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ABSTRACT

A mathematical model for predicttncy the inertial properties of a human body in

various positions has been developed. Twenty-five standard anthropometric dimen-

sions are used in the model to predict an individual's center of gravity, moments

and products of inertia, principal moments, and principal axes. The validity of the

model was tested by comparing its predictions with experimental data from 66 sub-

jects. The center of gravity was generally predicted within 0.7 inches and moments

of inertia within 10 percent. The principal vertical axis was found to deviate from

the longitudinal axis of the body by as much as 50 degrees, depending on the body

position assumed. A generalized computer program to calculate the inertial proper-

ties of a subject in any body position is presented. The inertial properties of five

composite subjects in each of 31 body positions is offered as a design guide. IBM

7094 digital computer programs are appended.
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A IN A MITMIS & - - - --
A JTEMA1iCAL MODUEL

OF THE HUMAN BODY

i Introduction

Subject

The subject of thj.s study is the inertial properties of the human

body. These inertial properties are:

a. the location of the center of mass

b. the moments of inertia and products of inertia about axes

through the center of mass

c. the principal moments of inertia about the principal axes

through the cenater of mass

d. the orientation of the principal axes

Center of gravity is used interchangeably with center of mass in this

study.

Purpose

The purpose of this study is to design a mathematical model to

predict the inertial properties of the human body in any fixed body

position and to use this mathematical model to develop a design guide.

The design guide can be used to establish preliminary design

mm m m m• •m m mm • m • m1



specifcatinns req~i ring knnwledge nf th- in.rtial nr.* .. - ....

human body in selected body positions.

Without man, the exploration and utilization oi space is meaning-

less. An analysis of man's ability to perform maintenance, supply,

rescue, and operational tasks in the weightless environment of space

is essential. An important factor in the performance of the orbital

worker is his ability to move about at wil1 from one posi-ion t-" a.nhr.

Outside a space vehicle, this mobility can be provided by a personal

propulsion device such as a Self-Maneuvering Unit (Ref 13: IV-18).

Knowledge of the inertial properties of the human body in any body

position is necessary to achieve the optimum design for such a unit.

Operation of the thrusters of a Self-Maneuvering Unit produces a

rotational torque if the thrust vector does not pass through the center

of mass of the system. Sometimes the thrust misalignment is caused

by unbalanced thrust from several nozzles or from misaligned nozzles.

This cai. occur when translational motion is commanded. At other

times, the misaligned thrust is intentional, as when a change of pitch,

roll, or yaw attitude is commanded.

If the torque is about a principal axis of the system, the rotation

will be about the principal axis alone. The principal axes of a rigid

body are those axes through the center of mass for which the products

of inertia vanish (Ref 17: 88). A torque about a principal axis produces
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rotation about that axis alone. A torque about some axis other than a

principal axis will produce rotation about more than one axis. This

cross-coupling effect is caused by one or more of the products of

inertia having values other than zero.

Cross-coupling wastes fuel and makes it more diffi.cult for the

stabilization unit to maintain body attitude. Therefore, it is essential

that the principal axes of the system be known to achieve the •ptimur.

design of a Self-Maneuvering Unit. The first step in determining the

principal axes of the system is to find the principal axes of the human

body. Until now, no study has been made of the principal axes of the

human body.

Braune and Fischer dissected three fro".en cadavers and deter-

mined the centers of gravity and moments of inertia of the various

body segments (Ref 3). Fischer later dissected another cadaver,

increasing the sample to four (Ref .4). Dempster dissected eight

cadavers and collected similar data during a study of the motion of the

body limbs (Ref 5). Barter rised the data gathered by Braune, Fischer,

and Dempster to derive a set of regression equations for the weight of

the body segments (Ref 1: 6). Swearingen determined the centers of

gravity of living subjects in 67 different body positions (Ref 29). King

investigated the locus of the center of gravity for a variety of body

positions (Ref 22). Santschi, l~u Bois, and Omoto determined the

center of gravity and moments of inertia of 66 living subjects in eight
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selected body positions (Ref 27.: 33-54).

Whitsett deRair•.! a matnhemattial maidel of the h..a. body to

analyze some dynamic response characteristics of weightless man

(Ref 3(. 2-9). Gray modified Whitsett t s model and compared the

resvits obtained using his model with the available experimental data

(Ref 12: 31-36). Models of the human body have been used to analyz~e

self-maneue'-ing for the orbital worker (Ref 28: 14-18), and self-

rotation techniques for weightless man (Ref 24: 22-24). Other models

were designed to assist in the development of zero-gravity propulsion

devices (Ref 10: 19), and to analyze the feasibility of a Self-

Maneuvering Unit for orbital maintenance workers (Ref 13: ii 31-46).

S ope

This study is concerned with a personalized mathematical -model

of the human bcly based on an experimentally determined distribution

o1 mass and the anthropometric data of the individual person. It is

beyond the scope of this study to corsder:

a. the assymetrical location eI internal organs of the body

b. the variation of the inertial properties durin g a change of

body position or a change of body weight

c. The variation of the inertial properties while the body is subjected

to external forces which displace tissue from the rest position

Within these limitations, the mathematical model will predict the

inertial properties of an individual person in any fixed body position.

4



Assumptions

The following assumptions have been made in the design of the

mathematical model:

a. the human body can be represented by a set of rigid bodies of

simple geometric shape and uniform density

b. the regression equations for segment weights are valid over

the spectrum of body veight in the Air Force population

c. the limbs move about fixed pivot points when the body changes

position

The first assumption is the essence of an analytical determination

of the inertial properties of the human body using a mathematical model.

The validity of the assumption is dependent upon the accuracy with

which the model reproduces the inertial prope:'-ies as determinned by

experimental tests.

The second assumptiun is dictated by curr:.nt knowledge. Although

the regression equations for segment weights are based on a limited

sample, they represent the best so'roue of information on the distribu-

tion of body weight.

The last assumption is made to simplify the configuration of the

model. Very little qup&titative information is avai!able about the

motion of the limbs since the joints of the body are extromely complex.

For simplicity, fixed binre points are chosen to represent the instanta-

neous cente,'s of motion for the limbs.

5



DeveloPment

The problem of designing and evaluating a mathematical model of

the human body is divided into four phIases:

a. design of a personarJed mathematical model

b. analysis of the model

c. deacription oi a generalized computer program for calculation

of tie inertial properties of any subject in any body position

d. development of a design guide

The first phase is covered in Chapter ]I. A model is designed

using, the regressior equations and anthropometric dimensionis of the

individual subject. Segment characteristics, length, radii, moments

of inertia, center of gravity, and hinge point are defined.

In the second phase, the results obtained using the model are

compared with experimental results (Ref 27: 33-54). The method of

calculatioft and analysis of results, made with an IBM 7094 digital

computer, are contained in Chapter II.

The third phase is described in Chapter IV. A generalized

computer program is described which utilizes the model to determine

the inertial properties of any subject in any body position.

The last phase is the development of a design guide in Cbapter V.

Five composite subjects are defined by using the fifth, twenty-fifth,

fiftieth, seventy-fifth, and ninety-fifth percentile anthrrpometric

dimensions of the Air Force flying population (Ref 15: 11-76). The

inertial properties are calculated for 31 selected body positions.

6



IH. The Model

jnroduction

The personalized mathematical model is made up of 15 simp]e geo-

metric solids numbered as indicated in Fig. 1. Each solid represents

a segment of the body. These segmenti are:

1. head
2. upper torso
3. lower torso
4. right hand
5. left hand
6. right upper arm
7. left upper arm
8. right forearm
9. left forearm
10. right upper leg
11. left upper leg
12. right lower leg
13. left lower leg
14. right foot
15. left foot

The dimensions and properties of the body segmerts are calculated

using the anthropometric dimensions of the individual subject. Thi•a,

the model is truly personalized. These dimensions and properties are

assigned brief symbols which will appear throughout this paper in

capital letters. Stature is referred to as STAT. These symbols and

their units are defined in Appendix B. When more than one segment can

share the same symbol, the segment is identified by a subscript of the

symbol. The segment weight of the lower torso is SW(3). The

7
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THE MATHEMATICAL MODEL

i 8



subscripts correspond to the segment numbers in Fig. 1. The use of

symbols and subscripts is in accordanct with IBM FORTRAN pro-

gramming practice (Ref 19). Inertial properties of the individual

segments are calculated with respect to the center of mass of the seg-

ment. The coordinate system used is a right-handed Cartesian

coordinate system whose origin is at the center of mass of the segment.

The orientation of the axes of these coordinate systems is shown in the

individual figures describing each segment. These fig-res are adja-

cent to the text describing the individual segment.

Body motion is restricted to motion of the arms and legs. The

major consideration has been toward applications concerning manned

operations in space where the limited mobility of a full pressure suit

restricts motion of the head, upper torso, and lower torso. This

does not affect the validity of the model. If mobility of these segments

is desired, the computer programs can easily be modified to provide

this mobility.

Anthropometric Dimensions

The anthropometric dimensions used in the design of the model

were selected from those taken in the experimental study (Ref 27: 14).

A total of 25 dimensions are needed to define the parameters of the

model. These dimensions and the symbols used for them in the com-

puter programs are listed in Table I. ill dimensions are taken with

standard anthropometric instruments in accordance with the descriptions

9



TABLE I

Anthrovometric Dimensions

Symbol Dimension

ANKC Ankle Circumference
AXILC Axillary Arm Circumference
BUTTD Buttock Depth
CHES3 Chest Breadth
CHESD Chest Depth
ELBC Elbow Circumference
FIR:TC Fist Circumference
FOARL Forearm Length (Lower Arm Length)
FOOTL Foot Length
GKNEC Knee Circumference
HEADC Head Circumference
HLPB Hip Breadth
SHLDH Shoulder Height (Acromial Height)
SIT14 Sitting Height
SPhYH Sphyrion Height
STAT Stature
SUBH Substernale Height
THItlC Thigh Circumference
TIBH Tibiale Height
TROCH Trochanteric Height
UPARL Upper Arm Length
W Weight
WAISB Waist Breadth
WAISD Waist Depth
WRISC Wrist Circumference

10



in Appendix A.

_mgression Eauations

The weight distribution among the segments of the model is deter-

mined by the regression equations devised by Barter (Ref 1: 6). The

symbols used in the equations and their units are defined i.t Appendix

B, The regression equations are:

HINT = .47W+ 12.0 (1a)

BUA = .08W- 2.9 (Qb)

BFO = .04W- 0.5 (Ic)

BH = .01W+ 0.7 (1d)

BUL = .18W+ 3.2 (le)

BLL = .11W- 1.9 (if)

BF = .02W+ 1.5 (lg)

The calculated weight represented by the sum of these equations

does not always equal the input body weight. To compensate for this

small deviation, the difference is determined and then distributed pro-

portionally over the segments. The calculated weight then is exactly

equal to the input weight.

The per cent of body weight represented by each of the terms on the

left side of Eq (1) is shown in F'g. 2 for body weights from 120 to 240

lb. The curves in Fig. 2 are based on the corrected segment weights.

11
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The head of the moael is a right circular ellipsoid of revolution as

shown in Fig. 3. The cross section is a c~rcle when the cutting plane

is parallel to the X-Y plane and an elllpsu. when the cutting plane is

perpendicular to the X-Y plane. The dimensions and properties of the

head are:

R = .5 ( 'STAT- SHLDlI (2a)

RR = HEADC (2b)
2 PI

SL = ( STAT- SHLDH) (2c)

ETA = .5 (2d)

SW = .079 W (2e)

C.G.

SL

R

x
z

FIG. 3
HEAD OF MODEL
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SM = SW/32.2 (2f)

DELTA = SW (2g)
4 RkmiqrUC

SIXX = .2 SM((R)2 + (RR)2 ) (2h)

IY = SXX (21)

sIzz = .4 SM (HR)2  (2j)

Ujver Torso

The upper torso of the model is a right elliptical cylinder as shown

in Fig. 4. The cross section is an ellipse when th( cutting plane is

parallel to the X-Y plane. The total torso weight is obtained by sub-

tracting the weight of the head, SW(1), from the weight of the head,

neck, and trunk. The weight of the upper torso is calculated by splitting

C.G. R•_.

SL

XS L

x z

FIG. 4
UPPER TORSO OF MODEL
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the total torso weight between the upper and lower torso according to the

ratio of the densities of the two segments (Ref 5: 195). The dimensions

and properties of the upper torso are:

R = .5 CHESB (3a)

RR = .25 ( CHESD + WAISD ) (3b)

SL = SHLDH - SUBH (3c)

ETA = .5 (3d)

= upper torso volume = PI R RR SL (3e)

= lower torso volume (3f)

DEL', . HNT - SW(1) (3g)
v 2 + I.01 v3

.92

SW - DELTA v2

SM = SW/32.2 (31)

SIXX = SM( 3(R)2 + (SL9) (3j)

SIYY = SM (3(RR)2 + (SL)2 (3k)

SIZZ = SM( (R)2 + (HR) 2 ) (31)

Lower Torso

The lower torso of the model is a right elliptical cylindt.r as shown

in Fig. 5. The cross section is an ellipse when the cutting plane is

parallel to the X-Y plane. The dimensions and p::operties of the lower

torso are:

R =.5 HIPB (4a)

15



R7
N R.

Y"- SL

x z

FIG. 5

LOWER TORSO OF MODEL

RR= *25 (WAISD+ BUTTD) (4b)

SL1" = 3r1H- (FxAT- SUBH) (4c)

ETA = .5 (4d)

v3 = lower torso volume = PI R RR SL (4e)

SW MU H - SW(1)- SW(2) (4f)

SM = SW/32.2 (4g)

DELTA: 6V (4h)
PI R '.R SL

SIXX = SM( 3(R)2 + (SL)2 ) (4i)

SIYY = SM( 3(RR) 2 + (SL)2 ) (4j)

SIZZ = SM ( (R)2 +RR 2 ) (4k)

16



The hand of the model is a sphere as shown ia Fig. 6. The dimen-

"AoLU ard properties of the hand are:

R = F'Isc (Sa)
2 P1

RR =R (5b)

SL = 2R (5c)

ETA = .5 (Sd)

SW= .5 BH (5e)

SM = SW/32.2 (5f)

DELTA = 3 SW (5g)
4 P1 (~

SIXX = .4 SM (R)2  (5h)

HINGE POINT

C.G.

1 T/

Y 2R

x
z

FIG. 6

HAND OF MODEL.
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SIYY = Sixx (51)

SIZz = sMx (5j)

Upper Arm

The upper arm is a frustum of a right circular cone as shown in

Fig. 7. The cross sectiin is a circle when the cutting plane is parallel

tc the X-Y plane. The dimension3 and propeties of the upper arm are:

R- AXUIk (6a)

2 P1

RR ELJ3C (6b)
2 r'I

SL = UPARL (6c)

S = .5 BUA (6d)

HINGE POINT - K
2R

C. G.R

SL

Y~~ I--'/)

y

x --

z
FIG. 7

UPPER ARM OF MODEL

18



SM = SV/32.2 (6e)

Since the upper arm and the remaining segments of the maouel are frusta

of right circular cones, the properties of each are described together in

a later section.

Forearm

The forearm of the model is a frustum of a right circular cone as

shown in Fig. 8. The cross section is a circle when the cutting plane is

parallel to the X-Y plane. rhe dimensions and properties of the fore-

arrrt are:

R = EL13C (7a)

HINGE POINT

C.G. f 17

SL

x -

z
FIG. 8

FOREARM OF MODEL

19



RR- SC (Tb)

2 P1

SL= FOARL (7c)

SW = .5 BFO (7d)

SM = SW/32.2 (7e)

_ L"e.

The upper leg of the model is a frustum of a right circular cone as

shown in Fig. 9. The cross section is a circle when the cutting plane is

parallel to the X-Y plane. The dimensions and properties of the upper

leg are:

R= THIHC (8a)
2 P1

HINGE POINT 2R f DELSH

C. G. pSL

SL

x -

-4- W-2RR

z
FIG. 9

UPPER LEG OF MODEL

20



RR = GKNEC (8b)
4QWPI

SL = STAT - SITH - TIBH (8c)

DELSH = SITH - ( STAT - TROCH) (8d)

SW = .5 BUL (8e)

SM = SW/32.2 (8f)

Lower Lei,

The lower leg of the model is a frustum of a right circular cone as

shown in Fig. 10. The cross section is a circle when the cutting plane

is parallel to the X-Y plane. The dimensions and properties of the

HINGE POINT2R

C. G. ~SL

SL

x -

- -2 RR

z
FIG. 10

LOWER LEG OF MODEL

21



lower leg are:

(9a)
R fxW=

2 PI
(9b)

RR _ANKC
2 PI

SL= TEBH -SPH-H 
(9c)

(9d)

SW= .5 BLL (9e)

SM= sw/32.2 (9e)

The foot of the model is a frustum of a right circular cone as

shown in Fig. 11. The cross section is a circle when the cutting plane

is parallel to the X-Y plane. The dimensions and properties of the

-> 
-HINGE 

PCONT

-i

FfT-- 2 RR
xz

c.G. -/ y

FIG. II

FOOT OF MODEL

22
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foot are:

R = .5 SPHYH (lOa)

SL = FOOTL (1Ob)

ETA= .429 (lO)

SW = .5 BF (lOd)

SM = SW/32.2 (10e)

The small radius, RR. is such that the center of gravity of the foot is

located at a distance of, 429 SL from the larger end.

Conical Segment Properties

The upper arms, forearms, upper legs, lower legs, and feet are

frusta Jf right crcular conea. These segments have properties given

by a common set of formulae:

DELTA= 3 SW (Ila)

SL((RP)2 + R(RR)+ (HR)2 )PI

MT = u= RR/R (lib)

SIGMA = a- 1 + j + 12  (Ile)

ETA = 1+ 2a + 3U2  (11d)
4or

AA= 9 1+ M 2 + 3+ JL 4  (lie)

20 PIu

BB= 3 1 + 4U+ 10u 2 + 4u 3 + 4(l)

80 a2

SIXX = AA (SM)2 + BB SM (SL)2  (11g)
DELTA SL

23



SIYY = SIXX (11h)

SIZZ = 2 AA (e)
LIU-LT-A SL

Detailed derivation of these formulae is presented in Appendix C.

H e Points and Sockets

The model has articulated extremities. Each of the moveable seg-

ments moves about an instantaneous center of motion defined by a hinge

point and a socket. The hinge point is in the moving segment or attached

to it by a massless extension. The socket is in the adjacent segment or

attached to it by a massless extension. The hinge point acts like a ball

joint, moving within the socket.

The hinge point of the hand is indicated in Fig. 6. The socket for

the hand hinge point is located at the lower end of the forearm, on the

center line, where the radius of the cross section is RR.

The hinge point of the upper arm is indicated in Fig. 7. The socket

for the upper arm hinge point is external to the upper torso in the Y-Z

plane of the upper torso. It is located at a distance, R(6), from the top

of the. upper torso and at the same distance from the side of the upper

torso.

The hinge point of the forearm is indicated in Fig. 8. The socket

for the forearm hinge point is located at the lower end of the upper arm,

on the center line, where the radius of the cross section is RR.

The hinge point of the upper leg is indicated in Fig. 9. The socket
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for the upper leg hinge point is internal to the lower torso in the Y-Z

plane of the lower torso. It is located at a distance, DELSH, from the

bottom of the lower torso, and at a distance, R(10), from the side of

the lower torso.

The hinge point of the lower leg is indicated in Fig. 10. The

socket for the lower leg hinge point is located at the lower end of the

upper leg, on the center line, where the radius of the cross section is

RR.

The hinge point of the foot is indicated h- Fig. 11. The socket for

the foot hinge point is located at the lower end of the lower leg, on the

center line, where the radius of the cross section is RR.

Euler Angles

Body position is described by specifying two Euler angles for each

of the moveable segments of the body. No Euler angles are needed for

the head, upper torso, and lower torso since these segments are not

allowed to move. Two Euler angles are sufficient because the moveable

segments are volumes of revolution and are therefore symmetrical

about their longitudinal axis. The two angles, elevation and azimuth,

define the orientation of the segments with respect to the torso. The

sense of these angles is shown in Fig. 12. The elevation angle,

THETA(I, 1), varies from 0 to 180 degrees. The azimuth angle,

THETA(I, 2), varies from 0 to 360 degrees. These angles determine

the transformation matrix which relates the local coordinate system of
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each segment to the body coordinate system at the center of mass of

the body.

Summary

The personalized mathematical model is made up of 15 simple geo-

metr.c solids. The dimensions and properties of the body segments are

calculated using the anthropometric dimensions of the individual subject.

The weight distribution among the segments of the model is determined

by regression equations based on experimental results. The model has

articulated extremities, allowing these segments full range of movement.

Body position is described by a pair of Euler ar-Ils for each of the

moveable segments.
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HI. •.-aIysis of MoIel

Introduction

The essence of an analytical determination of the inertial properties

of the human body using a mathematical model is the assumption that

the human body can be represented by a set of rigid bodies of simple geo-

metric shape and uniform density. The properties and parameters of

the model were explained in Chapter IT. Procf of the validity of the

assumption lies in an analysis of the results achieved with the mathe-

matical model compared to experimental data,

The experimental data, with which the mathematical model results

are compared, was collected by North American Aviation under contract

from the 6570th Aerospace Medical Research Laboratories. U' addition,

a second study conducted under another contract to North American

Aviation provides data for a supplementary comparison of results.

The analysis of the model is divided into six t ctions:

a. N.A. A. body positions

b. N.A.A. axes

c. N.A.A. data

d. computer program MODEL

e. comparison of results

f. supplementary comparison of results
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N. A. A. Bod Position

The eight body positinns used by North1h Amwericar Aviation in the

cxperimer-ai study are shown in F'ig. 13. A complete Jescription of

the positions is contain'ed in Appendix D (Ref 27: 8). Position six, sit-

ting with thighs elevated, is a difficult position for a subject to assume.

The buttocks tend to move forward, away from the back plane, as the

leg3, are raised, and the lower part of the spine follows this motion by

curving forward. It is doubtful that this position has a very high degree

of reproducibility or accuracy. Position eight, the relaxed position,

is not adequately defined fcr use hi an analytical study. The relation-

ship between the upper arm and the forearm is not completely

described, hence the position can not be considered in this study.

N.A. A. Axes

The axi; system selected by North American Aviation is a right-

handed Cartesian coordinate system. The axes are shown in Fig. 14.

This system is similar to the coordinate system generally used in air-

craft stability and control analysis. The X location of the center of

gravity, XNAA, is measured along the X-axis from the back plane

(Ref 27: 7). The Y location of the center of gravity. YNAA, is

measured along the Z-axis from the top of the head. Center of gravity

calculations for the model are made in this coordinate system to

simplify comparison of results between the model and the experimental

data.
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N 4•A. Data

The North American Aviation study contains data on the centers of

gravity and moments of inertia of C6 subjects in the 8 body positions.

Fifty anthropometric dimensions of each subject are included. A total

of 6468 data bits are presented (Ref 27: 33-54). Only 25 ci the anthro-

pometric dimensions of each subject are required to design the

personalized mathematical model of each subject.

One of the measurements, BIACD, was not t-,ken correctly and can

not be used. Several individual errors in measurement or recording are

apparent upon close examination of the data. Jiscovery of these errors

made it advisable to check the remaining data thoroughly before using it

to evaluate the accuracy of the mathenmatical model. The center of
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gravity and moment of inertia data were analyzed by a special computer

program. Compatibility -0f the data bits was checked by a series of 60

comparison tests. A total of 3960 individual comparisons were made

and 18 failures were noted. The measurement and compatibility

failures are recorded for permanent reference.

