848
«%02
523

8)
16)
26)
34
46)
36)
66)

+090
~160
171
2202
oAT8
«-0al
e 217
+ 782

Yy
=111
2« 316
+008
o128
378
o402

AT
-081
«3%9
« 730
o3
+39%
3N

39
105
«307
' 780
+T82
o679
389

+612
«820
=070
-080
-362
¢106
&9

«105
-0%9
2379
o340
+ 400
0299
-066

o232
2082
+498
+ 109
o 129
674
380

31}
o112
o508
%/}
o174
+697
0393

0382
0352
0587
o406
«911
«839
ohd2

«$610
«808
2023
«308
484
-062
+138

o049
=107
«3TH
+030
+ 106
348
2246

+ 363
+037
311}
o308
0933
+«820
2491

399
.1 %)
+3%0
«381
+ 208
«810
«&73

¢339
«138
o718
02089
o84)
o438
043

«633
2788
=078
o212
-432
0143
+023

2023
-088
Y ¥
-082
o540
o181
=429

+320
o118
o892
%1 1)
+ 827
L LT
=003

397
sldl
o718
« 287
«828
Py YY)
+009

«236
2179
-058
0583
« 789
0218
333

¢665
o767
«578
=290
=183
«695
=100

=020
=087
=364
072
o561
~096
] })

0229
0109
-394
o818
o 702
o118
273

02062
+182
-108
«504
+ 709
«200
338

B e e T TN




gt e LAt g HHNE AN el g,

'
X

107

b9
11
21)
am
41)
51
61)
m

109

1)
11
21)
M
41)
s1)
61)
™

110

1
1Y)
21)
1)
41
81
41
™

1

1)
11
F28)
N
A1)
511
614
"

112

1
i
21
L3R
413
31}
1)
™

CM=-TIBIALE {(CALF)

«080
o672
«800
=017
=153
-218
« 178
-118

CORRELATION COEFFICIENTS OF SEGMENTAL
VARIABLES WITH ANTHROPOMETRY

=336
554
*613
0026
-109
-253
0668
«008

CM=ANT

«191
0239
«128
+5%8
076
«110
0122
=028

«506
« 207
o174
«300
oA3)
0263
-189
0012

WEIGHT

0212
0325
+098
o508
%11
Y1)
+019
0262

«638
e 366
-037
«378
o391
o860
« 398
=121

VOLUME

0292
«3%0
o131
2097
3208
oM TH
#0993
« 327

o066
379
«-027
+ 308
2373
.11
«362
-072

=436
+591
0351
0032
0270
-617
«653
=085

«822
«539

~-267
-013
=040
-075

«378

=041
«T19
-150
2035
-0%9
s113
331

ASPECT (CALF)

-037
0238
077
«573
+299
0263
o MA0
«-092

=090

¢ 334
«230
o455
+860
'h24
o463

oF FOOT

0109
«282
0232
«663
0640
oA89
512
o148

«172
207
o549
171
.33 ]
b1l
562

OF FOOY

0 249
o319
+ 288
o107
+837
0088
35
«206

«19%
+280
o640
+ 294
o584
2397
o340

CM-HEEL (FOOT)

«134
0 746
o886
o529
0638
Y1)
N.1Y
2830

«308
2 184
2024
«099
«108
+ 426
+386
0382

~370
o798

«$02
o178

1.3
1Y
0642
o499

+330
«b19
o860
« 596
o542
0232
o620

«513
+180
0158
0 b65
829
0226
0280

810
0152
«527
2698
+ 798
0987
o 1]

810
2207
«329
o738
o822
+569
A ?