Computer Prograwn MODEL

The analysis of the mathematical model is accomplished by an IBM

7094 digital computer program, MODEL. This original program uses

the design of the mathematical model to calculate the inertial properties

of the 66 subjed-ts in 7 body positions. Seventeen major designs and

innumerable minor design modifications were tried during development

of the final design of the mathematical model. The computer program

is written in FORTRAN I language (Ref 18 and 19), but it has also been

translated into FORTRAN IV language (Ref 20 and 21). A listing of the

program in FORTRAN II is given in Appendix E. MODEL consists of a

main program and seven subroutines. The main program controls the

flow of information and logic. Each subroutine performs a step in

:etermining the inertial properties or in- comparing the results with the

experimental data.

Main Program. The main program reads into the computer memory

the input data for the subjects, one at a time. The subroutines are

called in the proper order to calculate the inertial properties for the

seven positions, in sequence. This process is repeated until the

31



calculations have been made for all 66 subjects. An analysis of the

results is then performed by SUBROUTINE ANALYZ.

SUBROUTINE DESIGN Total body weight is distributed among the

body segments by the regression equations. The segment dimensions

are calculated using the anthropometric dimensions. Segment center of

gravity and moments of inertia are determined. Hinge points for the

upper arms and upper legs are established. When executioit of the

subroutine is completed, control is returned Wo the main program.

SUBROUTINE EULER. Euler angles of the moveable segments are

defined for the body position being considered. The sine and cosine of

these angles are calculated. When execution of the subroutiite is com-

pleted, control is returned to the main program.

SUBROUTINE MODMOM. Matrix methods are used to determine

the location of the center of gravity of the body in the position being

considered (Ref 26). Similarly, the moments and products of inertia,

which form the inertia tensor, are calculated. The numerical differ-

ences and percentage differences between the experimental data and the

calculated values are determined. These errors are arranged in an

array for analysis by SUBROUTINE ANALYZ. SUBROUTINE HMMPY

is called to perform matrix multiplication. SUBROUTINE EIGEN is

called to calculate the principal moments of inertia, and to determine

the orientation of the principal axes. When execution of the subroutine

is completed, control is returned to the main program.
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SUBROUTINE HMMPY. This subroutine is a modification of a

standard matrix multiplication -ubrouti.ne. Two Lnatrices oi three

rows and three columns each are multiplied together. The result of

this multiplication is returned to the routine which called SUBROUTINE

HMMPY.

SUBROUTINE EIGEN. This subroutine is a modification of a

special subroutine written by Mr. H. E. Petersen, Analysis Branch,

Digital Computation Division, Research and Technology Division,

Wright-Patterson Air Force Base, Ohio. The subroutine diagonalizes

any real, symmetric matrix using the Jacoby method. The computa-

tion procedure is similar to that devised by Householder (Ref 16: 23-27).

The eigenvalues and eigenvectors are calculated by making successive

orthogonal transformations to reduce the off-diagonal terms to zero.

The eigenvalues of the inertia tensor, which is a real, symmetric

matrix, are the principal moments of inertia. The eigenvectors are the

direction cosines of th2 principal axes.

The seven positions described in SUBRGUTINE EULER have a plane

of symmetry in the X-Z plane. The products of inertia, Ixy and lyz,

are both zero and the orientation of the principal axes is described by

the angle, PSI, whose positive sense is indicated in Fig. 15. The

principal axes, X1 Y' Z', are related to the body axes, XYZ, by the

angle PSI. In positions 1, 2, and 3 the Y-Z plane is also a plane of

symmetry. In this case, the remaining product of inertia, Ix is also
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zero, the moments of inertia already calculated are the principal

moments, and the body axes are the principal axes. When exccution of

the subroutine is completed, control is returned to SUBROUTINE

MODMOM.

SUBROUTINE OUTPUT. Experimental data, calculated values,

numerical differences, oercentage differences, principal moments,

and direction angles of the principal axes are written on the normal

output tape. Anthropometric dimensions, segment dimensions, and

segment properties are written on another output tape, called the

master tape. Output control parameters allow the user to select both,

either, or neither of these two 'ets of output data. When the execution
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of the subroutine is completed, control is returned to the main pro-

gra-m.

SUBROUTLNE ANALYZ. The error array constructed i,, SUB-

ROUTINE MODMOM is systematically scanned to produce a numerical

histogram suitable for error analysis. The medians and averages are

calculated. The histogram, the medians, and the averages are

written on the normal output tape. When execution of the subroutine

is completed, control is returned to the main program.

Comparison of Results

The results obtained using the mathematical model can be com-

pared with the experimental data in these categories:

a. anthropologic parameters

b. center of gravity

c. moment of inertia abolit X-axis

d. moment of inertia abcut Y-axis

e. moment of inertia about Z-axis

Anthropologic Parameters. Two anthropologic parameters can be

used as figures of merit for the mathematical model. They are the

segment center of gravity location and the segment specific gravity.

A comparison of the segment center of gravity results for the 66

subjects is presented in Table If. The center of gravity lccation is

expressed in per cent of segment length. The high, low, and average

values for the model are shown with the experimental value obtained by
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TABLE I I

LOCATION OF CENTER OF GRAVITY'

MODEL

BODY SEGMENT HIGH LOW AVE EXPERIMENT 2

HEAD AND TORSO 73.2 61.3 64.5 60.4

UPPER ARM 49.6 44.6 473 43.6

FOREARM 45.0 39.8 42.8 43.0

UPPER LEG 45.3 42.0 43.7 43.3

LOWER LEG 47.6 39.8 41.6 43.3

1 DISTANCE FROM UPPER END IN % OF SEGMENT LENGTH

2
FROM REF 5:194
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d.ssection of cadavers (Ref 5:194). No experimental data is available
for the head, upper torso, cr hand in the Alosed position. The foot is

t '-"" because he experimental value was used as an input in

the design of the model. This was necessary to overcome a

deficiency in anthropometric data for the foot in comparison with the

data available for the other segments. The locations of the center of

gravity of the segments represented by frusta of right circular cones

are dependent solely on the geometry of the segment. The very smn-l

deviation between the model and the experimental results indicates

that the shape and size of these segments approximate the body seg-

ment very well. The center of gravity of the head and torso combined

is dependent mainly on the distribution of weight between the head and

the torso. The results for the combination are very good in view of

the fact that this parameter is difficult to determine experimentally.

Tke second figure of merit is the segment specific gravity. A

comparison of the .3egment specific gravity results for the 66 subjects

is presented in Table EIl. The specific gravity reflects the effect of

the weight distribution from the ragression equations and the size of

the model segments. The segments which show the greatest deviation

from the experimental data are the hand and the foot. These two seg-

ments are the weak segments of the model since the information used

in their design is not as extensive as that used in the design of the

other segments.

The average results are wvithin approximately ten per cent of the
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TABLE III

SPECIFIC GRAVITY
OF BODY SEGMENTS

MODEL

BODY SEGMENT HIGH LOW AVE. EXPERIMENT'

HEAD 1.47 .90 1.15 1.11

UPPER TORSO 1.00 .72 .84 .92

LOWER TORSO 1.10 .80 92 1.01

HAND 1.72 1.02 1.29 1.17

UPPER ARM 1.22 .79 .97 1.07

FOREARM 1.56 1.0411.30 1.13

UPPER LEG 1.32 .8811.13 1.05

LOWER LEG 1.44 .83 1.19 1.09

FOOT 2.14 1.12 1.62 1.09

IFROM REF 5:195-196
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experimental data. This is exceptionally good considering the number

of parameter,- i,,,,oed in the c alculations and the assumptions ot

simple geometric shape and uniform density. The effect -f irregularity

of segment shapes, such as in the biceps, calves, and knees, can not

be duplicated by a geometric solid c(, revniution which has a straight

line as generatrix.

The larger error in the hand and foot does not atlect the other

calculations appreciably. The error is in the calculated segment

volume which affects only the local moments of inertia. The coiitribu-

tihn made by the local moments of inertia of the hand and foot is very

small in comparison to the total moments of inertia of the body. It

can be shown that the predominant factors in the body moments of

inertia are the parallel axis transfer terms.

Center of Gravity. The comparison of center )f gravity results

can be divided into two sections. The N.Mrth American Aviation study

did not determine the Y location of the center of gravity by experiment,

so only the X location and the Z location need be discussed. The error

distribution for the seven positions is shown in Fig. 16. The median

of the errors and the two quartile points are marked. Fifty per ce!It

of the errors fall between the quartile points, by definition.

The X location of the center of gravity for position one is

determined by a least sq7,ares curve fit of the experimental data

based on WAISD as the independent variable. This is necessary
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because no information is available to locate the back plane with

respect to an anthropometric landmark used in the study. Polynomials

of degree 1 through 12 were tried and the first order equation proved

to be the best. The X location for the remaining positions is calculated

by perturbation techniques with respect to the standing pcsition.

Examination of the calculated results and the pictures of the

experimental apparatus (Ref 27: 17-20) reveal tnai the subjects were

not restrained properly in position number three. The arms were

secured against the back plane instead of having the wrist axes

parallel to the Y-Z plane, as prescribed in the description of the

position. This causes the values predicted by the moat: -.o be larger

than the experimental data. This effect is evident in Fig. A6 . The

observation made earlier, about tY e difficulty of attaining po,• ition

number six with a high degree of reproducibility or accuracy, is

borne out by the results. The model conforms to the position eactly.

but a human subject can not do so. The effect is that the predict ed

values are smaller than the experimental data. This can be seen in

Fig. 16. Other than these discrepancies, one half of the predicted

values generally falls within five tenths of an inch of the experimei tal

data.

The Z location of the center of gravity is predicted by the modeý!

very well. No significant discrepancies appear in the results. One

half of the predicted values generally falls within seven tenths of aii

inch of the experimental data.
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Moment of Inertia About X-ags. The error distribution of IXX is

shown ii. Fig. 16. The median of the errors and the quartile points

are narkled. No 4-gnifi.a.t dscrepancies can be discerned from the

results. One half of the predicted values generally falls within 10 per

cent of the experimental data.

Moment of Inertia About Y-axis. The error distribution of t yy is

shown in Fig. 16. The median of the errors and the quartile points are

marked. The effect of the error in predicting the X location of the

center of gravity in position six is evident. The smaller predicted

value for the X location of the center of gravity lowers the moment of

inertia about the Y-axis. This makes lyy smaller than the experimental

data. Other than this discrepancy, one half of the predicted values

falls within 10 per cent of the experimental data.

Moment of Inertia About Z-axis. The error distribution of Izz is

shown in Fig. 16. The median of the errors and the quartile points are

marked. The effect of the error in predicting the X location of the

center of gravity in positions 3 and 6 is evident. The error produced

in the moment of inertia about the Z-axis follows the trend of the error

in the X location of the center of gravity. In general, the errors in Izz

are markedly greater than the errors in the other moments of inertia.

This is attributable to the fact that Izz is generally an order of magni-

tude smaller than Ixx and Iyy. A small numerical error becomes a

much larger percentage error. Other than the discrepancies noted,

one half of the predicted values generally falls within 20 per cent of
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the experimental data.

Supplementary Comparisoan of Results

A siaon' d experimental study completed zecently is the basis for a

supplementary comparison of results. North American Aviation

investigated the center of gravity location and moments of inertia of 19

subj .,., in the seated position (Ref 8). The primary purpose of the

study was to determine the effect of a pressure suit on the inertial

properties of the human body. Experimentai runs were made with the

subject nude, as well as in the pressure suit. The data from the runs

with the subject nude can be compared with results using the mathe-

matical model. Again, each subject's anthropometric dimensions are

used to design a personalized mathematical model. A comparison of

the results is presented in Fig. 17.

The center of gravity location, represented by X and Z, is

comparable to the results achieved in the first study. One half of the

predicted values falls within five tenths of an inch of the experimental

data.

The moment of inertia results for Ixx and Iyy are also comparable

to the results achieved in the first study The results for Izz, however,

are significantly different. The median error in the first study is about

15 per cent below the experimental data. The median error in the

second study is nearly zero. The effect of an order of magnitude

differenc* in Izz, 2-s compared to the other two moments of inertia, is
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again clear. The exact position of the body is critical when determin-

ing , . Variation of position of body segmrents in the X direction

affects I~z directly. This small variation has a greater relative

effect on Izz than it has on X or Iyy. Careful scrutiny of the pictures

of the experimental apparatus for the first study shows that the body

positions were not held precisely (Ref 27: 19). The mathematical

model, on the other hand, places the subject in the exact position

desired. The results using the model are probably of comparable

accuracy in Izz as in the other two moments of inertia. The errors

in experimental procedure obscure this accuracy since Izz is much

smaller than Ixx and Iyy.

Summa~ry

The body positions and axes used by North American Aviation are

discussed. Errors in measurement of anthropometric dimensions

and compacibility errors in the experimental data are pointed out.

Computer program MODEL is explained.

The segment center of gravity location and segment specific gravity

for the model are very good. The weak segments are the hand and the

foot. The center of gravity prediction generally falls within five tenths

of an inch of the experimental data in the X directio- and within seven

tenths of an inch of the experimental data in the Z direction. The

moment of inertia about the Z-adis, I z, is very sensitive to small

variations in body position. It is generally an order of magnitude
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smaller than the other moments rif ine rtia. The moments of inertia

generally fall within 10 per cent of the experimental data. Supple-

mentary comparison of results verifies these accuracies.
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IV. Generalized Compuor Pg

Computer Program APMOD

The design of the mathematical model is incorporated into a

generalized computer program, APMOD. The fincti-nrl of this program

is to calculate the inertial properties of any human subject in any body

position. The program is written in FORTRA-. II for the r3M 7094 digital

computer, but is also available in FORTRAN IV. A listimg of the

FORTRAN 11 program is given in Appendix F. A listing of the FORTRAN

IV version is given in Appendix G. The program consists of a main

program and six subroutines.. The main program controls the flow of

information and logic. Each subroutine performs a step in determining

the inertial properties.

Input Dati

Two output coutrol parameters are read into the computer memory

at the beginning of ex- ation. The same type of output control is used

in this program as was used in MODEL. The 25 anthropometric

dimensions of a subject are read into memory from the input tape. The

inertial properties are calculated xrom these dimensions. Approxi-

mately one second is required for execution of the calculation for each

subject. New sets of data are called for until the list of subjects is

exhausted. Lack of new data terminates execution.
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bubkuuiines

The six subroutines used in APMOD are sliilar in form to the sub-

routines used in MODEL. The COMMON mnd DIMENSION statements

have been altered because no experimental data are needed in this pro-

gram. SUBROUTINE DESIGN performs the same functions in this

program as the similar siubroutine does in MODEL. SUBROUTINE

EUTLER must be provided by the user. Memory space is allocated for

seven body positions. The Euler angles f m the moveable segments

must be coded into executable statements like those in SUBROUTINE

EULER of MODEL. SUBROUTINE MODMOM is similar in form to

the subroutine in MODEL, but all calculations necessary to compare

the results with experimental data have been deleted. The remaining

functions of the subroutine are unaltered. SUBROUTINE HMMPY and

SUBROUTINW EIGEN are identical to the subroutines used in MODEL.

SUBROUTINE OUTPUT provides for normal output and master tape

output under the control of output parameters. Normal output includes

the location of the center of gravity, the moments and products of

inertia, the principal moments, and the orientation of the principal

axes. The master tape output includes the anthropometric dimensions,

the segment dimensions, and the segment properties.

SSt nmary

Computer program APMOD calculates the inertial properties of

any human subject in any body position. The 25 anthropometric
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dimensions of the subje: t are used to calculate the inertial propertiesri

using the personalized mathematical model. Calculations can be

made for any number of subjects in seven body positions 3peci5.ie.• by

the v.3er. Normal output and master tape output are provided tuwd.r

control of output parameters.

4
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V. Do r Guide

Introduction

The mathematical model is used to develop a design guide. The

design guide can be used to establish preliminary design specifications

requiring knowledge of the inertial properties of the human body in

selected body positions. The design guide is intended to be a basic

reference from which individual users can obtain approximate values

of the inertial properties of the human body in selected body positions.

An example of one use of the design guide has already been alluded to

in the introduction to this study. Tbh design of a Self-Maneuvering

Unit requires knowledge of the inertiad properties of the human body.

The design guide provides inertial properties for the designer to use

in optimizing the desizn of the unit to minimize cross-coupling.

Five composite subjects are defined by using the fifth, twenty-

fifth, fiftieth, seventy-fifth, and ninety-fifth percentile anthropometric

dimensions of the Air Force flying population (Ref 15: 11-76). The

inertial properties of these composite subjects are calculated for 31

selected body positions.

Calculations are made by a computer program, GUIDE, written in

FORTRAN H language for the IBM 7094 digital computer. A listing of

this program is given in Appendix H. The program consists of a

main program and four subroutines. The program is very similar to
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,aze n,w.,n---------- A.-MOD, described earlier. The main program

however, also produces the output, eliminating the need for a separate

subroutine. SUBROUTINE DESIGN, SUBROUTIINT .ULER, and SUB-

ROUTANE HMMPY perform the same functions as the corresponding

subroutines in APMOD. SUBROUTINE MODMOM combines the

functions of its counterpart subroutine in APMOD and SUBROUTINE

EIGEN. This is pessible because the positions beirig considered are

symmetrical so that the principal moments of inertia can be calculated

di rectly.

Laput Data

The 25 anthropometric dimensions for the five composite subjects

are obtained from the survey of the Air Force flying population (Ref 15).

Some of the dimensions can not be obtained directly since they were not

taken during the survey. These dimensions are calculated by regres-

sion equations using various dimensions from the survey as independent

variables. The independent variables were chosen on the basis of high

correlation factor and low value of standard deviation. Eight such

regression equati.ons are required to complete the set of anthropometric

dimensions.

Different composite percentile subjects can be used in the computer

program. Provision is made for making calculations on five composite

subjects defined by percentile anthroporletric dimensions. Should other

percentiles, other than those selected for this study, be required, the
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appropriate anthropometric dimensions can be used. The five percentiles

selected were chosen because they represent the spectrum of body sizes

generally considered in the design of systems involving the human body.

Boyf Positions

The 31 body positions selected for the design guide are shown in

Fig. 18. All positions have a plane of symmetry in the X-Z plane. The

Euler angles required for each of the moveable segments are defined in

the same manner a&- those used in computer program MODEL. The

positive sense of these angles is indicated in Fig. 12. The angles are

defined by executable statements of SUBROUTTINE FULER in Appendix

H.

The 31 body positions cover the regime of permissible ,ositions of

the body in a full pressure suit representative of the state of the art.

The possible range of values of the moments of inertia are also covered,

consistent with the limitation that the position must be realistic with

respect to current pressure suit mobility. The six basic configurations

of the upper half of the body are:

a. arms at attention
b. arms directly overhead
c. arms spread in cruciform position
d. arms extendeq in front of body
e. arms bert 90 at elbow, forearms in front of body
f. upper arms at shoulder level, forearms extended in front of body

The five basic configurations of the lower half of the body are:

a. standing
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I. 2. 3. 4. 5.

6. 7 8.9..

6.10

II. 12. 13. 14. 15.

16. 17. 18. 19. 20.

21. 22. 23. 24. 25.

26. 27. 28. 29. 30. 31.

FIG. 18

BODY POSITIONS FOR DESIGN GUIDE

53



b. kneeling
c. sitting
d. sitting, legs extended forward
e. standing, legs at 300

All combinations of the upper body and lower body configurations are

included, making a total of 50 body positions. The last position is the

Mercury configuration examined earlier (Ref 27: 8). The inertial

properties of the five composite subjects are calculated for these 31

body positions.

Output Data

All output ýs written on the normal output tape. The output data

include the anthropometric dimensions, the location of the center of

gravity, the momeW.n and products of inertia about axes through the

center of gravity, th,,. principal moments of inertia about the principal

a:wes t'irough the center of gravity, and the orientation of the principal

axes. The output data is presented in Table TV.

The 25 anthropometric dimensions are arranged by percentile.

The brief symbols for the anthropomet=ric dimensions are defined in

Appendix B. The center of gravity is described by X anad Z, the

location in the X flirection and the Z dir-ction, respectively. The

center of gravity location in the X directioii is weasured from the baet-

plane. The center of gravity location in the Z direction is measured

from the top of the head. The axis system for these calculations is

tihown in Fig. 14.
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The moments and products of inertia form the inertia tensor for

the subject. The body positions selected for the design guide have a

plane of symmetry in the X-Z p.ane. In this case, two of the products

of inertJ a, lxy and Iyz, are zero. The inertia tensor is then deter-

mined by the moments of inertia and the non-zero product of inertia,

The orientation of the principal axes is conveniently described by

a single angle, THETA. The positive sense of this angle, and the

orientation of the principal axes are indicated in Fig. 15. The moments

of inertia about the principal axes through the center of gravity complete

the list of output data.
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TABLE IV

ANTHROPOMETRIC DATA OF MOOELS

!I

tI

PERCENT ILE

5 25 50 75 95

wEIGHT 132.5 148.7 161.9 176.6 200.'!

STAT 65.2 67.5 69.1 70.7 73.1

SHLDH 52.8 55.0 56.6 58.0 60.2

SUfti 45.6 47.4 48.7 50.1 52.1

TROCH 32.6 35.0 36.1 37.3 39.0

1IP H 16.6 17.4 18.0 18.7 19.6

UPARL 12.7 13.1 13.5 13.8 14.4

FUARL 10.2 10.6 10.9 11.2 11.6

CHt-SO 8.0 8.6 9.0 9.6 10.4

WAlSD 6.7 7.3 7.9 8.5 9.5

tUTTO 7.6 s.2 8.8 9.4 10.2

CHESR 10.8 11.5 12.0 12.5 13.4

WAISB 9.4 10.0 10.6 10.2 12.'1

*hIPL 12.1 12.7 13.2 13.7 14.4

AXILC 10.9 11.8 12.4 13.2 14.4

UPfIC 9.9 10.5 10.S 11.4 12.0

w% •ISC 6.3 b.6 6.8 7.1 7.5

e-ISTC 10.7 11.2 11.6 11.9 12.4

THIIIC 19.6 21.2 22.4 23.6 25.3

GK'JEC 13.2 13.8 14.3 14.9 15.6

ANKC 8.1 8.6 8.9 9.3 9.6

I SPHYH 2.7 2.E 2.9 3.1 3.2

FOOTL 9.8 10.2 10.5 10.8 11.3

SITti 33.8 35.1 36.C 36.8 38.0

f-EAOC 21.5 22.1 22.5 22.9 23.5

I
| EIGHi IN LB. CIMENSIONS IN IlCHES.

I
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C.G. It-RI A TENSOR PRIfICIPAL MUMENI'S
z/C X Z lXX IYY Ill IXZ fHbTA IXX IYY IZL

5 3.16 29.9 6.44 6.14 0.45 O. -0. 6.44 6.14 0.45
25 3.26 30.8 7.h5 7.46 0.57 0. -3. 7.85 7.46 0.57
50 3.35 31.5 9.02 8.57 3.67 0. -0. 9.02 8.57 0.67
15 3.44 32.1 10.29 9.76 0.#8 0. -0. 10.294 9.76 0.80
95 3.59 33.0 12.62 11.94 1.04 0. -0. 12.62 11.94 1.04

P O SIT IC' i 2

2.

C.G. INERTIA TbNSOR PRINCIPAL MOMENTS
0/C x Z IXX IYY Izz IXZ THETA IXX IYY IZZ

5 2.13 28.9 4.97 4.97 0.75 0.58 -7.7 5.05 4.97 0.67
25 2.1f. 29.1 6.C4 6.03 0.94 0.71 -7.8 6.14 6.03 0.84
5C 2.22 -i.3 6.95 6.93 1.11 0.82 -7.8 7.06 6.93 0.99
75 2.27 30.9 7.91 7.88 1.31 0.94 -7.9 8.04 7.68 1.18
95 2.36 31.8 9.68 9.62 1.67 1.16 -8.1 9.84 9.62 1.51

POSITION 3

3.

C.(;. INERTIA TENSOR PRI'NCIPAL MOMENTS
6/.0 x IXX IYY IZi IXZ THE:lt IAX IYY IZZ J

5 6.75 26.3 3.22 3.90 1.44 -1.12 25.f! 3.76 3.9C 0.90
25 7.36 26.7 3.72 4.71 1.94 -1.38 26.6 4.47 4.71 1.19
50 7.61 27.? 4.27 5.41 2.27 -1.58 28.8 5.14 5.41 1.40
75 7.87 27.1 4.85 6.17 2.65 -1.80 29.2 5.86 6.17 1.64
")5 9.26 28.3 5.93 7.55 3.34 -2.20 29.8 7.19 7.55 2,C9

A LL PUSITIONS ARE SYMPOETRIC (IXN, IY/ ARE ZERO)t
X,Z !N IT.WHES, IXX,IYYIZZIXZ IN SLUG-FT-Fr, THETA IN•7 )'G.
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PosTrIliU 4 -9

4.

C.U. INERTIA ItENAOR PRINCIPAl MUMEN(S
c*/c x I Ix(X IYY 1/1 IXz THEiTA Ixx IY III

5 7.7q 25.3 2.48 4.20 2.49 -0,97 45.0 3.45 4.20 1.51
25 8.45 25.6 2.66 5.17 3.26 -l.t4 49.9 4.22 5.17 1.90
50 6.14 26.1 3.29 5.96 3.79 -1.31 50.4 4.81 5.96 2.21
75 9.04 26.5 3.73 o.81 4.42 -1.47 51.5 5.59 6.81 2.56
95 9.49 27.1 4.55 d.37 5.54 -1.78 52.7 6.90 8.37 3.20

P "OST 
110A 

5A

5.

C.G. INCRIRTI TENSOIR PRINCIPAL MOMENTS
')/C Z Ilxx IYY III IJL THETA IXX IYY III

5 3.10' 29.3 6.73 5.31 1.50 0. -0. 6.73 5.37 1.50
25 3.26 33.1 8.25 6.48 1.95 0. -0. 8.25 6.48 1.95
50 3.35 30.7 9.49 7.44 2.28 0. -0. 9.49 7.44 2.28
75 3.44 31.3 10.E6 d.46 2.67 0. -0. 10.86 8.46 2.67
95 3.59 32.2 13.33 10.34 3.36 0. -0. 13.33 10.34 3.36

PU SI FI CN 6

6.

C.G. INE'(TIA TENSOR PRINCIPAL MOMENTS
xIC x lxx IYY Izz IXZ THETA IXX IYY III

5 3.16 27.6 6.38 8.07 0.45 0. -0. 8.38 8.07 0.45
?5 1.26 2$.4 10.19 9.81 3.5? 0. -0. 10.19 9.81 0.57
53 1.55 2q.0 11.75 11.30 0.67 0. -0. 11.75 11.30 0.67
75 3.44 29.6 l3,39 12.86 0.60 0. -0. 13.39 12.d6 0.80
9' 5 .59 30.4 16,39 15.71 1.04 0. -0. 16.39 15.71 1.04

ALI. POSITIONS ARE SYPMETRIC (IXYIYZ ARE IERO),
x,: !A I'NCHES, IxxIyyIzzIxZ IN SLUG-FT-FT, THEIA IN DEG.
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POSIrICi 7

7.

C.G. INERTIA TI.NStJR PRINCIPAL MOMENTS
z/C x Z Ixx IYY IZ IXZ TIHETA IXX IYy IZZ

5 2.13 26.6 6.77 6.77 0.75 0.65 -6.1 6.84 6.77 0.68
25 2.16 27.3 8.22 d.21 0.9. 0.80 -6.2 8.31 8.21 0.85
50 2.22 27.3 9.48 9.46 -..1 0,,92 -6.2 9.58 9.46 1.01
75 ?.27 28.4 10.18 10.75 1.31 1.05 -6.3 10.9C 10.75 1.19
95 ?.36 29.' 13.17 13.1' 1.67 1.30 -6.4 13.31 13.11 1.53

POSIT IlOA a

8.

C. . INERTIA TENSOR ,'RINCIPAL MOMENTS
c/c x z [XX IYY Ill IXZ THETA !XX IYY IZZ

5 6.75 24.D 4.68 5,16 1.44 -1.36 20.C 5.17 5.36 0.95
25 7.36 24.3 5.44 6.43 1.94 -1.69 ?2.0 6.12 6.43 1.26
50 7.61. 24.7 6.26 7.40 2.27 -1.95 22.! 7.05 7.40 1.41
.5 7.8? 25.1 7.C9 8.41 2.65 -2.22 22.5 8.02 e.41 1.73
95 R.26 25.7 h.ot3 10.25 3.34 -2.73 23.0 9.79 10.25 2.19

1OSI'Io0" 9

9.

C. . I',:RTIA TENSO'R PRINCIPAL MUMENTS
Glc x I xx IYY IZ IXL THETA IXX IyY IZZ

5 7.79 23.0 3.80 5.53 2.48 -1.27 31.3 4.58 5.53 1.71
25 8.45 23.2 4.41 6.72 3.26 -1.54 34.8 5.48 6.72 2.19
50 -3.14 23o.6 5.08 7.75 3.79 -1.77 35.0 6.33 7.75 2.55
75 -).04 24.0 5,75 8.33 4.42 -2.01 35.) 7.20 8.83 2.96

4 .4"9 24.5 6..98 10.79 5.54 -2.46 36.9 8.82 10.79 3.70

ALL PUSITIO., S ARE SYP!FTRIC (IXY,[YV ARE ZERO)*
XZ I'P4 ICHES, IXX, YY,tIZZ,IX/ IN SLUG-FT-FTt THETA I,4 ft-G.
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PUSIII11J 10

10.

C.G. INIRTIA fENSOR PRINCIPAL MOMENTS
I 1 IX IYY I1/ IXL THE TA IXX IYY 11

5 3.1c) 27.0 8.535 1.22 1.50 o. -0. 8.58 7.22 1.50
25 3.26 27.1 10.49 8.72 1.95 0. -0. 10.49 8.12 1.95
5C 3.35 28.3 1?.10 10.04 2.28 0. -0. 12.10 10.04 2.28

t5 3.44 2b..3 13.81 11.41 2.67 0. -0. 13.81 11.41 2.67

95 3.59 29.6 16.9? 13.9? 3.36 0. -0. 16.92 13.92 3.36

~I I.

C.G. INLRTIA TENSOR PRINCIPAL MOMEJTS F
4-c X Z lxx IYY IZZ IXZ THE[A IXX IYY Izz t

5 3.ob 28.9 7.9? b.61 1.45 0. -0. 7.92 6.61 1.45
25 3.26 29.6 9.65 8.05 1.79 0. -0. 9.65 8.05 1.79
50 3.35 30.2 11.13 9.26 2.09 0. -0. 11.13 9.26 2.09
75 3.44 30.Q 12.71 10.55 2.44 0. -0. 12.71 10.55 2.44

i 95 3.59 31.7 15.61 12.90 3.07 O. -0. 15.6l 12.90 3.07

POStIC'O4 12

12.

I -Jt;l TIA TENSOR PRIICIPAL MOMENTS
Ir, X Z Ixx IYY IZl IXZ THETA IXI IYY I L'
5 2.13 27.7 6.39 5.3T 1.76 0.62 -7.5 6.46 5.37 1.68

25 2.16 28.5 7.77 6.54 2.16 0.76 -7.5 7.87 6.54 2.06
50 2.22 29.1 8.96 1.52 2.53 0.87 -7.6 9.07 7.52 2.41
73 2.27 29.6 10.21 8.55 2.94 1.00 -7.7 10.35 8.55 2.81
)5 2.36 30.5 12.52 10.44 3.70 1.23 -7.e 12.69 10.44 3.53

iLL PuSITIONS ARE SYMMET.4IC (IXYIYZ ARE ZERO),

,,Z IN INCHES, IXXIYY,IZZ,lIX IN SLUG-FT-FT, THETA IN DEG.o
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PCS51 I lON• i-5

13.

C.11. INERTIA rt:NSOR PRINCIPAL MOMENTS
./Z X Z IXX IYY IZ Ix7 TriETA IXX IYY 1iz

6 .. 75 25.2 4.46 4.14 2..'5 -1.24 25.4 5.05 4.14 1.86
25 7.36 25.5 5.21 4.93 3.16 -1.53 26,1 b.03 4.98 2.34
50 7.61 26.0 6.01 5.73 3.69 -1.76 28.3 6.96 5.73 2.74
75 7.67 26.. 6.b4 6.52 4.28 -2.01 28.8 7.95 6.5? 3.18
95 8.26 27.0 6.38 7.97 5.38 -2.46 29.3 9.76 7.97 3.99

PUSITI C'- 14

14.

C.,;. INERTIA TtNSUR PRINCIPAL MOMENTS
'IC x L Ixx IYY ILI IX" THETA IXX IYY Il1

5 7.79 24.i 3.65 4.37 3.49 -1.12 42.9 4.69 4.37 2.45
25 9.45 24.4 4.27 5.36 4.48 -1.34 47.2 5.72 5.36 3.03
50 3.74 24.3 4.93 b.18 5.21 -1.54 47.6 6.62 6.18 3.53
75 1.04 25.2 5.61 7.06 6.05 -1.74 43.6 7.59 7.06 4.07
95 9.4) 25.u 6.87 8.65 Y.58 -2.12 49.7 9.37 8.65 5.07

POSITIO'N 15

15.

C.G. INERTIA TENSOR PRINCIPAL MOMENTS

L2 A 2 IXX IYY ILL IAZ THETA IXX IYY IZZ
5 3.16 78.1 8.16 5.80 2.50 0. -0. 8.16 5.80 2.50

25 3.26 28.9 10.C,.1 7.01 3.17 O0 -0. 10.01 7.01 3.17
50 3.'j 29.5 il.b4 8.06 3.70 0. -0. 11.54 8.06 3.70
75 3.44 30.1 13.20 9.17 4.30 0. -0. 13.20 9.17 4.30
95 3.59 30.9 16.23 11.20 5.39 0. -0. 16.23 11.20 5.39

'ýLL PILSITIUNS ARE SYMPETRIC (IXYIYI ARE ZERO),
x,Z P. IN•CHES, IXXIYYIZZIXZ IN SLUG-FT-FT, THFTA IN DtG.
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S!U c .! I' E~. 0 0

16.

c.G. INERTIA TENSOR PRINCIPAL MOMENTE

t/ A X 1 IXX IYY [Izz IXZ THITA IXX IYY IzL

5 4.32 28.8 6.92 1.11 0.94 0.48 -4.6 6.96 1.11 0.90

25 4.4b 29.6 6.43 8.64 1.15 0.59 -4.6 8.48 8.64 1.11

50 4.59 30.2 9.71 9.93 1.35 0.68 -4.6 9.76 9.93 1.29

75 4.71 30.1 11.08 11.31 1.57 0.77 -4.6 11.14 11.31 1.51

"*-5 4.91 31.7 13.58 13.83 1.97 0.94 -4.6 13.66 13.83 1.90

P C)SI t O 0 17

17.

CI,. I\EPTIA Tt:NSOR PRINCIPAL MOMENTS

.,li x z lxx IYY ;1z IXZ THET't IXX IYY III

5 3.29 27.1 5.38 5.94 1.32 1.07 -13.9 5.64 5.94 1.05

25 3.36 28.5 6.55 7.21 1.61 1.30 -13.9 6.87 7.21 1.29

50 3.46 29.1 7.54 8.29 1.8b 1.50 -14.0 7.91 8.29 1.51

75 3.54 29.6 3.5P 9.43 2.18 1.71 -14.1 9.01 9.43 1.75

95 '.68 30.5 [0.49 11.51 2.74 2.10 -14.2 11.03 11.51 2.21

~csiriu181

C.G. INFRTIA TENSOR PRINCIPAL MOMENIS

'I/c X 1 IXX IYY I[I IXI THETA IXx IYY IZZ

5 7.41 25.2 3.45 4.34 1.70 -0.87 22.4 3.81 4.39 1.34

25 a.56 25.5 3.q9 5.25 2.21 -1.10 25.6 4.52 5.25 1.68

5n 8.85 26.3 4.59 6.04 2.57 -1.27 25.7 5.20 6.04 1.96

75 4.13 26.4 5.21 6.86 2.99 -1.45 26.3 5.93 6.b6 2.27

-45 ).58 27.1 6.35 8.36 3.74 -1.79 27.0 7.26 8.36 2.83

ALL PUSThsICNS ARE SYfmF.fRIC (!IXYIYL ARE ZERO)t

X,L 1 1 INCHES. i~xtYY,IZZU1Z IN SLUG-FT-Fl, THETA 1W DEG.
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PUS ItI C• 19

19.

C.G. &NERTIA fFNSOR PRINCIPIL MO:MENTS0/c x z lxx IYY Izz Ii Z THETA [XX [yy IL5 3.95 24.1 2.65 4.56 2.67 -0.79 45.4 3.45 4.56 1.87Z5 9.65 24.4 3.C5 5.55 3.45 -0.9(, 50.8 4.23 5.55 2.27,0 9.9.d 24.1 3.51 6.3- 4.00 -1.09 51.3 4.87 6o38 2,6475 1C.30 25.2 S,8 7.2bs 4.',4 -1.24 52.5 5.59 7.28 3.0295 1%0i.d1 25.d 4.,,4 d.91 5.80 -1.52 53.8 6.91 8.91 3.73

VOSI TICNq 2-0

20.

COU&INERTIA rCNSOR PRINCIPAL MOMENISx Ixx Iyy Izi IX/Z r4ETA IXX IVY IZ.Z5 4.32 2A:.l 7.16 6.30 1.99 0.46 -5.1 7.20 6.30 1.9525 4.46 2h.') 8.79 7.60 2.54 0.56 -5.1 8,b3 7.60 2.4950 4.51 i 95 10.12 8.74 2.96 0.65 -5.1 10.18 8.74 2.9075 4.71 30.1 11.57 9.94 3.43 0.74 -5.1 11.64 9.94 3.3795 4.91 30.9 14*2C 12.13 4.29 C.90 -5.1 14.28 12.13 4.21

POSITIO•j 21

21.

cIfa. I1'4ERTIA TENSOR PRINCIPAL •UYtENrS0/l- x Z [XX IyY IZ/ IXI THETA IXX IYf Izz5 1.5ai 29.6 6.45 6.22 ).54 0.04 -0.4 6.45 6.22 0.5425 3.61 30.5 7 .v5 7.57 0.67 0.05 -0.4 7.85 7.57 0.6750 3.71 31.1 9.C3 d,69 0.79 C.06 -0.4 9.03 8.69 0.7915 3..l1 31.1 10.31 9.91 0.94 0.07 -0.4 10.31 9.91 0.9495 3.97 32.6 12.64 12.12 1.?1 0.09 -0.4 12.64 12.12 Z 21
ALL PuSMrLONS ARC SYMMIETRIC (IXYqJYZ ARE Z[RO),X,1 I.A I.'NCHES, IXX,91YYIZIXZ IN SLU(;-FI-Fft THETA [N' i:G.
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22.

C.G. INi7-tIA Tq,-NSUO PRI1NCIPAL MOPE."TSA /.Z Ixx IYY !ZZ IXZ THETA IXX [YY III
5 ".47 28.5 4.q5 5.05 3.66 0.63 -8.5 5.05 5.05 0.77

25 2.51 2q.4 6.C3 6.14 1.07 0.77 -d86 6.14 6.14 0.95
-*'0 2.57 30.) 6.93 7.05 1,25 0.88 -8.7 1.06 7.05 1.12
15 .,63 30.5 7.69 e.03 1.47 1.01 -8.8 8.05 9.03 1.32
iS 2.14 31.4 9.65 9.81 1.87 1.25 -8.9 9.85 9.80 1.68

• PGSIII0A 23

23.

C.G. INERTIA TENSOR PRI'4CIPAL MOMENrs
C/CA I I Xx IYY IZZ IXL THETA IXX IVY III

5 7.04 26., 3.15 3.85 1.4& -- 1.14 26.8 3.73 3.85 0.88
25 7.71 2b.4 3.63 4.61s 1.95 -1.41 29.6 4.44 4.63 1.15
"5C 7.97 26.3 4.17 5.3? 2.28 -1.62 29.e 5.1C 5.32 1.35
75 ',.23 27.1 4.14 6.07 2.66 -1.55 30.3 5.82 6.07 1.58
95 4.64 28•-) 5.79 7.41 3.35 -2.26 30.9 7.14 7.41 2.00

POSIrIC4 24

S~24 ,

SC.6. I'PEOIA TLNSIO'R PIUNCIPAL M01ENTS
Z lxx IVY IZi lXZ THETA lXX IYY IZI

5 3.13 24.9 2.39" 4.11 2.4b -1.01 46.2 3.45 4.11 1.422,5 °.025.°3 2.75 5.05 3.25 -1.21 50.8 4.23 5.05 1.77

50 9.10 25.7 3.16 5.61 3.77 -1.35 51.2 4.88 5.81 2.06
75 9.40 26.1 3*59 6,65 4.40 -1.56 52.3 5.6C 6.65 2.38
95 9.o7 26.7 4.37 8.16 5.51 -1.,39 53.4 6.92 8.16 2.97

ALI POSITIC'4S ARE SY.'MET,,C (IXYIYZ ARE ZERO),
xI I-. I-NCHESt IXX,IYY,1t,,IXL IN SLUG-FT-FTv THETA F,% IUhG.
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VCI.). TIC.+, 2+5

25.

ICNER. I.RlIsI A-rENS 0. PRINCIPAL ML'OENTS
:/I" x 1 IXx IYY IZ/ IXL 'Hi.-IA IXX IYY ILL

5 3.50 29., 6.71 5.44 1.59 0.04 -0.4 6.71 5.44 1.59
25 .-,,61 29.': 8.24 6.51 ?a26 0.05 -0.4 8.24 6.57 2.06
5.) 3.71 3C.4 9.49 7.54 2.40 0.05 -0.4 9.49 7.54 2.40
15 1.81 31.3 )0.e5 8.59 2.;' 0.06 -0.4 10.85 8.59 2.8C
95 ,.97 31., t3.32 10.48 3.52 0.07 -0.4 13.32 10.48 3.52

i'tST 1I0• 26

26.

C.;. INERTIA TENSOR PRI;CIPAL MOMfENTS
c/.c x z Ixx IYY [LZ IXZ TIIEtA IXX IYY III

5 3.50 1.48 6.70 1.10 0.14 -1.3 7.49 6.70 1.10
25 3.61 29.6 9.12 8.15 1.36 0.0 -1.3 9.13 8.15 1.36
50 3.11 30,? 10.72 9.37 1.60 0.20 -1.3 10.52 9.37 1.60
75 3.61 30.0 12.'A 1.1.6-4 1.87 0.22 -1.3 12.01 10.68 I.b7
9S 3.97 31.7 14.75 13.06 2.38 0.27 -1.3 14.76 13.06 2.37

PuJSITI1 4 27

27.

C •;d. 1Nl<\T�:TII TI-AIS(CR PR ICI PAL ,'.iTS
"A I lxx IYy Iil IxZ THtLTA IX IYY III

,.417 2K(.1 5.94 -;1 1 . 42 0.75 -9.2 6.06 5.48 1.30
.1 Z'b . :5.i 7.24 6.66, lo16 0,91 -3.2 7.39j 6.66) 1.61

:,C .•1 29.1 8.35 7.67 2.C6 1.05 -9.3 8.52 7.67 1.69
15 .;)3 29.6 9..1 . .72 2.4l 1.20 -9.4 9.71 8.72 2.21

,)5 3Vr, l3],1.U; 1I).64 3.04 1.4ý -9.5 11.91 10.64 2.,30

ALL PUSIFIrS ARL S YV,':FfIC (IXY,IYZ ARjt IEROI

49Z V-t I NC it-S v IXXIYY.lIIl<Z 11 SLUG-FT-r!, THETA IN D. 0Go

65



26.

C\. I-•RII A I,-,ISUr( PRINCIPAL MOMENTS

/ I I [x' [YY I Ut IXw TH.TA lXX 4 I 5Y I 5

77.,-) 21.2 4.(2 4.15 2.02 -1.13 24.3 '.53 4.15 1.51

;,5 7.11 25.5 4.6F 4.99 2.64 -1.41 27.1 5.40 4.99 1.92

50 7.')P 26. 1 5.40 5.74 3.A9 -1.62 27.2 6.23 5.74 2.25

15 . 26.4 6.14 6.53 3.59 --1.u5 2.7. 7.11 6.53 2.62
• :-,.b+ 21.' ?7.52 .1 4.'3 -2.27 28.- 8.14 7.98 3.30

?:"SI i; 2'

20.

I•EqTIA IESI"i+ FRI-N4CIPAL MONL-4TS

-I/c A I [Ax IYY IzZ [Xt T4IA iXX IVY IZl
613 24. ++,l 3.?l 4.31 3.04 -1.02 42,6 4.15 4.3t 2.10

-5 ;.c,* 24.4 3.74 5.35 3.94 -1.23 47.3 5.07 5.35 2.60
1 ++50 ý.Uý 24.A 4,3,2 &.• • -o1 47,6 5.81 6.16 3,,04

7 15 ? ?5.? 4.91 7.-4 5.33 -1.60 48.7 6.73 7.04 3.51

93 4.-i 25.3 6.01 d.62 6.68 -1.95 43.9 8.32 8.62 4.37

"POslrlo: 3Q..

30.

C.o l\e-'TA T L S17i PRINCIPAL MOM'ENTS

/. , Z [Xx IYY [If IXZ ThET' lXX IYY 1ZI
b •.SJ 2-i.t 7*12 5e99 2.15 0,14 -1,4 7,73 5,89 2.15

! 5 .ol 2o.4 9,47 1.12 2,75 0.16 -1,4 9.45 7.1? 2.74

A.) It 24*,5 1.43 d eI• j .21 1. 14 -1,4 10.94 8.18 3.20

15 i.F,4 i(-.1 12.5ý -4.31 3.73 0.21 -1.4 12.51 9.31 3.73

)5 1. )7 3".') 15.17 11.36 4.69 0.26 -1.4 15.38 11.36 4.69

L Lt F,, 13 1 JS 'RE. SYM 1E ~t[, 1C. ( lXY t V/ A'E IERO|,

,tj I I [CtHLS, IX p,IyYIZL,(1I(Z IN SLitj-Fr-FT, I HIlA l'- Vt-G,.
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/)'
31.

Z.iJ. I C'T1A f2"jS1;• PRI*4CIPAL ,OM-PEiTr
.. /" x L [Xx [YY IzL [XZ THETA IXX !YY IZZ

S7.211 26.6 3.55 4.38 1.59 -1.41 27.6 4.29 4.33 0.85
25 7.67 27.1 4.13 5.33 2.12 -1.17 3C.1 5.16 5.30 1.09
,0 -1.1; 27•, 4.75 6.0) 2.47 -2.03 30.3 5.93 6.09 1.23
15 i.4-) 28.1 5.41 6.94 2.6d6 -2.32 30.7 6.18 b.94 1.50
15 i.b2 28.1 6.59 9.49 3.62 -2.85 31.2 8.3? 8.49 1.90

A LL DC;SIT1(74S AkE SYwvETiIC (IXY,IYZ ARE ZERO),
X,1 1 zi1HE S, IXXIYY,I/ZIXI I;N SLUG-FT-FT, THETA 1. 4)MG.
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VI. Concluding Statements ad Recommendation, for Future Study

Concluding Statements

A mathematical model to predict the inertial properties of the

human body in any fixed body position is within the state of the art.