+629
2703
o842
eb17
o720
e36%
911 ]

6)
16)
26)
36)
46)
86)
66)

&)
16)
25)
3%)
46)
58}
66)

108)

6)
16)
26)
36)
45)
86}
96)

6)
16)
26)
8
44)
36)
84)

6)
16)
26)
36)
46}
86)
68)

«598
«793
-091
122
=503
-092
+483

278
-05%0
Y 3]
« 384
o417
2004
«300
2665

oh23
«100
o133
o 749
o T2
+390
»312

+ 048
-068
108
« 186
« 728
+600
»2%0

o173
o7
256
+688
o019
o194
«542

0627
«816
-104
-127
-374
0128
«516

'208
«101
o382
526
b8
0392
=009

398
«083
o493
PR LY
o726
«607
o494

3V
2118
«491
802
o175
«809
«480

0782
+600
300
N
oAb TH
+6%9
obdh

0623
2816
-004
0262
-hbhh
=026
¢195

0226
«031
ohlB
+190
«$02
«293
o048}

+329
«036
9239
ohB3
+893
+906
2418

«384
2063
%1 1)
« 518
« 820
o mn
0356

+ 730
2993
o546
+ 348
8]
560
+ 497

YY)
798
-092
«200
-419
e156
=004

o246}
« 069
o472
«258
561
0328
-396

o279
«130
2657
279
« 786
327
o186

+ 313
+198
o871
0302
T8
o343
o242

o718
«501
811
0220
o3
0822
+380

«685
oTI77
589
-292
-1bb
«T01
-142

0211
o115
~126
109
o648
«100
«218

o15¢
168
o134
o129
o17?
0252
o278

«190
o+ 203
o131
o718
+603
«288
0338

«703
«539
«099
«007
«50)
+ 548
o349
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1)
11)
21}
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&l)
81)
61)
m

114

1
19 8)
21
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A1)
L3R
61)
T

113

1
11
2N
)
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61)
™

116
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a1y
n
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1)
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118

1
1)
21}
b2 Y
A1)
128
81)
m

CORRELATION COEFFICIENTS OF SEGMENTAL
VARIABLES WITH ANTHROPOMETRY

CM=-SOLE (FOOT)

=048
-037
=003
=001
0225
-013
-061
-147

=104
-001
-058
0218
«Q76
« 096
=030
-173

-321
=106
0151
0176
0166
=145
0222
-153

+320
-133
o450
-0857
018
=061}
e 232

¢190
s014
«158
=039
0176
2038
«140

WEIGHT OF UPPER ARM

-127
«381
0168
«631
+591
o« 837
«203
«436

«T89
«52%
o149
« 283
« 569
893
«320
«376

VOLUME

=118
«h22
« 218
o588
0596
0874
0282
+ 347

«822
+308
«208
s 200
«879
«896
«3%0
472

a172
0374
~030
«367
o674
+808
588
o457

+009
«306
334
«194
o651
«739
«507

879
«129
Y Y.y
o 743
«+809
¢730
ohé2

OF UPPER ARM

2180
o032
-012
0808
o708
»899
+513
o851

CM-ACRONION

+390
+701
«625
2398
0328
=020
« 588
017

o278
549
+ 203
2209
272
«186
«518
=109

CH-ANY

-228
99
' 257
«370
+%500
2019
«209

o888
«17%
=398
o319
o782
+ 788
«014
o281

=159
%11
+ 340
o224
o316
0968
o 742
~03

ASPECT (uk."

0108
-1%7
-533
«19%%
o371
601
197
yi'}

=017
« 388
«8502
0262
«698
« 739
Y.

2886
192
'} })
782
+899
o T11
+403%

6)
18)
26)
36)
46)
56)
66)

6)
16)
26)
36)
46)
56)
66)

¢)
16)
26)
36)
46)
-1 3)
46)

tUPPER ARM)

0543
« 840
0208
o164
02186
+ 2068
o043

-19¢
2040
oAT78
«281
2382
+806
+109%

o480
.11
o309
+976
1487
2206
20689

0830
=183
« 283
0369
o311
e 3%9
-07%

&)
16}
269
36)
A0}
88}
66)