The 15 segment model is personalized by u•,ing 25 anthropometric

dimensions of the individual subject. The dimensions and properties

of the segments are calculated using the regression equations and the

anthropometric dimensions.

The results obtained using the model are compared with the

experimental data collected by North American Aviation on 66 living

subjects. The location of the center of gravity is generally predicted

within 0. 7 inches. The moments of inertia are generally predicted

within 10 per cent.

The design guide contains the inertial properties of 5 composite

percentile subjects in 31 body positions. These results emphasize the

importance of the principal axes. In some positions, the principal axes

are rotated as much as 45 degrees from the body axes. This much

difference may affect the performance of a Self-Maneuvering Unit

drastically. Extensive cross-coupling can waste considerable amounts

of fuel as the stabilization package compensates for spurious rotations

resulting from the cross-coupling.
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Recommpnrinfinn frv- Future S.-

It is rec,-onmmended that further investigation be pursued to

•,pliU lue ioiiowing objectives:

a. improve the mathematical model

b. determine the products of inertia of the human body by experi-

ment

c. improve the regression equations for segment weights

d. (.onduet a new study of the anthropometry of flying personnel

The mathemat'cal model can be improved by redesigning the hand

and the foot so that the specific gravity of each segment is closer to

the experimental value. In addition, modifications can be made in the

basic computer program to include external loads on the model such as

tools, pressure suit, or life support equipment.

The products of inertia of the human body can be determined by

variation of the compound pendulum techniques used to determine the

center of gravity and moments of inertia. The principal moments and

principal axes can then be calculated. These calculations would also

provide further validation of the mathematical model.

Dissection of more cadavers is necessary to improve the regression

equations. Samples in the upper end of the weight spectrum are

essential to increase the accuracy of the equations.

The requirements for anthropometric dimensions in the design of

the mathematical model should be considered when selecting measure-

ments for a new anthropometry study. Some dimensions not included
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in the 1950 etudy are necessary for the current version of the

mathematical model. Other dirwensionq will he reniiirped fnr imnrnve-

ment of the model. These dimensions should be taken in the new

survey.

70



Bibliography

1. Barter, J. T. Estirnation of the Mass of Body Segmepts. WADC
Technical Report 57-260. Wright-Patterson Air Force Base,
O-io: Wright Air Development Center, April 1957.

2, Braune, W., and 0. Fischer. "Bestimmung der Trigheitsmomente
des menschlichen Kirpers und seiner Glieder. " ("Determination of
Moment of Inertia of the Human Body and Its Limbs. ) Abjh. d.
math.-phys. Cl. d.k. Sichs. Gesellsch. d. Wissen., 18:409
(Leipzig, 1892).

3. Braune, W., and 0. Fischer. "Uber den Schwerpunkt des
menschlichen Korpers mit Rucksicht auf die Ausristung des
deutschen Infanteristen." ("Center of Gravity of the Human Body
as Related to the Equipment of the German Infantry. "') Abh. d.
math. -phys. Cl. d. k. Sichs. Gesellsch. d. Wissen., 15: 561
(Leipzig, 1889).

4. Dempster, W. T. The Anthropology of BOd Action. WADD Tech-
nical Report 50-18. Wright-Patterson Air Force Base, Ohio:
Wright Air Development Division, January 1960.

5. Dempster, W. T. Space Requirements of the Seated Operator.
WADC Technical Report 55-159. Wright-Patterson Air Force
Base, Ohio: Wright Air D-.-elopment Center, July 1955.

6. Du Bois, J. The Determination of the Product of Inertia of the
Living Human Organism. NA-62-1298. Los Angeles, California.
North American Aviation, Inc., January 1963.

7. Du Bois, J., and W. R. Santschi. The Determination of the Moment
of Inertia of he L..vig Human Organism, edited by J. W. Senders.
New York: John Wiley and Sons, Inc., 1963, In Press.

8. Du Bois, J.. et al. M'nments of Inertia and Centers of Gravity of
the Living Human Body Encumnbered bby a Full Pressure Suit.
Wright-Patte zson Air Force Base, Ohio: 6570th Aerospace
Medical Research Laboratories, 1964, In Press.

9. Fischer, 0. Theoretische Grundlagen fuer eine Mechanik der
Lebenden Koerper. (Theoretical Fundamentals for a Mechanics of
Livinpg Bodies with Special Application to Man as Well as to Some

71



Processes of Motion in Machines. ) Berlin: B- G. Teubner. 1906-

10. Flexman, R. E. ett al. Development and Test of the Bell Zero-G
Be_!. AMRL Technical Documentary Report 63-23. Wright-
Patterson Air Force Base, Ohio: 6570th Aerospace Medical
Research Laboratories, March 1963.

11. General Information Manual - FORTRAN. IBM Manual F28-8074-1.
White Plains. New York: International Business Machines
Corporation, December 1961.

12. Gray, M. A. An Analytic Study of Man's Inertial Properties.
GAE/MECH 63-9 (unpublished thesis). Wright-Patterson Air Force
Bast, Ohio: Air Force Institute of Technology, August 1963.

13. Griffin, J. B. Feasibility of a Self-Maneuvering Unit for Orbital
Maintenance Workers. ASD Technical Documentary Report 62-278.
Wright-Patterson Air Force Base, Ohio: Aeronautical Systems
Division, August 1962.

14. Hansen, R., and D. Y. Cornog. Annotated Bibliography of Applied
Physical Anthr.-pti:�2 in Hu1m.n Engineering. WADC Technical
Report 56-30. Wright-Patterson Air Force Base, Ohio: Wright
Air Development Center, May 1958.

15. Hertzberg, H. T. E., et al. Anthropometry of Flying Personnel-
1950. WADC Technical Report 52-321. Wright-Patterson Air
Force Base, Ohio: Wright Air Development Center, September
1954.

16. Householder, A. S.. and F. L. Bauer. "On Certain Methods for
Expanding the Characteristic Polynomial. " Numerische Mathematik
Band, 1. Heft: 29 (1959).

17. Hudson, R. G. The Engineers' Manual (Second Edition). New York:
John Wiley and Sons, Inc., 1949.

18. IBM 7090/7094 Programming Systems - FORTRAN II Oi.erations.
IBM Manual C28-6069-4. White Plains, New York: International
Business Machines Corporation, January 1963.

19. IBM 7090/7094 Programming Systems - FORTRAN H Programming.
UBM Manual C28-6054-4. White Plains, New York: L-iternational
Business Machines Corporation, Auguit 1963.

I7

l72



2 0 PIM 7 -i / n c i rq •,r o y ni ., .% ,,,-,, y-"-,o,, - 'W nO ,M U A M• " J . . . . .
20 IM 70IT/70941r~amn S-- teb &!ORRA LanguAge.

IBM Manual C28-6274-1. White Plains, New York: International
Business Machines Corporation, May 1963.

21. IBM 7090/7094 Proaramna41g Systems - IBJOB Prozessor. IBM
Manual C28-6275-1. White Plains, New York: International
Business Machines Corporation, May 1963.

22. King, B. G., et al. The Center of Mass of Man. NAVTRADEVCEN
Technical Report No. 85. Port Washington, New York: Naval
Training Device Center, November 1959.

23. Krogman, W. M., and F. E. Johnston. Human Mlechanics (Four
Monographs Abridged). AMRL Technical Documentary Report
63-123. Wright-Patterson Air Force Base, O(ito: 6570th Aero-
space Medical Research Laboratories, December 1963.

24. Kulwicki, P. V., tal. Weightless Man: Self-Rotation Techniques.
AMRL Technical Documentary Report 62-129. Wright-Patterson
Air Force Base, Ohio:. 6570th Aerospace Medical Research Labora-
tories, October 1962.

25. Macon, N. Numerical Analysis. New York: John Wiley and Sons,
Inc., 1963.

26. Pipes, L. A. Matrix Methods for Engineering. Englewood Cliffs,
N.J.: Prentice-Hail, inc , 1963.

27. Santschi, W. R. et al. Moments of Inertia and Centers of Gravity
of the Living Human Body. AMRL Technical Documentary Report
63-36. Wright-Patterson Air Force Base, Ohio: 6570th Aero-
space Medical Research Laboratorics, May 1963.

28. Simons, J. C. Self-Maneuvering for the Orbital Worker. WADD
Technical Report 60-748. Wright-Patterson Air Force Base, Ohio"
Wright Air Development Division, December 1960.

29. Swearingen, J. J. Determination of the Centers of Gravity of Man.
C. A. A. Project No. 53-203. Norman, Oklahoma: Civil Aviation
Medical Research Laboratory, Aeronautical Center, Civil Aero-
nautics Administration, May 1953.

30. Whitsett, C. E. Some Dynarric Response Characteristics of
Weightless Man. AMRL Technical Documentary Report 63-18.
Wright-Patterson Air Force Base, Ohio: 6570th Aerospace
Medical Research Laboratories, April 1963.

31. Wilkinson, J. H. "Householder's Method for the Solution of Algebraic
Eigenproblem. " The Computer Journal. 3: 23-27 (April 1960).

73



Appendix A

Description of Anthropometric Dimensions

The 25 anthropometric dimensions described below are some of

the dimensions taken during the North American Aviation study

(Ref 27: 55-59). Reference is made to the source of each desc -iption.

The 1950 survey of Air Force flying personnel is given precede-.ie in

selecting a source.

1. Ankle Circumference: Subject stands. Holding the tape slightly

above the projectiorn; of the ankle bones, measure the minimum
circumference of the right ankle (Ref 15: 37).

2. Axillary Arm Circumference: Subject stands, right arm initially

raised and then lowered after the tape is in place. Holding the
tape in a hori7.ontal plane and as high as possible in the armpit,
measure the circumference of the upper arm (Ref 15: 38).

3. Buttock Depth: Subject stands erect. Holding the anthropometer

horizontally at the subject's right side, measure the depth of the
buttocks at the level of the greatest rearward protrusion (Ref 15: 33).

4. Chegt Breadth: Subject stands erect with arms initially raised and

then lowered after the anthropometer is placed. Measure the chest
breadth at the level of the nipples, during normal breathing
(Ref 15: 30).

5. Chest Depth: Subject stands erect with arms initially raised and
then lowered after the anthropometer is placed. Holdirg the
anthropometer horizontally on the subject's right side, at the
level c-f the nipples, measure the chest depth during normal breath-
ing (Ref 15: 32).

6. Elbow Circumference: Subject stands with right arm extended.

A-i



Measure the elbow circumference holding the tape over the olecra-
non (R•if 27: 56).

7. Fist Circumference: Subject makes a tight fist with right hand,

thumb lying across the end of the fist. Measure the fist zircum-
ference with tape passing over the thumb and the knuckles
(Ref 15: 56).

8. Forearm Length (Lower Arm Length): Subject stands with right
arm extended at side. Using t.e anthropometer, measure the
distance along the axis of the lower arm between radiale and stylion
(Ref 27: 57).

9. Foot Length: Subject stands with right foot in the foot box, weight
equally distributed, foot just touching the side and rear walls, and
long axis of the foot parallel to the side wall. Tising the scale on
the base of the foot box, measure the length of the foot along the
long axis (Ref 15:48).

10. Knee Circumference: Subject stands. Measure the right knee
circumference at the mid-patella level holding the tape in a
horizontal plane (Ref 27: 57).

11. Headd Circumference: With tape passing above (not including) the
brow ridges, measure the maximum circumference of the head
(Ref 15: 71).

12. Hip Breadth: Subject stands erect. Holding the anthropometer
horizontally, measure the maximum breadth of the hips (Ref 15" 31).

13. Shoulder Height (Acromial Height): Subject stands erect. Using
the anthropometer, measure the vertical distance from the floor to
the right acromion (Ref 15: 14).

14. Sitting Height: Subject sits erect, head oriented in the Frankfort
plane and feet resting on a surface so that knees are bent at about
right angles. Using the anthropometer, measure the vertical
distance from the sitting surface to the top of the head by placing
the anthropometer firmly against the scailp (Ref 15: 20).

15. _Shvrion Height: Subject stands erect with legs slightly apart.
Using the measuring block, measure the vertical distance from
the floor to sphyrion (Ref 27: 35).

16. Stature: Subject stands with head oriented in the Frankfort plane.
Using the anthropometer, measure the vertical distance from the
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... . ,) U1 11 hedy pltng the anthropometer firmly
against scalp (Ref 15: 11).

17. Eubsternale Height: Subject stands er-e-t. Using the anthropometer,
nmeasure the vertical distance from the floor to the substerr.ale
point at the lower edge of the breastbone (Ref 15: 15).

18. '_high Circ-umference: Subject stands with legs slightly apart. Hold-
ing the tape in 0- horizontal plane just below the lowest point in the
gluteal furrow, measure the circumference of the right thigh
(Ref 15: 36).

19. Tibiale Height: Sub.ject stands erect with legs slightly apart. Usin.g
the anthropometer, measure the vertical distance from the floor to
the right tibiale (Ref 27: 58).

20. Trochanteric Height: Subject stands erect. Using the anthro-
pometer, measure the vertical distance from the fioor to the
trochanterion on the right side (Ref 2?7: 59).

21. Upper Arm Lewth: Subject stands with right arm extended at side.
Using the arithropometer, measure the distance along the axis of
the upper arm, between the acromion and the radiale (Ref 27: 59).

22. Weight: Weigh nude subject on standard medical type scales
(Ref 15: 11).

23. Waist Breadth: Subject stands erect with abdomen relaxed. Using
the anthropometer, measure the minimum horizontal distance
between the points marking the most lateral indentation in the
abdomenal region (Ref 15: 31).

24. Waist Deh -,ubje.-t stands erect with abdomen relaxed. Hold-
ing the anthropomct.er horizontally on the subject's right side,
measure the anterior to posterior distance of the abdomen at the
level of the most lateral in.dentation waist points (Ref 15: 32).

25. Wyrist Circumference: Right arm and hand extended. Passing the
tape just proximal of the styloid process of the ulna, measure the
minimum circumference of the wrist (Ref 15: 40).

A
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Appendix C

Properties of a Frustum of a Right Circular Cone

The right circular cone in Fig. 19 and the frustum of a right

circular cone in Fig. 20 are related by:

h =hI - h2  (C-1)

arid:

h I h 2 h
- - (C-2)

R RR R-RR

Then:

hi =h R (C-3)
R-RR

and:

h2 h RR (C-4)
R-RR

The centroid of the frustum is given by:

x - h R2 + 2R MR)+ 3 (RR)2

4 R2 + R (RR)+ (RR)2 (C5)
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Let:

RR• (C -6)
R

and:

2
-T= I+ +(C-7)

and:

_ = x (c-8)
h

S1!bstituting equations C-5, C-6, and C-7 into the above equation,

we have:

I = 1+21 + 3 E2 (C-9)

4or

The mass of the cone of altitude, h1 . and density, p, is given by:

M, = p PI R2 hl (C-10)

3

The mass of the cone of altitude, h 2 , and density, p, is given by:

M2 = p P (,RR)2 h2  (C-11)
3
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Sub..t.t... efq,•ati, C-3 inio C-10 and equation C-4 into C-11,

we have:

M 1  P PI R3  h (C-12)
3 R-RR

and:

M2 =P PI (R) 3  h (C-13)
3 R-RR

The mass of the frustum of altitude, h, and density, p, is then:

M = M1- M2 (C-14)

Substituting equations C-12 and C-13 into the above equation and

simplifying by using equations C-6 and C-7, we have:

M =p PI R2 h o (C-15)
3

Substituting equations C-15 and C-6 into equations C-12 and C-13:

M 1 =M R (C-16)
a R-RR

and:

M2 =M RR •2 (C-I?)
a R-RR
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The cone of altitude, hp, has moment of inertia about the axis,

C-C, through the center of mass given by:

Icc = " M 1 (R 2 +h 1 2) (C-18)

20 4

The parallel axis transfer theorem for moments of inertia:

I= Ic.g. + MD 2  (C-19)

Using equation C-18 in C-19, th- moment of inertia about the axis,

X1 Xt, is given by:

IXI, = Icc + MI X1
2  (C-20)

where:

x= .25 h1  (C-21)

The cone of altitude, h2, has moment of inertia about the axis,

B-B, through the center of mass given by:

'bb 3 M 2 ((RR) 2 + h2 2 ) (C-22)2 4

Using equation C-22 in C-19, the moment of inertia about the axis,

XfX', is given by:

Ix, x = Ibb+ M2 (x2 + h)2  (C-23)
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where:

X2 = .25 h2 (C-24)

The frustum of altitude, h, has moment of inextia about the axis,

X'X;, determined by the difference of the moments of inertia of the

large and the small cone about the axis. The moment of iner'tla of 2he

frustum is gh, en by:

lxfx, = Icc + Mlxl 2 - Ibb - M2 (x2 + h)2  (C-25)

After rearranging by using equations C-3, C-4, C-6, C-7, C-16,

and C-17, we nave:

lx,= M[3R2 (+ II+ i . 2 + + M4 )L20a

+ h 2  (1 + 3 A + 6 2)J (C-26)
10ar

Applying equation C-19 and using C-5 and C-15, .ve have:

IXX- M[9_ I+ A+ A2 +,93+ .4 M
20PI 92 p h

+ 3 1+ 4 A+ I0 2+ 4 A3 + A4 h2l
80 .2j (C-27)

Letting:

AA= 9 I + ,- + 2 + A3 + 44 (C-28)

20 PI 92
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and:

BB = 3 1 + 4 .i + 10 A2 + 4,43 + 144

80 a2 (C-29)

Equation C-27 can be written as:

IXX= M [AA Mhh+ BB h2] (C-30)

ph (-0

The moment of inertia of the frustum about the axis, Z-Z, through

the center of mass is given by:

lz,, =--3 M R5 - (RR)5
10 R3 _ (RR? (C-31)

Using equations C-6, C-7, and C-15, we find:

2 9 2 3 4

Iz =-2MI +-1 + _ + (C-32)

This can b written as:

Izz = 2 AA M2(C-33)
ph
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Appenidix D

Descrintion of N, A. Body Positions

1. STANDING: Subject stands erect with head oriented in the Frank-
fort plane and with arms hanging naturally at the sides as when
measuring stature (Ref 15: 11).

2. STANDING. ARMS OVER HEAD: Legs, torso, and head same as
position 1; upper extremities raised over head, parallel to Z-
axis; wrist axes parallel to X-ar.s; hands slightly c! ;nched,

3. SPREAD EAGLE: Torso and head same as position 1: subject
against plane paxallel to Y-Z plane; arms at 450 with Z-axis,
icgs at 30' with Z-axis; wrist axes parallel to Y-Z plane; hands
slightly clenched.

4. SITTING: Upper legs and forearms parallel to the X-axis;
upper arms, !iwer legs and spine parallel to the Z-axis; soles
parallel to X-Y plane; wrIst axes parallel to Z-axis; head in
Frankfort plane.

5. SITTING, FOREARMS DOWN: Same as position 4, except fore-
arms parallel to Z-axis, wrist axes parallel to X-axis.

6. SITTING, THIGHS ELEVATED: Same as position 4, except upper
leg angle approximately 350 with Y-Z plane.

7. MERCURY CONFIGURATION: Same as position 4, except 1000
back-thigh angle, thigh-leg angle 1120, forearm parallel to thigh.

8. RELAXED (WEIGHTLESS): Position pre(licted to be assumed by a
human relaxed in the weightless state.
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APPEN~iX E

COMPUTER PR~OGRAM ?'OOEL (FORTRAN 11)

C PCOEfL MATHCMATICAL MODEL OF HUMAN HODY
C I)M 14Ol NtWCW~bTA123
COM04O' SW,-SISLRRkt.YeoELtAAMtbAI4USUtSIGMA.ETAYY
COMMON4 STATCEVoS,4LaHSUPHSinOHTROCHTI~t-,UPARL
COtMM01 FUAML.CHkESDhA ISDOBUTT.ti~vc-Sh3,WAIS8,t1IPnt.AX ILC
CO?*W0d ELBCFOARCWiIISC.FISTCTHIiCGKI4ECA,ANKCSPytiY
COM4MON FOOTLKIACDdPE1AOC.BtSP~sSITHCELS94

COMMION S1(XSIYYtsIzz
CLJ'MUJN THETA*SJ'4T#CCSTYtV,EtFti3,OT
CtJPMICN H*X*XCGCI
CcmkmcN Af'OtJ YHCL),!M(M

Li)VIPCN¶ PoIicpulyPuHI
C3'Q4CN A1LPHAvt0ET~tGAMM4,PP!OV
COMMV4 WE RRCR I4P C S A I C 4 19US 9L 1 LZitK
DIMLNSIO.4 Sh(15),SM(15).SL( 15),R(15),RR( 15).Y(15)

V 'OE!-jS ION ElA(151,YY(I5)
DIMENS10rA XKAA(7) ,YNAA(7)qLNAAl7)
""2EM&'510' KIEX(7)tXIYY(?),KIZl(13
DI!'LNSIaN SIXX(15)tSIYY(15)*SIUZ(15)

C O(3,)3,E(3t3),e(3q3) ARE DUMMY MATRICES

L)lIMFE N S ION PJ()Y'i(,fO(7
OI*ENSION XvrfFAI(l)*YI)1FR(7'#qDIFRt7)
OIMLN~SION ClXK(7)qCIYY(1ICIil(7)
DjVLNSJIOg oIXA(?)9cIYY(7)qDIZz(7)
D I E NS I (N PLIXET) ,POIY(7),jPLUL(7)
DIMLNSfONJ ALPHA( 39 71 KE[Af 3t 7),GAMMA(3#7),jPHMI( 397)
r) I ft`4S I ON ,4--RRG(66942)tM~OSAIC(43t4319Nt(2942loNS(66)
REO INPUT 14PE ?tIc;3,LlL2

C CUTPIJT DESIRED)
c AllkMAL M~ASTER CAR4D PU,4CH-ED

"Vif 0 0
C. N~O YFS 1

CYES r 0
C, YL S S I I

NL=I

I SENSE LIG1HT 0
Ii (1.-1)3,2,3



2 SIENSE LIGHT t
3 IF(L2-l)5t4t4
4 SLNSE LIGHT Z
'5 READ~ 1'PUT TAPE 29l10,NoW

101. FtJRMAJ(15,4XF6.1)
READ I'4PUT TAPE 2,10',STATCERVSHLDHSUPHSUBHTROCH,
1 TIIBHUPARLtF0ARLCHiESDtuAISCtOIJTT0,CHES8,WAISt3,
2 HiPfitAXILCELeiCFQARCWRISCtFISTCTHItHCGKNEC,
3 A'iKCSPHYHFOOTLBIACOdi-EADCBISPBtSITH

192 FORMAT(14F5.1)
READJ INPUT TAPE 29IC3tXNA4,ZhAA*XIXX99IYYtXIUZ

103 FOR'4AT(7F5*G)
NS (A'C) =14

CALL DESIGN
DC 6 1:1915
0f) 6 J=:192

6 TI$EtA(JJ)=O.
K= 1

7 CALL EULER
C'tLL MC0D4OM

8 CALL OUTPUT
IF (W- 1.) 9, 10,9

9 NL=NC+l
GU TO1 I

In, CALL A'JALYZ
CALL EXIT
END

SUI3ROUTIIE DESIGNI
COI'MCN NtWtCEETA123
COM4MON S~dSP SLR,.RtYDELTAAMUsAf4USQ.SIGM4AETAYY
COM~MON4 STATCERVSb$LDHSUP*1,SU8HTR0CHtTIBIO-,UPARL
commnN FOAILCHESDWAI SDIWIBTDtCHESBWAISBI$IPB, AXILC
COMMON ELBCFCAaCtWRISC,FISTCtHIHCtGKNECANIKC.SPHYH
CjVMMWN FUOTL,1RIiCDH~cADC,RI9SP8,SITHOELSH
CO?'MON XNAAYNAAtZNAAti(IX!(,XIYYXILL

Co!MOeN THEFAqSINTtCCSTvDtE*FOtOT
CPI.mcIj HX*XCGCI
COMWMON XMOUtYMO0,lMOO
COVMCN X0IFRtYDIF!~t CIFRCIXXCIYYCIZlOIKX.DIyyDIUI
COM#4CN POIXPOEYPDIZ
COMIMON ALPHAt 8It At %GAP144aPMOM
COMMON NERRGRq-AJSAIC,9dItNS9LltL2qK
DIMENSION Sh%(15),SM(15)tSL(15),R(15)vRR(15)tY(15)
DP1 MENSI OR DELTA(15),'AMU(15),AMUsC.(15iSIGM4A(15)
DiftNSION ETA(15l#YY(15)
DIMELNSION XNAA(71qYNAA(l)vZIIAA(7)

0IA4ENSIC-N SIXX( 153,SIYY(15.JSIZ( 15)
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L 0(3,3)tE(3s31,F(3#3) ARIE DUMMY MAIRICES

DIMtNSIO4- 1)13,31 E(3,31 ,IE3,3),0(3.3),OT(3,i3I

DIME1NSION X9O9(7)tYMOO(?1,LMOD(?)I
OIME'4StOl XVIFR(?ltYDIFfK(?)tLD1PR('f1
G114ENS1O'4 CIXXI7)#CIYYIIlCIZL(7)5
D I "ZNS I (IN DIXX(?ItDIYY(7)tO1LZ(71
DIM'ENSION PUIX(7)qpoIY(71,p01117)
DIM'ENSION ALPHAI3,7)tBETA(3.71,GAMMA(3,7)tPMCM( 3,71
DtMEIJSION Nt:RRO.R(66942)tPOSAIC(4g3943)tNIl 2,42)*NS(66)
P1=3. 1415927

C1*P1/3*
C2x62*427/1 728.
DESIGN KMODL MAN~ BY USING AMTHIROPOMETRIC DIMENSIONS

c APPI:. BARTER REGRESSIONS EQUATION TO SUBJECT WEIGHT
I HNTI.*47*W)+l26

IIUA I .OUOU)-2.9
iKrD=(*34*w1-.5 r

Iit4x( .0IW)..7
BilLs £ 18.141.3.2
hLL(.11.~w)-1*9
BF= .02.w1+ 1..5
WD1f F aw- IHNT4eUA*8F0OO4t*BUL +KLLBPF)
=w~sDJFF/ (HNT4BuA+i3FQ+BH.BUL*BLL*8FI

D ISTKIRUTE hOIFF PRCPURTIO'JALLY OVER ALL SEGMENTS

2 SWtI)zoo79*u
SW2'3nHNT*WRI-SW( 1)
SWI~ z4 1*A.WR 1/20
SW.(6 I 2UA*Wf~l/2*

SwE 101zBuL*%R1/2.
SW(12IZBLL~kR1/2*
SW(141M"F*WRI/2.

C DIEVELOPMENT OF HEAD
3= Im
RI! )=STAT-SHLOli)/2*

R ( I ) =1 EADC /TWOP I

YT(I)=RII
Sill)=?.RII)

c DEVELOPMENT OF TRUIK

SL(2)sSHLOH-SUI3H

e9(2) CH&TSE/2*
R(3)=HIPII/2*
RiKI2) z(CHESC+WAISD) /4.

RRt13) IiWAISLKUTTOI/4.

EIAI 3)z*5

Y(=El2s A i2)v SL(2)
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Y(3)%ErA(3) ESL.(31

1jLIA 2*l.Ol2/.9ŽI/( 312*RP,3).SL( 12)
DEL IA(C3)=1 l.O/.9?.DELtA(2)
SW(21zDLLTA(Ž) RR(2)*R;.(2).SL(2).PI

c 0EVELOPMENT PF HAWaS
1=4

JC-14 1 )=.5

Swfl J=Sw(4)

I J=1 -3

(;V, T (5#61gU
c 0k:VELOiJMENT C12- liPft-R ARMS

6 1J1l
1=6
a(j )=4~I~f/rW0PI
RA i U),, ~LOUC/t&CPI
SL(I!)=UPAIL
CFO rE: 20

L DJEVELOPM~ENT C-F FOlREA~RMS

I =r

CII )=EfLhC/TUCPI
RR(I )=wRISC/TWCPI
SLil IFUARL
t;O TO, 2(i

L. Ubhf LOP,4ENT 0O- UPPER~ LI-GS
V,~ IJ=.3

RtL I iI f,kNEL /rwop i
SLil)=STAT-SIWf-TIl..

O LVLLOI'MENT ur LOW,.R LtGS
12 I1=4

4K(1 JZ4KC/TlCPI

SL ~( I Jr I hti-C sPty

AMUS,.'( I AI9UI ) *AM~jJ()
SIGMA (I [l1, *.fiti I ) +AtUSC,(I II

Vii )=ETA( I) '51(1)
GOJ IC, luIOIŽ12#)IJ

c DEVELOPMEW4 OF FI-FT
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14 1*14
SLII )seUOrL
ETAI 1)x*429
VII )=EtA(I)*SLI I)
G=1.-2..ETAI I)eSQRTF(ETA( I )ETAI 13

I*(-12*).12.*ETA(I)-2*)
AMU(IN )(4**ktAII )-1.)/G
ANUSQ(I(J AMbd I )AMU( I)
SIGMAII )zl*.AMU( I)+AMUSO( II
Al I )SPNY"/2*
Rk(1 )=AMU( I l.R( I I
G6RII).RIIIR(I1ORR(I),RRII)sRRtII
DCELTA(I )SW(I 3/SL I )IGICI

3n 00 31 1=7,15*2

DEC1TAlim3DELTA(I -1)
RfI)=R11-1)
RR(1) RRI-1)
SL(II )=SLI 1-11
AMU I )=AMU( I-I)
AMUSQIE )zA!USQ(1-1)
SIGNMUI sSIGNAI I-i)
EIA(IK)=ETA( 1-1)

31 YiI)=YtI-1)
40 00 41 1z195

AMUMSI )403
AHUfSQ( I 1=0.*

41 SIGI4AM1=O.
C CALCULATE SEGMENT MASS AND MASS DENSITY
c CHECK SUN OF SEGMEN4T WEIGH1TS EQUAL rO BODY WEIGHT

50 DO 51 1=1#15

DELTA II )DELTA( 1)/32.2
51 CW=Cw+Sw(I)

C DETERMINATICN OF LOCAL POMENTS OF INERTIA OF SEbiMEITS
C HEAD)

1-1
SIXX(I3=.2.SM(l IIRIIl)R(II)+RR( I)eRRI 1)I

5111(1 )u.4*SM( I )RR( I PRRI I)
C U'P~kR TORSO AND LOwER TORSO

Vt) 52 1=2,3
SIAX(I)=SM(11o(3.*R(l)eR( I)*SL( I).SL(1)3/12.
SIYY(I)=SM( I)13..RR(I ).RR( II.SL( I )SL(1I 3/12.

52 SiUl(13=Sm( )I)RR(I).Rk1134R(I).R(I))/4.
c HiANDS

1=4

SIXX(I)=*4IAX(I)*l*RI

UPPER kNO LUwER ARMS ANiC LEGS# AND FEET
00 53 1*6914,2
AA=9.*t.11.A1U( I )AMJSQ( 131 1.4AMUI I 3AMUSQJ( I))
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1 /SIGMA(I)ISIGMA(IJ/2O./PI
noz3..ti .4'..AI4U( I)+AMUSQ.(I 1 *1O.44.OAMUI I)sA#IuSQtI I ).

I/SIG;MA(IJIS1GMA(I)/8IO.
SI XX(I -SM(I ) AA.SM( II/OELTA( 1)/S ( I)4OB*SL( II*SL( I) )
SIYY(I)=SAXx(I)

53 51111! )a2.'SM( I)*SM( I )AA/OELTA( I)/SLII
C CO*IPLEFE REPA14'UER OF SEGMEW8S

1)0 54 1=5915.2
SIXA(fII=SIXX( I-I)

54 SIZI(lIISIZZ(I-l)

C CCNI!ý-R OF GRAVITY OF HEtO,0NECK AND TRUNK
E(lt,1)=Sw(1IeYf 1)
eC1,2)-SW(2)f(SL(13+Y(2)l
E(193)=SW313)(SL(1)+SL(2)+Y(3) I

1 /(ST AT -TKOC%-H)
C CONVERT DENSITY TO SPEC!FIC GRAVITY

DO 55 1=1#15
55 DELTA(I)=DELTA(IJ.32.2/C2

C OkFINdE DISTANCES OF LOCAL CG FROM HINGE POINT
OELSH=SI i- (SrAr-TRQCHI
0O 60 1=1#15

63 YY(I)=V(I)
YY(6) zY(6)-R(61
YY(1O)=Y(10J4DELSH
YY( 141=0.
!)O 61 1=7,1594

61 YYIz~i-A
C DETERMINE FIXED HI-'VGE POINTS

00 671=Is915
00 6? J1=193

61 H(IJ)zO*
1l(6v2)=CHESi3/2,V1(6)
t(6, 31=STAT-SHiLDHii((61

H(IO,3)=SL(1J*SL(2)+SL(3)-OELStH
00 68 1=7,11,4
till,2)=-H(I-lt2l

68 H(1,31zH(I-1,3)
R[TURN

E "40

SUIIROUTINE EULER
COM4MON NokChE1A123
COMM4ON SWSA',SLRRRYOELT4A, AtiAMUStJSSIG4AEIA, YY
COMMtON STATCERVSHtiLDIISUPNSUbitHTROCHiTI8I-,UPARL
COMMON FOARLCtcýSD~frAI SDBUTTLJChES8,WAISBNIPflAXILC
COMMON ELOCF0ARCWkdSCI-ISTCTHIHCtGKNECANKCSPHYII
r'14MCN FOUTL,BIACDHcA0C,8ISP8,SITH,CELSHi
LOMMON XNAA*YNAA#lNAAtXIKXXXIYYtXIZI
COMMON SIXXSIYYPSIl1
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C C,%i4#tVN TItiSN#O~DEFO
CW*ICN HXXCG#Cl
COMMON X1400 YMCo, 1140)
COMMON XDIFRYDIFRZDIfkCIXA,CIYYCIZIDIXX.OIYY,.DIZlICOMMC-N PDIXtPOIYPOIl
COMMON ALP~iA*8E:TA#GAMeIA#PPOMICOMMON NERROR*MOSAIC#NI.NStLl*L2#K
DIMENSION Sk(15),SM(15),SL( 15),R(151,Rq(15),YI151
DIMENSION DELTA(15),AMU(15),AMUSC(152,SlGMA( 15)
DIMENSION ETA(15)#YY( 15)
DIMENSION XtNAA(7ltYNAA(7),lNAA(7)

DIMENION IXX(719XJIYY(7),KIZI(7)
DIMENSION SIXX(15)tSIYY(15),SILZI(5)
0IMt~NSION THETA(15,21,pSINT(l5,2),COST(15,2)

C D(393),E(3t31.Ff3t3) ARE DUMMY MATRICES
0IMENSION D(3,1),E(3,3)tF(3,3),0(393)90T(393)
DIMENSION 4(15,3) ,X(1593),XCG( 15,3,7),CI( 3,3,7)I
DIMENSION XM4OD(7),Y?400(7)tZMOD(l)
UIMENSION XDIFR(7),YOIFRI7)tZDIFR(l)
DIMENSION CIXK(71tCIYY(7)#CIZZ(7)
DIMENSIONs OIXX(7)tOIYY(7),D1ll(7)
DIM4ENSION PDIX(7)tPDIY(7),PDIZ(7)
DIMENSION ALPHA(3,l),SETA(3,7JGAMMAI 397)tPMOM(3,71
DIMNESION NIRkCR(66942),MOSAIC(43,43),pNl(2,42),NS(66)

C ESTAB3LISH EuLER ANGLES
P1=3.1415921

C3=P!/180.

GO 10 f1,496#9912,14#17)*K
C STANDING

00 2 1=10#12.2 ~
THETA(I,1)=-ATANF((H(10,2)-k(14))/

2 TlIET(II.1,1)=-THETA(It1)
00 3 1=14915
00 3 J=192

3 THETAlIJ)=9C**C3
GO TC 2

C STANDING, ARMS CVER HEAD

DO 5 1=499
5 THETAII1v')=1lSO.C3

GO TO 21
C SPRLAtD EAGLE

6 K-3

0O 7 1=4,892I
IHEtA(I,1 )=13S.*C3
THETAC I*11l)=-135**C3

I THETAII+192)z0.
00 8 1=10,142
rTHTA(r,1)m3O**C3
ItHETA(I+1,1 )=30e*C3
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TbiEIA41* 2)=c.
i3 rHITA(1+I,2,1ld0..C

3

c SIrT~T Ir;
9 K=-4

DO 10 1=8#11
00 1O J-ls2
T*~t~rA (1-4 tJ I 90. *C3

I'- THfTrA~ljJ)9e..C
3

DU 1.1 126#12#6
00) 11 j~1.2
T-IT A i I tj)=C.

11 THETA (J1 + J)=O.
GO) Ta 21

c SITI, FOREARM4S uowN
12 Kz5

00 13 1=8,9
Do) 13 J=192

13 THE1A(1gJ~ze,
"10 TCO 21

C SITTING t THIGHS ELEVATED
14 ic6

00 1.5 1=8,9
00 15 jl.t2
THELTA(I -4.J)=9O. *C3

0)0 16 1210,11
tHET:A(I,1 )=145.*C3

10, 21

17 K=?
Do) 18 1=4.5

14TIEIA( I91)=980.mC3

Df) 19 1=8,11
THEfTA( 1# l)zeO. *C3

19 HET4tIt2)=9o.vC3
tX3 20 1212,13l

2)TIITA(ft2)9q0.vC3
c CILLOL'Ar SI%,t Ji') COS OF EtiLER ANJGLES

21 0(1 22 1=1.15
DOi 22 J=1*2

SUtiUTJI1NL PCU"CM
CdM0Itilo.iC~,T4123



COMMON SWSV.SLRRRoYELTAAM4UAMUSQ.SIGMAETAYY
COMMON SAVSL~SPJRIHIPR
COMMON FOARLCHESDWAISUBUTTOCHES8,WAISBHIPBAXILC
COMMON EL9CFOARCoWRISCFISTCTHIHCGXNECANKC.SPI4YH
COMMON FOO1L,8IACDNEAOC,1515P8,SITHCELSHi
COMMON XNAAgYNAAZNAAEIXXgXIYYVXILZ
COMMCN SIXESIYYqSIlL
COMMON THETA*SINT#COISTtDtEtFt0Otr
COMMON H,-X*XClitCI
COMMON XMOOYMO-DZMOD
COMMON XDIFRYOIFRLDIFRCIXXCIYYCIUDI1XXOIYYO!LZ
COMMON POIXtPDIYtPOI1
COMMON ALPHAt8EfAqGAPMNAPMOM
COMMUN NERkCRqMOSAICtJItNStLlvL2#K

Of4KNSION D&ELTAII5),AMU(15),AMUSC(15)tSIGMAI15I
DIMENSION EIA(15)tYY(t5)
DIMENSION XNAA(7) ,YNAAf7),INAA(7J
DJIMENSION4 XIXX(7)tXIYY(7lhKIlZ(I)
UIMEN¶SION SIXX(15)tSIYV(15),SIZZ(15)
DIMENSION4 Tt$ETA115,21,SINT(1592),COST(15.2)

C Dt3t3)#E(3,3),F(3,3) ARE DUMMY MATRICES
DIMENSION 01393)tE(3,31 ,F(3,3)tO(3.3),0T13t3)
DIMENSION H115,3),K(15,t3),XCG( 15, 3,7).CI(3, 3,7)
DIMENSION XI'OD( 7) sYMCOI7),lZMCO(7)
DIMC04SION XCIFk(7),YDIVRt?)vLO1FR(?)
D)IMENS1IOJ CIXX(7),CIYY(713CIZZ(1)
BIMENS104 OIXX(71,DIYY(71),O1l(7)
DIMENSION PUJK(7),POIY(7ltPDIl(71
OImtNSION ALPHA(3,7),BETA(3,1),GAPMtA(397)sPMOIMt397)
DIFOLNSION NI-RROR(66942),MOSAIC(43943),NI(2,42INSt 661
DIMENSION EV(3)
K=K
P1=3. 1415921
C3=PI/hIto4
Z IERO DUMMY PAFUICES DE*F
00 1 11=1,3
DO I JJ=193
L)(II ,JJlzO.

El II SJJ)=O*
1 F (I II J.J)0.

L IERO C.G. AR~RAY
tuu ? T=1#15
O0 2 J=193

2 '((IJ)=O.
C ZERO THE INLRTIA T*kNSOR ARRAY

of) 3 11=1,3
DO 3 JJ=193

C CALCULATL HINGE POINTS (IF MOVEABLE SEGMENITS
L FOREAR'mS

111) 9 12879
(,zSL(I-2)-R(I-2)
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cd2,1)=SINT(I-?,1)*CflST(I-2v2)
E (3,1) =COS 1 (1-2,1)
J0 9 J=193

c LOlmkR LEGS
DOt 0 1=12#13
G=SLf 1-2I)OLSH

1, #1)aSINTI' -2, 1)*C'SPTrC-2, 2)

E( 3,1 )=CUSTCJ-2t1)
00) 10 J=lv3

Uf) 11 1=40
~SL( £44)

Ut, )=SI.IT( 1+4, 1).SIT( 1+4#2)
ý2,1) =SINT (1+4 , )*C'C12ST1 (4 ,2)

E(3#1 )=CtJST(I,4#1)
Dt) It J=1#3

1 It l,1J)=H( !+4,J).E(J,1 )*G
C FEET

00J 12 1=14t15
,i=SL(1-2['.5'SPmYH

C(lhl)=COSrC£-2p1)
00 12 J=1,3

12 H( 1,J)=fi-(I-2vJ)IE( J,1 i.;
C DiErkRMJ~IN CCORD CF SEGMENT Ci; WRT TOP OF HkAC

X(1*3)zY( 1)
9(C2t3)=SLC1 )+Y(2
X(3*3)=SL(1 )4SL(2)4Y(3)
00 13 1=4915

Y4'yA (KI)=O

UJ'1 13 J1#3,1

YAAC I) K)C =0.)
1'XMCO(K)=2.14432K+0.152I*A(;,3)/W

Ull 15 1=1,11

Xi~.t,(I 2K)=XC I ,2()-YY(7)<(K,)/

DLQ 30- 1=11,.-)
CJAR~AVIG ICaCAL 'YAML.iTt INTO, DUI~MMY MATRIXJ (3 A 3)



01) 24 Izl
f ~00 24 J.J=j*,3

O(1,1)=SIXX(I)[I U~(2,2)*SIYY(f) F
c ARR~ANGE TkANSF0'RMATIO,4 "AWRIX

25i 0(li,)SCOST(1,2I
0(lt2)=S!Nr(It2).CoSr( 1.1)
C(1,3)zSI'4T(It2).SINTI( 1,)
0(2,1) w-Slr4T( 1.2)

O(2#3)=COST(1 a2)*SPJT( 1,1)

C(3v3)=C0ST(It11
rIRA-NSP-)SE T11F TRANSFORMAtION1 MAtRIX

26 C-T(1.,1)=0(1,I)

OT(192)=0(2,11

ar(h3,2=0(2,2,

OT(2#3)=O(392)
(iI(391IzO(193)
0( 3,2) =0(2 .31

CT(3v3)=O(3t3)
C-ALL H.%'MPY (I)09 T 9E #3 #19LMi)
CAtLL FiM4MPY( VEtF,039393,L)

c F(393) IS LCC4L 'f)meaJ 4CYATE) PARALLIEL rO BO0DY AXES
IC rRA.JSFeK ru CAIC CVG tPY PARALLEL AXIS THEOREM

0(1,1)=XCG(I,2,K().XCS,-(12,K)4-XCG(I.3tK)*XCG( I,3,K)
0(1v2)=-ACGaIIK)*XC;(1t,2tK)

D(2tl)=D(1#21

D(2,7)=XCG(1,1,K).XC"0dI91,K).XCGu(193,K)*XCG(I,3,K)

WiU 30 11=1,3
DG 3(0 JJ=j13

CI(11#JJK)=FO.#J/14

30 XX(IJtK)XIXA(K)J112.19J)4(1#

DU 32 11-19

DU 32IJ=19



Al)IF IFK I= MC(2(K )-XNA A(K)

Z'",IFR~ (iaZ MCCt(K)-ZAAA(K)
C CiLCULAfk DiF)-ERENCkS ANO PE~RCENTAGE DIFFERENCES

C fTWI-EN MODEL MOMENTS AND AAA MOt'E'JS
CIAX (K)=Cl I 1.LK)
"2IYY(K)=C! (2,2#K)

OIDIKVK=CIX(:33K)XI(K

I)IYYfK)=CIYY(K)-XIYY(K)
DIlLL(K ).=C1L(K)-I-~ 1!K)

%-A-ýUAE PRI4CIPAL MOME9[4TS AND AXES
Do 34 I~,
WIJ 34 iJJ=1,3

34 1)(111 JJ)=CI (II JJvi'.)

PmCUM(l1 K) zjV(I I

'-,, 35 11=193
ALeffA(IIK[=ACrIS(E(II,1))/C3

C At<,Atj(A. ER4{LR T4iILL

357 VI£4R(f;ki aK+3"5)=XFIXF(Pr)II-K)+.13GNF( .59POIl(Kl)l
A L I U R "

MATR~IX ?ULTIPLIC..TIO',i, SING;LE PRECISION* FL. PT

c LALL HMPY(-',fCqMqK,'jL)

(Z0 MAY F.L 4, 1% WHICh CASE A IS DESTROYED)
c L=fC INO ICAIL'S OlK

\S .= v4

4( J) =0.



f(jO 100 Kl~l tKK
HCO K(J)=A( IKI )*(KlsJ).R(J)

nfl I I A J= I
t.. 4&W~

110 CtlgJ)=K(JI
IF ACCUMULAIOR OVERFLOW 130t120

120 CONT I NUr-
125 LzLL

130 11=l
fAi TV 125

ut) 110 I1=19
DO 100 J=19%

ICO E(ItjhO.0
110 E(II)=1.0

I- 'ý=o..O
F 10=0~.0

UJ 120 j=1,th

1, -I=F N+A ( T ,J )G 2

12C 4z'J+1,)*

F l=Ffj.,J.5*( 1O.**(-L I)
IF (#-N)-FN) 240v24r'tl135

135 DO) 230 I=1*1\

IF ( I-JI 14C-9230914-0-

14.3 IF (4l[tJ)) 150,230,15)

S=SLKTF(A( I ,J~f)*.2S)I*R1')

CGSSC=ý!.5+0 .25*4/S
Zt)STH=StjoTF (CrSSfC)

SI,4TodS%;TFI.O-COSS..)
IF (#%(19J)) 160923091P')

1u 4CSl JWti-S!TNTI'
110 A 4( 1 1) =,). *T+S

A (it J) =,). 5*1T-S

A(1 ,JIC.0
:)J 220 K1,f\

IF (I-K) ldC,2'5, 180

AC (KI)=A(ZI')

2C5Tt(1(

t-13



210 E IK):tE(IK).CCSTti.E(JK).SINTN
220 E (J#K)z-T.SINrH.E(JtKl*CofSrH

IFf F~NI-FN) 24C9240#230
2320 C04TrNUE

GUi TO 135
240 00 280 I=lt,

J~I
DO 260 K=I~th
IF(A(JtJ)-A(KoK) )250v?60t260

250 J=I(
2UO CUNTINUE

GtI)=A(JtJl
A(JvJ)=A( .1)
SIJ"=0.*)
00 270 li=1,Ik

2'10 S UN =S U M 41(J tt) * 2
SUM=SýTF (SuM)
Do 2t0 M¶=1,N
AU ,M)=E(JP)/SU#A

00 290 It=,9h
00J 290 J=1,\.