NN

6)
18)
26)
361
46)
489
(13

1384

-018
=112
-198
«039
«208
o002
o158

21461
=036
«843
LY
« T80
o485
«526

2498
«010
+ 691
+T00
2 787
b 29
Y. 1Y

+ 702
+«80%
2058
+9591
«278
» 381
2309

-049
-189
«3T2
«331
« 488
« 109
2109
o874

=019
=014
-077
« 038
«040
=02l
55

ohd0
0147
o T66
«TT3
0689
0606
2262

Py Y Y |
0188
o178
e 798
o« T30
N3 L)
o 2A9

+$9)
+ 092
511
o873
0318
o404
o193

=062
=087
2« T28
N %{]
e
032
=083

-100
-082
-065
-162
«530
bS]
-110

o423
073
oTAL
«338
o662
o753
0568

N Y.1Y
o118
0798
+ 348
ob1}3
« 109
« 349

o833
«$17
vdfl
+808
v 246
oH39
» 258

=108
-117
« 3906
0365
o017
o856
+019

<108
-0653
o075
-146
o687
-209
-169

o340
ol2}
+801
o248
+623
o458
+319

393
+ 154
o834
o222
+543
82
0391

2667
o T4}
o370
o283
=001
208

-159
-167
«547
=299
o030
-147
«02%

=110
~310
+188
=014
672
~021
-031

0253
o178
-09%
o516
o408
«109
0604

2308
0222
-116
2 M0
388
o225
+ 094

299
« 123
0309
+370
o214
+809
2028

-223
-098
«177
oMY
"% 1)
#0017
0390




CORRELATION COEFFICIENTS OF SEGMENTAL
VARIABLES WITH ANTHROPOMETRY

119 WEIGHT OF FOREARM AND HAND

1) =049 +&T7 4083 4239 o758 6) 383 4397 347 (278 4170
11) o327 338 4244 4106 4013 16) =108 102 «049 4106 4107
21) o087 089 <140 4433 4275 26) o419 825 o529 576 <214
31) 0396 o451 ¢32% =134 2526 36) 545 4520 4395 JAAT 4689
41) 2272 4529 0611 4507 o578  A6) 373 ¢332 4865 4604 L3046
81) 20086 4688 2855 4720 o876 56) +hhh (609 4702 4410 o135
61) 0180 o373 2664 (808 2356 66) T35 o405 o549 =112 (075
71) ~046 =120 =070

120 VOLUME OF FOREARM AND HAND

1} =036 o517 4099 4240 (787 6] o438 449 o405 4338 ,233
11) o306 ¢412 310 4188 080 16} =050 o161 ¢105 4160 o170
211 Q130 4129 <119 (A1A (282 26) 084 4589 584 4616 230
B11 o034 468 (362 =090 5T9 361 «599 o587 A2 (436 672
811 o277 4842 664 539 621 A48) 385 (3TL 53T (583 299
81) o808 o«T13 o608 o731 o890 56) o439 633 4T00 439 (193
61) 0215 oA28 4380 48517 4389 66) «TST 2412 o553 <088 148
71} 4022 -048 4004

121 CH=RADIALE (FOREARM AND HAND)

1) o349 =028 =127 4679 +211  6) 2820 +646 4623 5812 0557
11) o876 o366 4326 270 o424  16) o320 oAGT 4040 oA9] L4048
211 o513 4638 686 4237 100 26) <212 «130 174 4099 o194
1 31) 4281 157 o354 o313 240 36) 4332 0243 <238 764 134
A1) 4037 =290 o156 240 416% 46) =272 <087 =002 2219 130
511 ~025 ~0Ta =040 =127 o834 561 056 615 2345 4393 L3008
61) 2314 o449 0083 (584 673 66) 4709 o497 44T «003 =159
711 «281 -299 -188

123 CN=ANT ASPECT (FOREARM AND HAND)

11 =039 358 <049 027 (488 6) 084 03T 064 023 .00}
11) <083 2208 2070 =129 =168 16) =363 =200 ~320 «24) ~193
211 «141 136 «203 4448 A23 2681 o382 109 027 4378 L097
319 o312 SAAD 115 <029 4219 360 (225 2229 <158 330 A%
A1) 2237 4819 A22 4814 oSAB 40D G137 110 2208 A20 L0847
512 o091 o578 4389 o885 729  858) «0L4 o389 4234 (309 -2a8
61) ~091 o221 o183 «071 «130 68) +536 4287 286 078 183
T1) <083 L08% ,101 122) .91}