2';C E(ItJJ=A(I#J)

SURRC~UfINE CUrPUT
Cf)P'~CU NtWtCfrotA123
C104MOIfN SwStdSL9i4,4iRYDafAAMIAMtUSQoSIGMIETA#YY
LUMVIGN STATCERVSgIL0HisUPHSUMHtIROCHTl~IlW,UPARL
CiJM"fiN FOARLChESD, WA1st),tfJrTTC.-EsH*WAIStIdPMAXILC
COMM'PN~ ELBECFGAJ.CWISCqf ISTCq1HIHCGKflECqA'iKC,.PlYh
COMMON# FOOrL*eiIA:DtHEArCCbIrSPnSITHtCE1SH
COM*TiN XN'AAYIJAAglNAAtXIXxtXIYYgXIf//
CopmUeJ sIXXvSIYYtS[1i
G(J4PON TtIETAtSINTqCCSTq0,Eqt-,CoCT

CUfMMkCN fit X ,YMOO,-1M

~ XuIFF~,YDIFRtZ,ZIFRCIXXCIYYCIIZIVIXXOIYY,0ILL1

C 0"MM(Nl AL PH AtbET A, GAN M AVPMG?
COM~iWN NERekCRtM0SAI(,NIN.$,LlL2,K

D 101 NS ION IiýLTA(15) ,AMU(15 ),A'tlSC( 15,SIGMA( 15)

I) I YE IS I ON Xr,.A4 ( 7),1YN14AA( 7) r Z NA A( 7)

f) I X& S I OR TH-ErA(159,?) 9S.INT 1 15#2) *COST( 15t 21
U! 3 9 ) tf 3 1 ) vfft3 v3) 4RE DI'4ýY MAR I ILES

E-14



DIMENSION XPOWlu()9YflU0(7),lMOOI1)
UINENSI0N XLIPRI?) ,YCIFRI17) ,IIFRI7)
DIMENSION CIXX(1) ,CIYY(7)tCILL(7)
DIMILNSION DIXX(7)tDIYY(I)tDIZL(FI
DIMENSION PVIXI(71#POIYI7)tPOIl(71
DIMENSION ALPHAI3,1) ,RETA(3,71,GAMMA( 397).PMOM(3,7)
DIMEN*SION NtRRCR(66.42h*MOSAIC(43943),9JI(2,42),NS(66)

C OUTPUT

IF (SfiSE LIGHT 2)].00t199
c PR~EP4RE MASTER TAPE WIITH1 AJITHROPCM~RIC DATA,
c NAA CG OATA AND MOMENTS OF INERTIA,
C SLGME14r CHAkACTERISTICS AND LOCAL MOMENTS

10) WR~ITE OUTPUT TAPE 5vI0IvN*WvETAI23tOELSH
L1~) FURMAT(3HlNsI3,3X,2HW=F6.1,5X,7HETA123=2PE1t0.2,5X,

L 6HDELS~it1PE9,?)
wICOUTPUT TAPE 5,102,STAT.C%'ERVSHLDHSUPH.SUbH,

I TR(,~TiUAiO9PR~f-OARL.-$ES0.WAISDBUTTOCI1ESt6
2 WAISMoh!PBtAXI&LC~tLBCI-OARCtW,~ISCtFISTCTHIHC,
3 GKIIEtCAtJKCtSPHYtlFOC1LtbIACCHEADC9i6ISP8,SITH

10? FORMAT(ISF5*1)
WRITE OUTP'UT TAPE 5,133,SW

i03 FORMAT(bH SW v3EI8o8/6X,6E18*8/6X96EI8.8)
wRITE OUTPUT TAPE 5,104PSM

104 FORMAT(6H SM 93EI8.d/6X#6E1a.8I6A96El8.b)
WRITE OUTPUT TAPE 591059SL

105 FORMAT(6H SL *3Elb.8/6Xt6tI8.8/6X,6El8.8)
WRITE OUTPUT TAPE St1069k

106 FO~RMAT(cH R 93E18*8/6Xv6El8.8/6Xv6EI8.b)
WRITE '1UTPUt TAPE 5,107*RR

107 FORMtAT(6H RU4 q3Eld.8/6Xq6El48.8/6JC,6EI8.8)
%RITE OUTPUT IAPU- ýVt~flqY

104 FORMAT(GHk Y v3[18.f/6Xt6E16.8/6X*6EI8.tS)
WRITE OUTIPUT rAPE 5i,1O9,DELTA

109 F~kMATI6H DtLTA,3EI8.8/6Xt6EI8.8/6X,6EI8.8)
wR~IIE OUTPUT TAPE 5911CAMU

110i FORMAT16H AP~U v3EI6.d/6X#6Elb.8/bX*6E18.&i)

WRITE OUTPUT TAPE 5,111,AMUS(,
III FOKMAT46H APUSQ9,iEIB.~I6X,6El8.8I6X,6Ela.8)

I WRITE OUTPUT TAPE 5,1129SIGMA
112 FOkMAT(bH SIGMA,3El6.;1/6X,6tlb.8/6X,6EI8.b)

wRITE OUTPUT TAPE 5,113,ETA
III FORMAT(6h1 ETA ,3EI6.d3/b(,6EI8.8/6Xv6fE18*8)

WRITE OUTPUT TAPE 5,1149YY

114 FO)KMAT(6H YY ,3EI6.8/6Xq6iEis.8/6Xt6El8.8)
11nRI1E OUTPUT TAPE 5,1159SIXX
15FO'tMAT (6H SIXX q3El8.8/6X96118.8/6X96EI8.d)
wRIT' OWUTtt TAPE 5,116,SIYY

116 FORMA'TI61 SIYY r3Elb~d/6X#6Elo8*/6Xq6El8.8)
wRITE CUTPUT TAPE 59i1,SIZL

117 f-ORM¶AT(6H SIZZ #3Elt3.8/6Xv6EI8.8/6X#6EI8.b)

201~ WAITt OUTPUT TAPE 3,Z0lN9WvCh,ETAI23
211 FCR~iAT(3HN=1N=4q5X3H W=FG*I,I0X,3HCW=3PE10.Iv5Xv

I IHEIA1'3=2PE9.11



oRdTL OUTPUT tAP&C 3,202

1. 14Xvli4Lql4X,1H7)
wRITE OUTPUT TA-E 39203tXNAA

203 FI)RMAT(6t1 )NAA 94X,7(lPfAO.2,5Kfl
wRITE CUTPUi TAPE 3t204tXMOD

234 FORMA1(6H Xt'O t)4Xt7(lPEl0.2,5X))f
wkitE OUTPUT TAPE 3t2C5,XDIFR

205 FURPAT(UM X(LFRv4Xt7(ElO.2q5X))
WRITE OUTPUT FAPE 392CZ
w-AITE OUTPUT TAPE 392069YPIAA

206 FORMAT(6H YNAA v4Xw7(lPElO.2,5X1)
sirRiTE OUTPUT TAPE 3,?07tY#?OU

207 FtURMAT(6H YlviqlU ,4X,1(lPE1O.2rSX))
hRITE OUTPUT TAPE 41208,YflIFt

208 FiJRMAT(6H1 YCIFR.4X.7(&E1O.2v5XI3
WRITE OUTPUT TAPE 3,2022
wRUTE CuTPUI TAPE 3,2391,JAA

204 FORMAT(bH ZKAA 94Xv7(2't-10.1,5X))
WRITE CUIPUT TAPE 3,z10,z'MaO

210 FORMAT(6i i V4OD 4X,7(21't10.1,5X))
wRiTE ourPUT TAPE 3,2119101FR

211 F.*Rt4AT(6H L1UIF~,4Xt7(ElO.2t5X))
W&(ITL OUTPUT rAPE' 3,202
wRITF CUTPUT TAPE 39212#XIXX

212 FORtMiT(bI1 XIXX v4Xt7(1PElO.2#5X))
ol'-ITE CUTPUT TAPE 3v2l3tCIXX

213 FU'Q4AI(bi1 lx CIX4Xwr(1l'L10.2q5X))
WkRilk OUTPUT TAPE 19?14,DIXX

214 FI)RMAT(b6i DI)I ,4X,7(ll'EIO.2,5X)1
wlITE OUTPUT TAPE 3,?l5gPtDIA

21-1 FiJRMAT(6ti PrIX ,4X,70(lIO2,5X))
W'UiE OUTPUT T4?E 392.)?
W4UTE OUTPUT TAIIE 3,?169XIYY

2116 ,-CRN¶AT(6t4 XIYY #4X,7(IPF~r.2,5X))
4KITL OUTPUT TAPE 3,'7lCIYY

2 17 FO'{01AT(Ed1 CIYY ,4Xt7(lPtlO.2,5X))
wRIfE- OUTPUIT TAPE 3,,2lsV1IYY

21't FCRMAT(b;i OIYY ,4Xv7(lPETO.295X))
.TEOUTPUT TAPE 3,219,PDIY

21,9 F&IW'AT(6ti PLIY t4Xt7(--:C.2#5X))
"IECUtPUt TAPF 3t"102

ý.RITE nUTPUT IAPF 3v?2C`,X~ll
22. Fju,*JAT(bf4 X:1ZZ ,4X97(1P1Cl.2,sxi))

hý[IIE -tJUTP(JT TfAPFs 392219CIZZ
2211 FeR4'AA(bv C111 v4X,7(lPt-l0.?t5X))

At{T,- OJUTPUT 1APF 3922290111
222 I-URMAT(6H DIZZ s4Xt7(lPI1O.2#5X))

wRITL CUTPUT IARF 3t223tP[)1Z

hRITL OUTPUT TAPE 3#202
,..<ITE O]UTPUT TAPE 3,224vlPMOX(19K)qK.=l,7)

224 Fo1R1PT(71! P1~FrM l,4X,7(IPEIO.2,5X))
;%4ITL qCUTPUT TAP(-. l,225q(P&MOM(2,K)vK~lv7)

E-16



225 FORMATt7H PROM 2#4X,7(IPElO.2v5X))
WRITE OUTPUT TAPE 3q,216q(PMOMt3tK)#K*Iq71

226~ FLIRMAT17H Plu(OM 3*4Xq7IilPtkj0.5X)j
WRITE OUTPUT TAPE 3,202
WA~ITE OUTPUT TAPE 3q228q(ALPHA(1,K)vKalv?3

22A FORMATIbH ALPHA lt2Xq7(lPEIO.2v5X))
WR~ITE OUTPUT TAPE 3t22'9#IBETA(1,K)vK=19?)

229 F0IRMAT($H BETA 1,2Xv?(lPE1O.2*5X)I
WRITE OUTPUT TAPE 3#230,(GAMMA(1,K)vK=1,7)

230 FORMAT(OH GAMMA 1,2XtIIPElO.2t5Xll
WRITE 'IUTPUT TAPE 3,'02
WRITE OUTPUT TAPE 3,231,(AIPHA(2tK)qK=1,7)

231 FLJRtIAT(8H ALPHA 2t2Xt7(lPElO.2t5X3)
WR"rTE OUTPUT TAPE 3t232t(BETA(2tK),K=1,7)

232 F0'k ATI8H BETA 2t2Xt7flPtlO.295X))
WRITE CUTPUT TAPE 3t233t((;APMA(?iKIK=lt7)

233 FORMAT(8H GAMMA 2t2X,1IIPEl0.2,5Xl)
WRITE OUTPUT TAPE 3,232
WiRITE OUTPUT TAP'-- 3t234t(ALPHAf39KhvKI.19)

234 FORMAT~dH ALPHA 3v2X,1(IPEIO*2#SX))
WR4ITE OUTPUT TAPE 3t?35t(6ETA(3,KJK=l1v7

235 FORMAT(8H MIETA 3,ZXt7(lPEIO.2,5X))
oqUTF OUTPUT TAPE 3v236v1GAYMAI3tKlt%=1,7)

236 F0RMAT(8H GAMMA 3v2Xv7(lPt~1O.295X)l
WR~ITE~ OUTPUT TAPE 3,237

237 FORMAT(40tiALENGFH IN PJChESt MOMENT CF INERTIA 14
I 29HSLlUG-FT-FTtAN%'LES IN DEGR4EES.)

SUBA(OUTINE ANALY?
COMMCN NvvWwErAI23
COMMON SWS',SLR,!R,'YvlELTAAMU.*AMJSQS IGMAEFAYY
COMMON STATtCERESHiLD~iSUPHSUBH.TR0CNTIB!,UPAKL
COM4MON FOARL.Ct4EsOWAISf'.8urrDtCHESt3,WAI SutHIPKAXILC
CGMMCN ELBCFO)ARCWR!SCFISTCTHIHCGKNECANKC.SPHYH
CommoNy FO~tiLBIACDH4EADCRISPBSITHCELS,4
CO'MOCN XN4AAtY4AA11NAA*XIXKXIYYtX Ill
CommCN sIxxsIYYvs1ll
COMMCN r',ETAvSINTtCoSrOEFv0OrO
C4JMMCN HtXXCGC,C
--ommc% X"GoCYMCO, !1401
COMMOUN XDIFK,YijIFR*lEIFRCi1(XXCIYYCIZZOIXXOIYyLulL
cflmmcN~ PoIxPfuIYvPDIl
C 0VMCN ALPfiAqk8jTAvGAJMAvPMlCP
21)'40MCN iEkCR 9 IU,¶S A I Ct,4,4S L I1,L?,K

DIME4S10d DELT4(15J,iMU(15),AM1JSri(15),SIGMAII5)
VI~¶tNSICN EIA(I5),YY(15)
D I ME NS1014 XNAAI 1)tY-NAfA I) )I NAMI7)
£Dime&?sIcd XIXX(I),xIYYI1)VXIZZ(7)

01ý4Eý5f!N SXX(51#E-Y151I l(5



DIME 'SIO*4 THiETA(Il%,2),SlINTI 1'5,2)COST( 15,2)
C D(3*3)9E(3.3JvFl3,3) ARE DUMMY MATRICES

VIMEliSIO*J 0)(393),E(3.3J ,F(393),O(3t31,OT(3.3)
DIM~ENSION *4(15,3) ,X(l5,3),XCG(15,3,7),CI(3,3,7)
0 1IMLtN4S!IOll Xf~0C(7)qYMOD(71,lMOC(7)
DIMENSION XDI.F4(7)sYOIF-R(7hLZDIFRl71
01-AENSION CIXX(7),CIYY(7),CI/1(7)

DIMENSION PDIX(1)tPCIY(7fPDIZ(7l
DIMENSION ALPHA(3, 7) ,6ETA(3,7),G;AMMAA(397)tPMOM(3, 7)
OIMENSION NERROR(66,42) ,MOSAIC(43,431,NI(2942),NSE 66)
wklTC OUTPUT [APE 3#101

100 F0KMAT(1H1,54Xt16H'w'IIFERENCC TABLE)
WRITE OUTPUT TAPE 3,101

101 FORMAT(1iIBtl4XIHX,20XIHY,20XtlHl,19X,3HIXX,18X#
1 3HIYYIBX93HTLL)
w'ITE OUTPUT TAPE 3,102

102 Ff)RMAT( 4HA IJO,
1 4211 1 2 3 4e 5 6 7 1 2 3 4 5 6 7,
2 42H 1 2 3 4 5 6 7 1 2 3 4 5 6 7,
3 42H1 1 2 3 4 5 6 7 1 2 3 4 5 6 7)
wqlTE OUTPUT TAP'E 30Z33

103 FORMAT(H0)
00 1 11=192
L00 I JJ=lt42

00 5 I1=1,66
I I='S( IL)

5, .RIFE OUTPUT TAPE 3,104tIl,(NERROR(1I,KK),KK=1,4?)
104 I-QKMAT(lH t4313)

c CALLULATE AVERAGE ERROR
00 6 JJ=1942
DO 6 1I1=166

6 "I(2,JJ)=NI (2,JJ)+4ECRR0R( IIJJ)
Of) 7 JJ=l,42

7 N.I(2#JJ)=NiZ(?vJJ)/b6
c ARKANGZ [RýC~R ANA~LYSIS ARRAY AN4D LOCATE MEDIAN

UI] 8 JJ=1,43

~'MrJAIC(IIjJJ)=0
00) 10, JJ~1,1
V0S'AIC( 1,JJ )=3'-
MOSAIC(2#JJ)=2%..
D13 9 11=3142

9 !"dSAIC(11,JJ)=MLJSAIC(if-I,.iJ)-I
I - VSA I C (43 1JJ) =-3.-.-

0f) 15 K=294i
DO 15 '14=1966

IF(XABSF(mAUDI)-Z0) 14,14,11

111 (I-iIA~,) 13 t 14.1?)

zy.J T1U 15
13 FOSA!C(43tK)=MCTSAIC(43,a'K)4l

I - t o



15GO TO 15

14 MADD z tvO

is ONTINUE
WRITf OUTPUT TAPE 3,105

105 FORMAT(1H1955X*14HERROR ANALYSIS)
WRITE OUTPUT TAPE 3,101I hkITE OUTPUT TAPE 3,102
WiRITE OUTPUT TAPE 3,103

20 WRITE OI4TPUT TAPE 3j1O?,((MOSAIC(IIJj).jjzl,43), 9
1 111,q43)

* 107 FOI4MAMII 94313)

DO 24 JJ*2943

22MUmMSAC NvJ+M

wKIYE OUTPUT TAPE 3q109,(t41(2eJJ),JJzlw42)

109 F(JRMAT(4H AVE94213)
*~WRT OUTPUTt TAPE~j 3qr 110

110 FOIRNAT433HAC.G. ERRORS ARE IN TENTtSS OF INC,
L 33I1NEStafMENT ERR~ORS ARE IN PER CAENT)
RtTURN

c&

*1I1



C~tltPUTfR PRC(;RjM APP'OE FCRTRAN 11)

L.OW"~N N#WtCW*CIA123
CO?'MCN STAftSHLCIhSUfIITROCHTIRf-,UPARLVOARLCHESD#
1 S-v"T~ýHE~WIS I~ AXILCELIBCoiRISC,
Z F1STCW1--HCGKNECANkcsphYH,FnOTL,S1tfi4HEADC

CO'MMON SWS!',SLRRRY~tiELTtAAMUtAMIISQ, SIGMAETAYY
CJ*C?' 0.PicNSixxS1yylSlzz
CObM(GN TH[TAtSITqCOSTDq[9FUOT

COMACN XM~i),YMCI),LM0VIELS1-
CC!VIMCN ALPHA 9 E IA 9GAVIM.A 9PT-C M
roMp1Th& L11L2tK
t)IMENSION Sh%(15h#SM(15),SL( 15),R(15),RR(1'j),Y(15)
DIMENSION UL)Y1A(15),AMuIA5),AIusQ(15),S1GMA(151

DIMwLNSIU% SIXX(15)#SIYY(15) ,SIZZ(15)
D I MENS ION T$FIA( 15,?) ,S~t'T (15,2),COST( 15,2)

C ~D(3t3),E(3t3btf(3t3) ARE DUMMIY MIRAI~CES
DIMENSIC\I D(3t3),E(3,31,F( 3t3),n(3,3),Ur(3,3I

S1 VL NS I Ul H-(15,3) ,X(15t3),XC'G( 15,3,7),CI( 3,3,7)
DIMENSIOlN XPCG(7)qY?'Cl( 7)vZmCv( 7)
CIMENSIOiN ALPI-A( 3,7) ,BtIA(3,7),GAMM4A(397),PMCM(3,7)
READ INP'UT TAPE 291O'A,L19L?

100) FURfIAT(215)
C. CIIPUT D'ESIRED

C X.tMAL MASTER CARL) PUN~ICHED

YES -,n 1 0
YI~s YES 1 1

1 SE4JSE Li~li F C'
IFCLT-i1)3,2,3

2 S'_-SE IC1I

4 SV.'.ejS( LIG;HT 2
I. {C:.Ate INP'UT TAPE 2#10tvytbv

KLAU VIPhUT TAPI: ?ISAHLUIIWItTUI

CALL 0 SIG
je6 1=1,15

6W j J.1 p 2



6 rHErA(I#JI=O.
K~l

7 CALL EULER
CALL MOUMOM
K=K+l
IF(K-8)7,&S,7

0 CALL OUTPUT
GO TO I
END

SUB~ROUTINE CESIG'4
COMMON NvWtCWvETA123
COMMON STATtSHLOHStJBHTROCHTI8HtUPARLFDARLCHESDt
I WAISCBUTTDCHESBWAISHtHIPBAXLCIELB3CtRISC,.

2 FISTCTHIHCGK4EC,&NKCtSPHY?$,FOOTLSITHIIEAUC
COMMON SWSM, SL,R,RRYtDELTA,AMU,AMUSQ,S1GMA, ErAYY
COMMON SIXXSIYYtSIli
COMMON THEIA*SINT#COST#DEjFOvOT
COMM4ON Ne~tXCGtCl
COMMON XM4DDYMODZMUO,(CELSH-
COMMON ALHplTq~hMt!O
COMMCN LIL2vK
014ENSION Sh(15),SM(15),SL.(15),R( 15hRR( 151,Y(15)
DIMENSION DELrA(15),AMU(153,AMUSQ( l5),SIG14A( 151
DIMENSION ETA(15)tYY(151
DIMENSION SIXEI 15) .SIYY( l5),SILZZ(15)
DIMEtNS104 THETA(15,21,SINi(1(5,2),COST(15t2I

C. D(3t3)#E(3v3)vFU3v3) ARE DUMMY MATRICES
DIM4ENSION 0(3,31 .E(3.3),F(3,3)tO(3,3),Or(3,31
DIMENSION H115,3),X(15,3),XCGI15,3,1),CI(393,T)
DIMLNSION XrO0(7)tYMOD(7bvlMOD(71
DIMENSION ALP.iA(3,7hR9ETA(3,7),GAMMA(3,7),PMOMC(3,i I
PI =3. 141592 7
FWCPI=2,.PI
Cj=P I/i.
C2=62*4c2-7/1 72d.
DESIGN MODEL MAN BY USING AN~THROPOMETRIC UIMENS104S

C AP~PLY 'iARTER RE($RESSIC'N EQ~UATION TO SUBJECT WEIGHT
t H 4T=(.47*W)+12.

BU1= C. b*W) 43.2
311 C .a4*W) -19

BF=( .02*wr)+ 1.5

wDIFF=w-(HNI4KUA+iiFO+Bi4BUL+1311+LWI
WK=hI IF F/ (HT+iUA+bF0fiM+bUL t8LL +OF
wR=1*wR

c DIS1RIBUri hD~IFF PiR(POR1)IONALLY CVER ALL SkGMENIS
2 SW (Il)=.07*k

Sw23=H-i*W9l-Sw(l)
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Sad 6)=UA*WRj/h'.
SvW(6)zF0*Wk1/2.

Sw( 12)=BLL~frkl/2.
Sw.( 14) =Bf *hwk 12.

C DEVELOPMENT OF HEAD
3 1=1

Jul )=(SlAT-SHLCH)/2.
RA(1 )1-tEADC/TWCPI

SLIC)=2.*R( 1)
EIA( J)=.5
Y(1) =R( I)

C DEVLLOIPM[NT OF TRUNK
S1(2 )=SmLDh-SUhH
SL(3) zS!TH-(STAT-SUOSH)
R (2) =CHES(B/2.
R13)=4'IPb/2.
RR(2 ).(CHESZ+WAlSC)/4.
RR( 3)= WAISD4+BUTFD) /4.
ETA(2)=.5
E TA (3) = 5
Y(2)=ErA(2)*SL(2)
Y( 3) =FTA(3)*SL(3)
uELI(2)=SW23/Pl/(1(2)*kku2).SL(2)

I +1.O1/.92*R(3)*RR(3)*SL(3))
IrTA AC ) 1. 01/. 92*DEL A1 A)

Sad2-)=OtELTA(2)*R(2)*RRt2)*SL(2)@PI
SW(3)hOLLTA(3)*R(3)*RR(3)*SL(3)OPI

C Dt:VELOPMENT OF riANOS
1=4

5 RU1)=FlSTC11TaCPl

EfA( I)=.5
Y(I )=ElA(1) .51(J
Su.(I)=Sw(4)
IUkLTA( I )Sbp (1)/RI! )1R( I)/K( 1)/Cl/4.
I j=1-3
I =,5

C DEVtLOPMENiT Of- UPPER A.kMS
6IJ:1
1=6
%(I) =AKlLC/ IWUPI
R-<(I )zE LbC/ TjP I
SLIC)=UPARL

c CLVLLOPMLNT OF FCR:AkvS
11j=2

1 =t

R ( I ) =E1HC/T t('P I

SiL ) f=t-PARL



GO TO 20
C L)EVLLOPMENT OF UPPER LZGS

10 IJ=3

'U! )=THIHC/lbeOPI
RRUI)=Z;KNEC/TWCPI

51(1 =STAJ-SJTH-rTf3H
GO TO 20

C DEVELOPMENT OF LOWER LEGS
12 IJ=4

1=12
R(I )=G,(NEC/TWOP!
RR( )xANKC/TWCPI
SL(1 )=TIBH-SPHjYH

20 G=~(I f).R( I).R( I).RR( I)eRR( I )RR( Ii
DELTA(1)=SW(I )ISL( II/G/Cl
AMU( I =RR( I)/R( I)
AMUSQ(I I=AMU( flsAMU( I)
SIGMA(1 )=l..AMU( I)+AMUSQ( 1)
ETA(! )=(1 .+2.*AMU( I )3.*AMUSU( I) /SIGMAI 1)/4.
Yf1)=ErA( I)eSLEII
GO TO (8#10912*14)9IJ

C DEVELOPMENT OF FEET
14 1=14

SL(I I=1-COTI
ETA([I)=.429
Y(! )zETA(1) *SL(l f)
G=1.-2..tETA(I )4SQRTF(ETA( I).ETA(1)
I *(-12*)412.aETA(Ih-2.i
AMU( I )(4.LETA(l)-l.)/G
AMUSQ(! )=AMU( 1) *&1U( Ti
SIGMA( I =1.+AMU( I)+AMIISi( 1)
Ril) =SP4IYI/2.
RR(I l=AMU(I h.R( 1)
G=R( I hR( I)+R( I JRRII!)+RR( I h.R~( )
L)ELTA([)=SWI,()/SL(I hG'/Cl

30 DC 31 1=7t15,2
Sw(1 h=Siv(1-1)
L)ELfA( )=DELTA( 1-1)

AMSL(Al =ASL( 1-1

SIv'MA(I h=SIGMA(I-1i)
tTA( I)=ETA( I-l)

31. YtI)=Y(I1-l
4 r. 00 4.1 1=1#5

AMU( I )-0.
AMUSCI 11=0.

41 SIw,'Mftf!)=0.
c CALCULATE SEG14fNIT MASS ANJD MASS CEN!SITY
C CHCACK SUM CF SEGMENT W-IGHTS ECUAL TC BODY ý,ElGhT ;

cwf=-4



DELYA(I).=UELTA( 1)/3i.2
51 CW=(AW+Sw(J?

C DETERM-1NATI1N CF LOCAL M'OMFNTS OF INERTIA CF SEGME111TS
c HE~AD

SAIYY (I)=SI XX I.)
%IlZi ( =.4*SM( I)RRI( I )*RR( J)

C UPPLR TORSO AND LOWER TORSO
DO) 52 1=2,3

52 SIZZ(I)=S!A(I)*(RRUI).RR(1)4H(I;.REIU,/4.
C HANDS

[:=4

SIXX (I )=.4*StA( ) .R( I) *R( 1
SIYY(1)=Slxx(1)
SILZ( I)=SIXX(1)

C UPPtR AND LCWER ARMS AND LEGS, AND FEET
DO 53 1=6,14,2
AA=9.*( i.4AU( I )AMUSQi( I)Of.( .AMU I )tAMUS~ij( ) D

I /SIGMA(I)/SIGM'A(I)/2O./Pl
Bbi=3. .(l.+4..APau(I )4AMUSL)( I )( 1O..4..AMU( I ).AIUSQ(1I))

I /S!GMA(I)/SIG!MAU)/&cj.
SIXX( I) =SM( I) aCAA*SM( 1)/OtLTAI i)/SLI I),BB*SL( IJ*SL( I))
SIYY(! )=SIXX H)

53 SIZL (I )=2.*St0(1I)*SM( I )AA/OELTA( H/S~Ll)
C COMPLETE kEtPAINDER OF SEGMENTS

0)0 54 1=591592
SIXXI( I)=SIXX( I-I)
SIYY(I)=SIyY( I-I)

54 SIZZ(1)=SIZ/(I-1)
L CtENIER OF GRAVItY 0O- HEADNECK AND TRUNK(

E (1,1 )=Sw(l )uY(S 1)+2

1 /(STAT-TeR6CH)
C CONVERT DENSITY TO SPELIFIC GRAVITY

00 55 I=i#15
55 0ELfts(l)=DELTA(I)*32.2/C2

C DEFINIE D)ISTANCES OF LOCAL CG FRO0~ HINGE POINT
UFLSH-=S ITH- STA f-TRod-i)
Du 6C 1=1,15

YYV(14)=0.
DO 61 1=7,15,4

61 YY(I)=YY(I-1)
C DETERMI:4E FIXEC HI-4?GE POINTS

00s 67 1=1915
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00 f7 J=193
67 H-(I#J)=O.

11(6,2 )=CHESH/2. 4R(6)
14(693)=STAT-SHLDHR!6)
H( 10,2)=H1P1312.-R( iC)
Htl&,3)-SL( 1)*SL(2)tSL(3)-CELSH
00 68 1=7,1194

68 H(I v3)=H(I1-1931
RETURN
E NO

SUbROUTINE MODMOT4
COMMON NtWtChtETA123
CIJMMVN STATSHLDHSUeHTRIJCHTIBHUPARL.FOARLCHESD,

I ~WA IS C 9BU T TDvC H ES lKt.W A !S t vr ' r8 il XI L C EL BC 9hWit S C
2 F1ST*CThIHCGILECDAKCSPIHYHFOCTLSITH.HEA0C
COMMON SWSMSLRR~,YtDV--tTAAMUAMUSQSIGMAtETAYY
COMMON sixxSIYYtSIzL
C OMMON THETA,STw.TtC0STq,r',EvF,O~O!
COMMON HX*XCGoCi
COMMON XMOVYMOOZM00,DELSf4
COtMMON ALPHAvBETAGAPMAqPMCF4
COMMON L1,L2,K
DIMENSION SW,(15),SM(15o),SL( 151,R( 15),RR(15),Y(15)
DIMENSION D)ELTA(15),AMU(15),AMUSQ(151,SIGMA(15)
DI MEN SION ETA(151,YY(15)
CIMENSION SIXX(15) ,SIYY(15) ,SIZZ(151
DIMENSION T14ETA(1592)tSINT( 15,2),COST( 15,21

C D(3t3)#E(3,3)9F(3t3) ARE DUMMY MA1RICkS
DIMENSION D(3,3) ,E(3,3) .U3,3',O(393),O11 3,3)
DIMLNSlO,* H(15,33,X(1593),XCG( 15,3,7),CI(3,3,7)
Dlt*NSION XMOD(7)*YPaU(7,zLMGD(7)
DIMENSION ALPHA(397),HETA(397),GAMMA(3t7),PMaM.4 3,71
DIMENSION Ev(3)
K=K

P1=3. 1415927
(.3=PI /180.

c ZER~O DUMMY PATRICES DvEvF
0O 1. 11=1,3
DO0 1 JJ=193
0 (III' ,~) =0.
ElI! ,JJ)=0.

I F(llJJ)=0.
C ZERO C.G. ARRAY

DI0 2 1=1,15
DO 2 1=193

2 X(1,J)=0.
C ZERO THE INE~RTIA TENSOR ARRAY

00 3 11=193
DO 3 JJ=193

3 CI(IIJJKP=D.
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t. C4LLuJL4]L ý,i'i(, POINTS Ut M!:~t-AbLFi SEGMEW4S
C FUORt.ARMS

00 9 I=te,9

E C=S (, 1-) -, (J 1T-?21) 122

C (2,1) =SINi 1-2, 1) CCST( 1-2,2)
£-(3,I )=COST(I-2jl)
DO 9 J=1#3

9 !i19IJ)=H(I-2#J)+E(Jtl) 'G
C La.ER LEGS

00 10 Vm12913
G=SL ( 1-2) +DELSH

t(3t I)=COST(1-2ql)

10 H(19J)=H( I-2*J)+E(J,1).G

b0 11 1=4t5
;=Si( 1+4)
fUII)=S1NT(1+4#l)aSI"Jr 1+4,2)
(2, 1) =5!NTi 1+', )*CCST( 1+4,2)

zE(3,1 )=COSTf1+4ql)
Wi) 11 .J=1,3

C FEE~T
00 12 1=14#15
t,=CLIC 1)+. ,.SPHYH-
EC 1, )=SIN*T( 1-2, 1) SINTIC --72)
H 2,1) =SINT ( -2, 1) COST( 1-2 ,2)
E(3 i )=CUST(I-?,l)
DO 12 J=193

12 H(I ,J)=f-s( -2qJ)'ECJtl ).G
C DETERMINE U(0110 CF SEGMENT CG WRT TOP OF HEA.O

X(1,3)=Y( 1)

XC 3,3) =SICI)+SLC 2)+Y( 3)
DC 13 1=4#15
G=YY (1)

F(2,1 =SN (Ill 1.CSIT( 1,2)

F(3#1 )=%.OSTI( ,
00 13 J=193

13 X(IJ)=tH(19 J)+F(J, l)G
AMifuCV(K=2. 144323+0. 1521804*WAISO
Y400(K)=0.
LMC.G( K)=0.

00 14 1=1,15
XM~00M~=XMCC(K) '-Sw( ) 'XC 1,1 1w
YMCO,(K)=YF¶COCK)+SwC!IaXCI,2)/W

14 ZM~)0CK)=1MCC(K)*SWCI)#X(1s3)/w
D EIERMINE LCnCRD OF S7-CMEJT CG WRT CAIC CG
tii. 15 1=1,15



00 30 1=1#15
L ARRAN4GE LOCAL MOMELNTS INTO ')U.4FY MATRIX (3 X3)

1)0 24 11 a 93
DO~ 24 JJ=193

24 0(119JJ)-O.
)(1,1 )=SIXX( I)
t)(2#21=SIYY( 11

C ARR~ANGE TRANSFCRMATIOhI MArRIX
25 u(itt)=COST(I,2)

0(1.2)=SIN-T(Iq2)*C0ST(1,1)
;(1,3).=SlN-T(I ,2)*SINT(5,1)
O(2,11=-SINT( 1,21
O(2v2z=COS1Uv2)*COSr( 1,1)
O(2,31=COSr(I,2)*SINr( 1,1)

0(3,21=-SINT( 1,1)
U(3#3)=COST( 1,1)

C TRAN~SPOSE TP-E rRANSFORKATION MATRIX
26 CT (1 91) =0Q(t1)

Or(lt21o0(291)

OT(1# 3)=0( 3,.)E

CI (2,21=0(2,2)
01(2,31=0(392)
OT(3.11=O(193)
Or(3*?1=O(2 3)
Cr(3,IV=O(3v31
CALL HMMPY(COTtE93v3t3vLM)

-~~ CALL HMMPYfLE#F93v3,3tLM)I
c F(393) IS ICCAL MOMEN4T ROTATED PARALLEL TO BODY AXES
C 1RANSFEA (0 CAIC CL By PARALLEL AXIS THEOREM

D(1,1)=XCG( 1,2,K).XCG(L,2,KI.XCG(I,3,K)BXCG(1,3,K)
U(lt2)=-XCG(I191K)*XC"-( I2gK)
D(1, 3) =-XCG (I,1,K) *XCG(Iq,3.,~
D(291) 0( 1,21
D(2,2)=XCG(I,1,KI*JXCG(I,1,K),KCG(1,3,K)*XCGI I,3,KI

0(3tl)=O(1v31
03, 1 =D( 2,31I D(393)=XCG(I,1,K).XCG(I,1,K)4XCG(IZKIECCG( 19,?K)

DO 30 11=1@ 3
00 30 JJ=1#3
O(IlvJJ)=SM(I).C(I.IJJ)/144.
FIll ,JJ1=F( IIJJ)/144.

30 CI(I11JJtK)=CI(I1,JJK14F( IIJJ)4O( IIJJ)
DO 32 11=103

00 3? JJ=tt3
IFCABiSFICI (II JJK) )-1.t-Q7)131, 0132B

31 CI(IIJJPK1=0.
32 CONTINUEf ~C CALCULAIE PRINCIPAL '¶tJ'EW4S AND AXES

-F-
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j0() 34 11~ =I :

CALL El(;Li4(UtEVt~,6)
PC1 10 \kEv( I)

iv4 JM(3,Kl=EV( 3)
00 35 11=1#3
ALPtfA(1IK)=ýCrS(E( Ill))/C3
8ETAlII*K)=ACOS(E(1I1,2))/C3

3i "IAMMA( I1,K)=ACCS(E( 111,3) )/C3

C14 IV P'j~Y 44TRIX MULTIPLICAI[(YNt SINGLE PRECISIO~j, FL.ý Pr,
cCALLINh; SEW~ti-NCE..

C CALL HvMPY(At8,CIMKp4#L)
k, NHiERL Ct(P&.N)=A(MK)vt(K*N)

C (C MAY RE At IN wti1Cfi CASE A tS DESTROYED)
C 1=O) INDICAr1S OK
C L~l IND)ICA~TES FL. PT. OVERFLOW

D)IMENSIO.N A(3,3)tB( 3,3),C(3v3),Rt(3)

V,'i= 11

LL=tJ
DO0 120 1=1,NM
DU 100 J=,t~NN

(~J) =0.
0)0 10C K11,vKv

DO 110 J=1,NN

IF ACCOMULATOR OVERFLOW 130t120
123 CC ̀ TI tjil
125 L=LL

Rt TUR N
13C LL=l

(1-0 Tir 125

SULJFAOUTINE kIGEPJ(AvEtG,rJApL)
UIESO A (3*3k ,E(3,3)(,G( 3)

DO' 110 1=Itk
DO 100 J:1..\

ic-) b(1,J)=CI.o
110 (1Y:.



DO 130 11,#N
00 120 J1,Nh
FNJ=FN+AflI J)..?

120 FN0=FNI+A(I#JJ..2
130 FNO=FNO-A(II'..2

FN=FN1..5.( 10..*(-L)?
IF (FNl-FN)?140,240tl35

135 DO 230 l=l~tN
DO 230 J=1,?%
IF (1-J) 140,230,140

140 IF (A(IJ)) 150,2310,150
150 R=4(19!)-A(Jtj)

S=SQRTF(A(I ,J)**2*Q.25.R*R)
f=Al 1,1)iA(JtJ)
C05SQ=~0.5.0.25 eR/S
COST~f=SQRTF (COSSQ)
SI'JIH=SQRTF ( .0-COSSQ)
IF (AiJil) 160,230,170

160 S.'NTHz-SINTh
170 AiJ,f1=0.5.1+S

AlJv A) =Q. 5* r-s
F40=FNO--?..(AI I vJ) **2)
A(IPJ)=0.0
00 220 K=1,N
If I I-K) 16~0Y205 9180

180 IF IJ-K) 19Cw2009190
190 A(IK)mA( IKJ.C05Tt+A(JK).SINTH

Al JK)*A(JK)'COSTHi-AlKH.SINTH

205 T=EI1,K)
210 ElItK)=ElIK)*COSTHgElJK).SINTH
?20 EIJtK)=-T*SINTH+E(JgK)*COSTti

IF IFNO-FN) 240,2409230
230 CONTINUE

CPO rC 135
240 1)0 280 I=1,N

0)0 260 K1,#N
lFlAlJqJ)-AiKqK) )250t2609260

250 JsK
260 t.OeTINUC

1( I)=AIJJ)
A~Jj)=A~l , )
4SUM=0-. 0
C10 270 f4=19h

210 5U?4=SUJMttl4,V4)**2
SUP=SQRTF (SL?4)
0.3 2!0 M=1
All ,M)=t!J~t.g)SUM

280 EfJvP)=E~lP)
00 290 1-19N
00 290 ,J=1,N
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290 L(I#J)=A(IJ)
RETURN

SUBmROlJTIi4E (IJIPLT
COMMON ,WCTA2
COMMON STATtSHLDHtSUBHTRJCHTI81,tUPARLFOARLCHESOl
1 wAIS~jBUTTDeCHES~,,WAISBtHIPBtAXILCPELBC.WRISCi
2 I-ISTC..THIýHCGKNtC,.ANKCSPIHYI1FOOILSlTHHEADC
COMMON SWS~.SLRoRRYtjLTAAMUAMUSQ. SIGMAETAYY
COMMON 'aIXXSIYYtSiZZ
COMMON TIIETAtSINT*COST9OE#FiO9OT
c OMMON H,KXCrl,,c
COMMOq XMODtYM0DtZMODZaESH
CLP'MON AL PtiAtBET A tGAMMA IPMOM
COMMON L,1pL2 9K

DIMLNSION D'LLTAi(15),AMU(15)tAMUSQ(15PSIGM4AiII5)
DiMCNSION t~iA(15)tYYl 15)
OIME'JSIOA SlXX( S) ,S!YY( 15) ,SIZZ( 15)
VDt'tNSION THETA()5,2),SINT( 15,2),COST(1592)

C O(393)q[(393)rF(3,3) ARE DUMMY MATRICES
DIMENSION 1U(3,3hE(3,3).F(3,3)tO(3, 3),OT(393)
01MENSZON' e-(15g3)tX(15.3),XCG( 15,3,7JCI(3,3,7)
0DIMLNSION XlwCD(l),YMC0O(7)tZMCCAC7)
DIMENSION ALPHA(3t7),6-=TA( 3,7) ,GAMMA(3t7),PMOM(3,1)
OUTPUT
IF (SENS-E LIGHT 21100t199

c PREPARE MASTER TAPE WITH ANTHROPCMETRIC DATAt
c SEGMVE4T CHARACTERISTICS AND LOCAL MOMENTS

100 WRITE CuTPUT TAPE 5tllltN#WsETA123,OELSH
101 FOIHAT(3HLN=13,3X,24W=F6.15X,,7HETA123=2PEIO.2,5XI

1. 6tIDELSI-=lPE9*2)
WAITE OUTPUT TAPE 5,102,S'ATtSHLDHSUBhTROCHtTIBHt
1 UPARLFOARLCHESDWAISD, fWTTDtCi-ESBWAISBirHIP8,
2 AXILC~tLBCWRISC,-.1ISTCTHIHC.GKNECANKC,
3 SPH-YHtFOOTLtHEADCtSITH

102 FORI4AT(12F5.1)
WRITE OUTPUT rAPE 5,103,SW

103 FORMAT(6H SW ,3El6.Fi/6Xq6El8.Bf6Xt6EIB.8)
WRITE OUTPUT TAPE 591049SM

104 FORpIAT16H SF: t3El6.8/6Xt6E13,8/6X,6El8.8)
WRITE OUTPUT TAPE 5,105tSL

105 FORMAT(6H- SL ,3El8.a/6Xt6E18.816X,6E18.8)
WRITE OUTPUT TAPE 5tl0bR

106 FORIAAT(6H R t3El8.8/6X,6El8*8f6X*6E18*8)
WRITE OUTPUT TAPE 50107MR

107 FORMAT(6H Rk t3El8.8/6X,6El8.8f6Xt6El8.8)
WRITEi OUTPUT TAPE 59IC8,Y

108 FORMAT(6H Y r3El8.8f6Xr6El8.8I6Xv6El8.8)
WRITE OUTPUT T4PE 5,109*DELTA

109i FORMAT(6H DELTA, Mr1B.8/6X,6E18.8/6Xt6E18.8)
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WRITE OUTPUT TAPE 59110,AM4U
'10 FORMAT(6H AM~U t3E18.8/6X,6El8.8/6X,6E-18481

WRITE OUTPUT TAPE 5,111,AMUSQ
111 FORMAT 16H A.FUl OIV, I23E I V. OIV Xg itEll at,686X#6E! 3.81

WRITE OUTPUT TAPE 5,112,SIGMA
112 FORMAN6H SIGMAt3E18.3/6Xt6E18.8/6X,6EI8.8)

WRITE OUTPUT TAPE 5tll3tETA
113 FORMAT(6H ETA ,3E18.d/6Xt6El8.8/6X,6E18.8)

WRITE OUTPUT TAPE 5sll49YY
114 FORMAT(6H YY v3El8.8/6Xt6El8.8/6X#6E18*8)

WRITE OUTPUT TAPE 59115tSIXX
115 FORMAT(6H SIXX q3El8o8/6X,6El8.8/6X96E18.8)

WRITE OUTPUT TAPE 59116,SIYY
116 FORMAT(6H SIVY ,3E18.8/6X,6E18.8/6Xt6El8.8)

WRITE OUTPUT TAPE 5#117,SIlZ
117 FORMAT(6H SIZL ,3El8.8/6X,6El8.8/6X,6El8.8)
199 IF (SENSE LIGHT 1)2003000
200 WRITE OUTPUT TAPE !,201tN#WCWETAl23
201 FORMAT(3H1N=I4t5Xt3H W=F6.I,10Xt3HCW=3PElO.1,5Xt

1 ViI~rA123=2PE9.1)
WRITE OUTPUT TAPE 3,202

202 FORMAT(1ltO,13XlH1,14XtIH2,14X,1Ij3,14X,1H4,14Xt1H5t
1 14XtlH6,.14XtIH7)
WqITE OUTPUT TAPE 3,203,XMOc

203 FORMAT(6H X?'OD ,4X#7(IPEIO*215X))
WRITE OUTPUT TAPE 34?04,YNOD

204 FORMAT(6H YYICO 94Xt7tlPEIO.295X))
WRITE OUTPUT TAPE 3,205tZMOV

205 FORMAT(6H I?'UD 94X#7(2PEIO.195X))
WRITE OUTPUT TAPE 3,202
WRITE OUTPUT TAPE 39?06t(CI(1,1,K),K=1q7)

206 FORMAT(bH IXX #4X97(lPEl0.2v5X))
WRITE OUTPUT TAPE 3,207t(CI(2,2#K)9K=1*7)

207 FORMAT(H IYY ,4X#711PE1O.2,5X))
WRITE OUTPUT TAPE 3t208#fCI(3v3,K),K=1q7)

208 FORMAT(6H 121 ,4Xt7(lPEl0.2,5X))
WRITE OUTPUT TAPE 3,202
WRITE OUTPUT TAPFE 39209#(CI(1,2,K)*Kzl#7)

209 FORPIAT(6H IXY ,4X#7(IPEIO.29SX))
WRITE OUTPUT TAPE 3,2I0v(CII1,3tK)qK=1q7)

210 FORMAT(6H IXI t4Xtl(lP(10.2t5X))
WRITE OUTPUT YAPE 3t2Il,(CI(2v3,K)9K=1#7)

211 FORMAT(6H IYZ w4X9711PElO.2v5XJ)
WRITE OUTPUT TAPE 3,202
WRITE OUTPUT TAPE 3,?12#CPmOm(1,K),pKzI,1)

21? FORMAT(7H PIFOM lt4X,7(lPETO.2#5X))
WRITE OUTPUT TAPE 3v213*(PV'OM(2,K),K=lv7)