124 WEIGHY OF FOREARM

1) =182 4481 ,017 4196 (761 6) o318 2332 201 4209 L1120
110 0279 o338 4151 000 «026 18} <130 072 014 0% 087
21) 4O0AB 00T =277 4821 (278 26} 329 (576 4939 807 N
311 4948 ALY 274 «202 A1  36) o800 ATH 346 (292 024
A1) 0310 o634 4639 JATY 4580 461 424 (325 589 L5889 308
511 #5927 o752 4606 o792 4027 9561 (329 o533 099 (327 096
611 o161 o348 4384 437 0262 €6) o700 o355 327 =120 181
1) 2008 ~017 =016
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125

1
11)
21)
)
41)
31)
81)
1)

126

1y
11
21
i
41y
s1)
61)
1)

128

by
11
21
M)
41)
1)
81)
T

129

1)
19 8]
an
M
Al
L2 8]
81)
T

130

1
11)
21
M
Al)
1)
61
n)

CORRELATION COEFFICIENTS OF SEGMENTAL
VARIABLES WITH ANTHROPCMETRY

VOLUME

=180
0322
« 097
«418
¢322
+« 398
0217
0112

«542
o b1}
« 038
o819
+8680
«803
«391
o084

OF FOREARM

+060
0249
-277
«318
+ 708
0682
0564
087

+169
0167
404
-158
<339
0838
o425

807
2035
0280
+561
o643
0842
o 261

CM=RADIALE (FOREARM)

0232
0825
o578
0294
« 008
«180
«509
-082

«008
¢824
«529
17N
0084
0164
«618%
-03%0

CM=ANTY

«039
-299
429
« 180
=160
«119
=359
=320

o314
-189
-118
+6933
«182
oM
-298
-144

WEIGNT

2267
oAl
o171
oATS
+198
s 286
«102
-148

«h10
292
« 220
« 030
« 200
o627
« 369
-344

VOLUNE

+ 304
ohl3
2205
o548
s 164
o311
«1%9
-0719

YY)
0 309
«2%8
+ 459
«2%0
Y]
0409
-279%

-180
538
«372
178
+ 389
0318
«631
=026

0663
«393
0200
«106
0268
0248
o063

0280
+ 496
110
o281
e 202
e636
o451

§)
16)
26)
36)
46)
56)
66)

6)
16)
26)
36)
A6)
56)
66)

ASPECT (FOREARM)

o134
-286
=334
«088
+09)3
2186
« 088
«2%7

-397
0219
-13%
«408
«589
=036

OF HAND

+ 229
0348
e 229
o832
YY)
« 307
2696
-180

«302
0166
«40%
096
«508
023
+608

OF HAND

o268
391
2232
ob78
«497
039%
+519
-10%

«280
o240
ohlbh
e 16}
0372
N 1Y
«600

0291
-469
2142
=001
«1%3
*412
-199

« 834
+106
w234
LTY
o097
« 869
PR T Y

«673
o154
s 249
2610
0543
«889%
s518

6!
16)
26)
38)
A6)
36)
66)

127

6)
16)
26)
351
46}
36)
66)

6)
16)
26)
36!
46)
361
66)

+362
-082
590
o567
oh67
0327
+ 680

0612
oh73
«092
0318
-292
337
«T88

-27¢
-$01
s 26h
=037
+119
+019
+313
« 843

o498
=043
o139
«301
« 206
o640
« 896

o534
«012
o176
« 640
«23%
sbg
Yy

0373
s118
o634
o541
397
25353
«35)

653
610
0092
«301
=143
o083
o548

-302
-A89
«026
w192
+0A8
2098
-123

+31)
0162
onN
%1%}
0318
o T35
+460

+ 542
194
3T
0623
378
o T84
o802

«329
+087
o612
+40Q3
«576
+ 706
¢523

«63%
599
2T
<308
~12%
222
o612

-302
-510
0083
-283
+ 309
+13%0
«120

o470
L)
o466
o494
o420
+597
o348

306
981}
«534
«507
2407
«589
523

¢252
0%
« 669
«27T%
576
348
~0h2

+612
566
« 208
0609
0037
Y3
+040

-326
-509%
2030
0332
529
«00%
~343

1 3%
o216
+450
+ 787
3T
«398
~083

« 059
o 246
500
o 7463
o303
o821
=018

e162
s119
«188
o814
307
o149
0231

<9958
o534
«408
0193
=061
o450
=0%6

-333
~&&3
0129
ot13
314
-43}
=067

1294
183
sl6%
117
o207
194
-0%0

¢332
0221
o179
2724
0236
s2308
+029
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21)
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41)
51
61)
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132

n
11
21)
n
41)
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CORRELATION COEFFICIENTS OF SEGMENTAL

VARIABLES WITH ANTHROPOMETRY

CM~META 3 (HAND)

¢317
0229
o178
o430
0259
0082
«019
=009

372
0233
0402
0284
-009
o118
=081
019

CM-MED

o081
+ 043
-14%
«1%4
-201
-372
-283
-620

=010
-238
+060
+342
-229
-190
=064
-828

-422
e 289
o458
+827
0161
+ 038
¢302
-014

+093
0147
0391
0639
oA77
098
0242

0294
0253
+507
«183
«403
o077
0257

ASPECT {(RAND)

«197
=007
0281
«170
~126
~309
376
-670

« 149
-197
«184
«069
«165
-107
0341

0109
-173
«022
«101
-008
«436
0328

8)
16)
26)
36)
46)
86)
66)

6)
16)
26)
36)
46)
56)
66)

«238
-092
«08s
«186
«174
-218
339

«112
-290
=358
«102
-186
396
¢ 349

¢195
0037
-
+281
0228
2348
0263

0129
-1
-300
101
=039
o413
«212

o189
«024
o178
-29%
o899
«160
0034

«091
-1%2
~020
018
o182
0122
108

0224
1004
216
0272
503
+328
«153

« 0%
-060
=064
o769
37
o021

« 260
0092
-043
-077
« 709
=019
ol72

013
=143
« 068
«533
«081
=128
-548
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Appendix G
DENSITIES OF HUMAN TISSUES

A number of studies reporting the density characteristics of freshly isolated (nonpreserved)
human tissue are found throughout the literature. The more recent studies are concerned with
the density of tissues from which the fat has been removed by chemical extraction and the water
removed by hydration or prolonged drying. Few studies report densities (cor specific gravities) of
fresh “whole” tissues' and with the exception of bone, the densities of tissues from embalmed
cadavers are apparently undocumented. The lack of comparative information presents a serious
difficulty in properly assessing the relationship of freshly isolated and preserved tissue. Our study
afforded an opportunity to measure the densities of samples of skin, fat, muscle, and bone tissues
dissected from cadavers randomly selected from the study population.

In all, the density of 135 tissue samples was determined. Skin, fat, and muscle samples were
taken from sites at which the thicknesses of the skin and panniculus adiposus were measured. Soft
tissue samples weighed about one gram, and bone samples were halved disks cut from the shaft
of the humerus. As much dissimilar tissue as possibly was dissected from each sample, but no dry-
ing or fat extraction was attempted since the primary purpose of the study was to compare only
the densities of whole fresh and whole preserved tissues.

The volume of each tissue sample was determined by placing it in a 25 ml pvenometer filled
with triple-distilled water, measuring the weight of the water displaced by the sample and cor-
recting for the temperature of the water. All weighing was doune on a balance which measured
grams to four decimal places. The water and tissue samples were at room temperature (23.6 to
25 C). Care was taken to remove any air that was trapped in the samples.

Table 33 lists the results of this study and permits comparing the data of this study with what
is belioved may be the most comparable data en  nonpreserved whole human tissue. Since very
few modern investigators have measured the density of fresh, untreated human tissue, the works of
Davy (1840) and Krause and Kap# (us given in Vierordt, 1806) are reported here even though
their methods of derivation are not known, The duta of Loider ad Buncke (1854) on skin and
Blanton and Biggs (1968) on bone are considored divectly comparable. The standard deviations
of the densities decrease with cach cadaver studied in this present effust. This undoubtedly reflects
an fwprovement in measuring techniques as the study progressed.

We do not believe that this study has demonstrated adequately the similarity or difference
betweon preserved and unproserved tissue, since so little fresh tissue has been tested in a manner
similar to the treatmont of the preserved tissue. With the exception of muscle tissue, however, it
is encouraging that there are no apparent gross differenices between the densitios of the two types
of tissues. Our data on the density of muscle tissue appear to be high. We can offer no explanation
for this other than to suggest that the techuique of measuring the deusity of muscle tissue was at
fault,
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