213 FORMAT(IN PA4CM 2t4X,7(1PEl0.2,5X))
WRIT'E OUTPUT TAPE 3q214r(PMOH(3,K)#K=1,71

214 FORMAT(7H PR~OM 3v4X#711PEIC.2#5X))
WRITE OUTPUT tAPE 3,202
WRITE OUTPUT TAPE 3t215t(ALPHA(1,K)qK=l,7)

215 FORF'AT(8ii ALPHIA 1,2X,1(IPEIO.2,5X))

WRITE OUTPUT TAPE 3*216v(BETA(ItK)jK=1q7)
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I21c, FORNMA6H tsLrA 9X-!Pl025)

217 FoRMAr(dti GAMPA'l 12-Xv7tIPtl0*2.5Xfl
hRiITE CUTPUT TAPE 3,202
wRITL UUTPUT [APE 3,21et(ALPHA(2tK),KZlv7)

2184 FORMAT(bfi ALP'HA ?p2X97(lPF1C.2,5X)l
wRITE OjUTPUT TAPE 3,2t,4t(BETA(29K)9K=Ip7)

I 21-1 FOeRMAT(6H OTi~A 2*2Xt7(lPE1O.2t5X)
wR(TE CUTPUT r4PE 3v?2C,(G4MMA(2*Kl9K=1,7)

I AoRITE OUTPUJT TAPE 3,202
wRITE OUTPUT TAPF 3,221tCALPHA(3tK),K=1q7)

12421 FURMAT(bfi ALPHA 3,?X,7(lPEIO.2t5X))
wRITE OUrPUT TAPE 3f222t(BEiA(3qK)tK1,t71

22'- FO0tsAT(8H BETA 3,2X97(lPEIO.2t5X))
iiil'ITE OUTPUT TAPE 3,?23t(G;A'MA(3jK),K=1q7)

223 FORMAT(bH- GAM~MA 3,2Xq7(lPElO.2t5X))
WRIIE OUTPUT TAPE 3,224

224 FO~IMAT(4OHALE~4GTH IN INCHESt MOMENT OF INE6RTIA 1J ,

I 29HSLUG-Ff-fTtANGLES IN DEGREES.)
300 eRCTURN

F-13



COM¶PUrTR PROGR~AM~ APIMOD (FORTRAN IV)

C 4POOD A~NY PtISITION MATHEMAY ICAL MODEL nF HUMANI BODY
COMMON /31/tqs.wqcWqErA123,D&LSHv

2 ULLTA(15) ,AMU( 15 ) AMUSQ( 15 ),SIGMAI 15) ,EFA(1't
.1YY(15),SIX'( 15),SIYY( 15),SiZ1(1S)
itXMQV7) ,YIMO0( 1) ZMOD)(7)
COMMON /82/STATSHLOHSUHH, TROCH,118ttUPARLtFOARLt
I HESL% WAISt), IJTTDCHIWS8,BWAIS6,HIPB. AXIL(t,1ýLBC,

WRISCFISTC, T*IWPC9tKJECANI(CSPHYHFOtL
3 srI.MPEADC

COMMON /b3/0f3,3)#i.A3v3)tF( 3,3)
COMMýJN /t84/TH-ITA(1592),SINTtl5,2)tCOST(15t2J.
I O(3,3),Or(3,3)tH(15,3),X( 15,3),XCGUl5,3,7,

C OMMON /85 /ALP14 A (3 t7)th L TA ( 3t 7 ) GAMMA 39 7) t IWM t 7)
COMMCN /t66/KtL1,L2
REAti (5,100I19,?

ICV FO!<MA1 1215)
C 0,FPUT CZ-:SIRED

C NORMAL MASTER CARI)- PUNCHED
C1v .% ~ 0 0

c N YES0 1
C YES NU I

YES YES 1 1
1 CALL SLrTE (0)

1F(L1-1 132,3
CALL SLITE (i)

3 IF(L2-11594t4
4~ CALL StIrT (2)
5 READ (5*1Q1)NtW

L01 F0RmIAT(Ii5t4XF6.1)
RE ADl) 5 ,1U21STAT#SH1-0t,qSUKH,-jTR(XAIIIJOiIUPARt. tFOARLy

I CH SD, ivA! ,B&Js TTu#, *-4f-S,1hA1SB, HIPEs AX !LE9CLOCv
2 Will ISCe 1STC 9 ;HTPC yKNEC, ANK*,-,SPIVH9 F QOTL t

I HZA0CtSI Ii'
102' FORM&T(12F5.1)

LALL DESIGN4
Dc 6 1=1,15
DO 6 J=1#2

6 htTA!u,J:'=0.
K=1

7 CALL EULER
r&LL MUDMOM

K=K+ 1

vow 8,



CALL OUIPUr
C NIJMBER ASSIGNtd) TO LAST SUBJECT SHOULD BE 99

9 GO0 TO 1)
10 IF (12-1)129!l,11
11 EAU FILL 18

REOIND 1S
12 STOP

END

SU1BROurit E UESIGN
COMMON /Bl/%.*WCWtErA123,D)ELSHq
I SW(15) ,SM(15),SL(15),R( 15)kR~(15),Y(15),
2 DEL1A(15) ,AMU( 15),A*4USQ( 15),SIGMA(15),ETA( 15),
3 YY(15) ,SIXX( 15) ,S!YY( 15),SZl1( 15)
4 XMOC(7)vYM0V(7) ,lMOO(7)
COMMON /82/STArSHLDHtSUeMTROC.-,TlgiwUPARLFOARLt
1 CHESCtWAIS1X8UTTE-,CHES~bWAlS~3,HJPt3AX ILCFLbC,
2 WR!SCFISTCTHIHCGKNEC, ANKCSPHYHFOOTL.
3 SIIHHEAOC
COMMGN /63/13(3,3)#E(3v3)qF( 3,3)
CO'MCN /84/THETA(15,2),SINT(1592),COST( 15,2),
1 0(3,33,OT(3t3),I-(15,31,A( 15, 3),XCG( 15,3,71,
2 CI(3#397)
COMMON /85/ALPHA(3t1),tiETA(397),GAMMA( 397),PMOM(3,1)
C 0 M CY /b6/K,11,L2
P'4=3. 1415927
rWOPI=2.*Pi

CI=PI/f3.
C2=62.427/1 728.

C DESIGN Y~ODEL MA% BY l)SI!NG 4ANTH'QPOMETft!C DIMENSIONS
C APPLY 31ARUER REGRESSION EQUAIICN TO SUBJECT WEIGVHT

1 1dT=(.47*W)&'12.
dt'A=( .08'W)-2*9
8F0=( .)4*W)-.5

BUL= (.143W) 43.2
BLL=( .1l.W)-l.9
BF=( .02.w).l.5
WO[FF=W,-(HNfE~h&+HiFO+8h+8UL+ibLL48F)
W'=WU'IFF/ (NM 4BUA+BFO+BH*BUL*BLI*HF)
WR~I=I+WR

C DISTRIBUIE "DF PROPORTIVOiALLY CVER ALL SEGMENTS
?Sid(1)=.O79*w
S~v23=f-fIT*WRI -SW~ll
SW( 4 )=!iN.WR1/2.
SW(6i=HUA*uek1/?.
So'(b) =HFO*WRlIZ.
S3e(1IC)=8UlL.IRI/2.

Sw(I14)=bF.,v '1/2.



c DEVI:LOPMENT OF HEAFn

R( I I= (SAT-SHLOHM/.
RRII IHEADC;/TWCP1
DELTA(II)=SW(I)IRR( I /RR( 1)/HI I)/C1./4.

ETdi(I)=.5

C OLV/LLOPMENT OF TRUNK
4 SL(2)=SIWLOH-SURH

SL(3) sSITH-(STAT-SUiB4)
R(2) =CfI(S$3(2.

RRt2)=(CtiEStU*WAISD)/4.
Rk(3)s(WAISIZ-i3UrrDI/4.

ETAf2 )=.5

Y(2)=EFA(2) 'SL(2)
Y(3v=krA(3) .S113)

I +1.01'.92.R(3)*RR(3)*S113))
iELI A(3)=1.(A/.92*DELTA(2)
SW(2)=t)ELTA(2').R(21*RR(2)*S112).PI

Sb.(3J=DELTAI3I4.(3)'RR(3)OSL( 3).PI
c DeVELOPMENT OF HANDS

1=4
5 R(!3=FJSTC/TWQPAi

SL (1 i2.*RR f I

Y t' I E=. T j *

SWeI1)=Sbd(4)
OELTA(I)=SW(1)/R(I)/R( I)/R(1)/Cl/4.
IJ=1-3
1=z5

C OEVELOPETO UPPER ARMS.

1=6

IRR(I )=ELBCITWOPI
SLII )=UPARL

f GO TO 13
{c D EVELOPMENTr OF FORE~ARMS

b [J=Z

RR(I!)=WkIScITWaPI
Sill IZFOARL
GO rn 13

L DEVELOPMENT CF UPPER LEGS
10 IJ=3

1=10
Rfi )THIHC/TWOPI
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Rt I )=(QNEC/TWCP I
SL( I )=STAT-SI Tll-T I t
,Y0 IC- 13
D EVLLOPMEN1 OF LCWtR LEGS

12 IJ=4
1 =12
R( !)=GKNEC/IhOPI
R A I ):nANKC/1IblP I
SL(1 I I=T IHH-SPH4YH

13 G=R( 1) £i( I).R( 1) RR( I 4RK( I 1RR( 1)
(JELTA(1)=Sl%(fl/SLI I)/G/C1

AMUSC (1 )AMU(1 ) AMU( I)

EITA( I )=( 1.+92, *AMw-t( I + 3. .AV'LSý( I) /S IGMA( 1)/4.
Y(1) =ETA( I) .511 )
GO TO (69IC912#141rLJ
D EVELOPMEtNT OF FEET

14 1=14
S1(1 )=IFCOTL
EFA( I)=.429
VI [)=ETA( I) *SL( 1)
G=1.-2..ETM1)*.O.SRTEfMU')ETAfi1

Am'u( I)=(4.*LTA(lI)-l. )/G
AMUlSQ(l()=AMU( ) 'A,"I( 1)
Slft*,f'A U hlI.CAMJ*( I)+4N1iSLQ(!)
Rh )=SPH-YH/2.
RR( I)=AMU( I).f(( )

DLA I)=Sw(I) .R( I)/Ri( ;/Cl 1

15 I;'l] 16 1=7915,,2
Sw( I)=Sw( 1-1)
DELfA( I hUE TAI 1-1)

AMUI I)=AMU( I-l)
AMUSQI! 1=AMUSQ( 1-l)

ETA( I)=LTA( 1-1)

11 DO) 18 1=1,5
AM~(I t)=O.
AM~USC( I =0.

I ,- SIGr4AMI=O.
C CALCULATE SEGMENT MASS AND MASS CENSITY
C CHECK SUM CF SW~l)

CW=G.
19 DO 20 1=1915

Sf1! )=SW(1)/32.2
0FLIAI I)=OELTA( 11/32.2

23 Cw=[Ch+Sw(I)
c DETERMINATIEN OF LOCAL MOMEN~TS OF INErRTIA OF SEGMENTS
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C I %ov I v I ~c 9, v v s I t s

3SIMX I)=ýSM( I )*(3Ri( I )*4R( I ).SL( I 9Rit 1))/42.

S!YY(I)=SM(I)*(AA.RfUI)/f'R114S(I)/SL(I))/BSLIZ. L~)
3~SILL (I )=SM1 I ).iRI)e( )4(I)RI)/.

42SIZL(I 1S!K*iI?()S()A/DLAI/L
c COMPLER A LOWIER , ARMSANLEGMNS.ADFE

3600 43 1=5,1592

SI /I)SIGMA(I-)SGAI/0/I

4 IL /)SIGMA(I1)/G'AI/.

SIYI I)=SIYYc(S( II +()

k(1,3)-;SW(3)*ISLII),SL(2)4Y(3))
ET'U?3=(L(1,1)eE(1,2)'E(1,3))/(SW(l)+SW(i+aSwt 3))
1 /ISTAT-TROCH)

C COAVERT DENSITY TO SPICIFIC GIRAVITY
110 4; 1=1,15

44 01-LTA(1)=0ElTA!I).32.2/C2
DJEWI* DISTANCES OF LOCAL CG f-RIJM IIINGE POIN~T
DLLSH=SITH-lIST4T-TRfJCh)
Oct 51 1=1,15

51 YYII)=Y(I)

YYt1O)=Y( 1O).ELSH
YY14)=O

C~l 52 1=1#15*4
5? YY(1)=YY(I-1)

c UETERMINE FIXED HINGE POINTS
U0 53 1=1,15
DU 53 J=193

hi(6.2)=CHESeI2o+R(6)
fl(6,3)=STAr-SHeCN+rd(6)
Hi(1Q,2)=HIPPI2.-R( tO)



H ( I V'3)=c1( 1 )+SrLtz21sSL(3)-0ELSbi

C PRI.PARfZ MASTER INPUT TAPE WITH ANTHRCPOMETRIC DATA,
C A'4D CALCULATED SEGMENT MOMENTS OF INERTIA (LrA!42J

CALL SLITET(2tKOOOFX)
1,;0 TO (5i996C),KCflOFX

59 wR11E(led9l01)N'iwETA123.CELSH
101 FORMAT(3HI1N=I3,3I(2HW=F6.1,5X,7HETA123=2PL10.2,5K,

I 6HiUELSl-=IPE9*?)
"WRITE(l8,1U2)STATSHiLDHSUOHFROCHTIBH,UPAIRLFOARL,
1. CHES0O1hAISCBUTTOCHESbgwAIS8OHIPBAXILC,118BC,
2 WRISC, FISTCTH1P4CtGKNi-CANKCtSPF4YHFOOTLp
3 V'EADC,SITH

10? FORMAT(12F5.1)
%%RITF (lb. 03)Sw

103 FORMAT(6H Sif t3EI8.8/6X,6El8.3/6X#6El8.8)
h.{fTE ( 18, 104) SP

104 FORMAT(6H SM ,3E18.8/6Xq6EI8.8/6Xt6EI8.d)
wRITE (lb. 05)SL

105 FORMAT(6H SI t3E18.8I6X*6Ed$.8I6X96EI8,d)
WRFr~E (lbt106)R

106 FORMAT(6H- R t3E1a.3/6Xq6EI8.8/6Xt6El8.8)

101 FORMAT(6H Rk -3EI8.d/6X,6EI8.8/6Xt6Et8.8)
WRITE (1bt108)Y

10 3- FIrtrtAATf6H Y t3EI8.8/6Xt6E1&.8/6X,6EI8.8)
hR~I FE I 'a 8 1A09)CELTA

109 FORMAT(6H- ELTA,3rlb.8/6X,6El8.8/6X.6f1b.di
wRI FE(lb,1ll')AMU

119 H3RMAT(6H AVU ,3151.8./f6xtEl8.8/6Xv6El8.d)

III FORMtAT(6t1 AAPUSQ,3EI8.8/6X,6El8.8/6X, 6E18.ie)
k'lJTE(16#1I2)SIGvA

112 i-0iRMAT(6H S IGMA, 3E1FS.B/bX,6E18.8/6A,6EI8.8)

113 FORMAT(6H ETA #3El8.8/6X#6E18.8/6Xv6E18.8)

114 PORMAT(61- VY v3ElE.8/6X,6Ei8.8/6X#6El8.8)
WRI IE (Ib,11)SIXX

115 FORMAT(6t1 SIXX t3Elt).8/6X,1EI8.8/6Xt6E18.8)

116 FORMAT(6P. SIVY ,3El8.8/6Xv6EI8.8/6Xv6EI8.8)
WRq TE (Il8,7)SILZ

11.7 FORMAJ(6H SIZ v3E18.8/6X,.&El8.8/6Xq6E18.8)
6a~ RETURN

E IND

SU3R0U1NE PkCGPCM
COMMON /BI/A.,qlvqCWLTA1Z3,DELSHv

I SW(15) ,SM(15),SLUl5),R(15),RR(15)tY(15),
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2 0DLLFA( 15),AMU(15),AMUSLH15),SIGMA(15),F1A(15a.
3 ~Y(t15) ,SIXX(l5)hSIYY( 15)bSILZ(15)

4 XM0OD(7)tYMOU(7)vlMOD(7)
COMp-cN /B2/STAr#SHLUHSUBH, TROCHTiBt-,UARLFCARLI
I CHESOWAISD,13ur10,CHESBWAISBH.IP,3,AXILCELB-.9
2 WRISCFISTCTHII4C,GKNECANKCSPHYH, FOORo
.3 SITHqHEADC
COMMON /833/ff3t3)#E( 3t3)rF( 3,3)
COMMON /84/THF.TA(15,?3),SINT( 15,i2,,COST(15,2J,

2 CI(5#3,,)
COMMP-IN /85/ ALPHA( 397) vBETA (3t7)tGAMtA(f3r?) PMOM(307)
COMMON /B6/K9Ll:12
DIMENSION EV(3)
K=K
P I=3. 1415927
C3zP! /180.

C ZERO DUMMY t'ATRICES DEF
110 1 11=1,3
DO 1 JJ=193

E(I1 ,JJ)=0.
1 F(I1,JJI=0.

C ZERO C.G. ARRAY
00 2 1=1915
DO 2 J=1*3

2 (1,J)z0.
C ZERO THE INERTIA TENSOR ARRAY

DO 3 li=1,3
DO 3 JJ=1,3

3 CI(1IJJgK)=C.
c CALS.UIATE HINGE POINTS OF M4OVEABLE SEGMENTS
C FCREARMS

DO 9 1=809

E '2, )=siN[ ( -2,1) *CCST( 1-2,2)
E(391 )=-COST(I-2t1)
DO 9 J=lt3
9 H(I9-?J)-Hl2J+EfJ, )*G

C LOWERLEGS
00 10 1=12,13
G=SL( 1-2)+DELSti

E(2,1)=S!Nr(I-2,1).COST( 1-2,2)
E(391 )COST(I-291)
DO 10 J=1,3

10 H( I J)=t1( -2,j)+fE( JI)*G
c H A N U

ýG,0 11 1=4,5
G=3Lf [44)
E(1t1)=SlNT(I+4,l)*SINT( 1+4,2)
E (7, 1) ,ýINT 11+4,1) .CCST( 1+4,2)
E(3v1 )=CUSJ(Ie4t1)
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0)0 11 i=l #3
11 4(1IA)=If( 1+4pj)%+F! j,1 I) *;

00 12 1=14.193
G-SL ( 1-2) 4.!5aSpj1ym

E1, 1)=SlN ( 1-2, 1)*S5 (Nfl1-2,2)
E(2vlzSlNrul-2,1).CCST(i.2..2)

DO0 I? .1= 1 3
1? H!!.J)=H( 1-2sJ)+E( j, I)*G

Dt..TLRMI'ff CC()RCr OF LOCrAL. C-G -R~T TOP OF HEAD
X(1 ,3)=Y( 1)

00 13 1=4*15
,YY( I)

f! 1,1)=sl~rjf(I, 1) *sI~rt(,)
F(2,1l)=SlNT(lI1.C0ST~l92)

F (3, e1 ) =CUST ( I p)
DO 13 J=lt3

ii XU I J)Zii( IJ)+F(j, 1)at;
X1Co (K) =2.144323+0, 15218ni4*WAIf St
YMI;[) ( K) =0.
LMOU (K) =t)
DO 14 11=1#15
XMvC[IŽ(K) =XMUJL(K I+SW ( I I * I, f 1t
V40 1 K) =YAC[ K) +SWt I ) *X )1W

14 ZMCD( K) =ZMOL(K ,SW( I ) *X! 1, 3 )/W
C DEIERMI.'jk CCORD OF SI'feýNt CGý WR1V CALC CrG

00 15 11,W15

XCf(I(# ,'K)=X(lt 2)-YP'C0(K)

09 30 1=1,15
c AKRANGE LULAL vOMEWdS INYO DUMMY MATRIX 13 X 3)

00 24 l1=1,3
DO 24 JJ=L,3

24 0(1I,JJ)=0.
1)11,1 )=SIXx( I)
0! 2,2) =SlyY m I
D(3,335=sIZI(I)

c ARRANJGE tRANSF0,0tAIION 'ATR!"
2~ 0( itI)=CUST 1 #2

r0(1, 3) =Sl NT (12 1 OS UIN ( 1 1)

0! 2, 3):CQST( 1,2 1lN~l1

iIJ(3w3)=L0ST(rl I)
C TR~ANSPOSE 1I1E VtA'JSFCN~ATION~ M'ATRIX
26 I11o1I



.. I (It,31=0(3tI)

01(2, 3h0( 3,2)

Ut (32) =O(2 3)

or (3, ) Q( 393)
CALL HvtfPY(t'pqJE,3t3t3tLM)
CALL HMMPY(Ct.EtF,3,393,LM)

C F1393) IS ICCAL. MOMENT R¶JTAINU PARALLEL TO 6CCY AXES
C TRIJSFEK TO CAIC C'j 1Y PARALLEL AXIS THEOREM

OVL,1l)=XCG(1,2,K)*XCG(J,92,K),XCG(I,3,K)*XCG(I,3tK)

U(2p3)2-XC~iJ,2,K)tXCG(I,3#K)

0(3pl)z=LI2,3)

DC 30Ž 11=103
DO 30 JJ=1#3

F(Ili JJl=F( 1IJJ)/14',.
30 CI(11 ,JJK)=ClI(IJJK)+F( IIJJ).)( IIJJ)

OIL: 3? 11=1#3
COi 32 JJ= I r3
IF(AtIS(CI(liI.JJtKU)-l.E-O7J3x1,31,32

31 CIf1ZJJvKl=O.
3? CONTINiUe

CAL'%_UL4TE PRIN~CIPAL M.OMENTS AND AXES
DU 34 111,t3
00 i4jjzl,3

CALL EI(AEN(EvLZV93*6)
PMCM( 1,K)=E VI!)
PMf'M(ZvK)=EV(2)

OU 35 11=193
AIPhA(IIt K) =ACCJS(E II,1) '/C3
B8i1A( iIK)=/ACOS(E( 11,2) )/C3

3, G-AMM1AIIIKh=ACOS(E(11, ))/C3
Rt TURN
E -it;

CHYMPY MATRIX ?AULT IPL ICA 10,19, S INGLE PRECIS ION, FL. PT,
C CALLING SfOljfNCF ...
C CALL H-1'PY(ABCMK,'NL)
L WfiE,4[ C(PtN)=A(P',K)4:~f(tN)
c KC MAY B~E A, IN WHICH- CASE A IS DESTROYED)I
c L=O INI.ICA1ES 09

L=I INDICATES FL. PT. OVERFi-Oh
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Su11ROUrINE fMMPY (A, 8,0, PK, NL)

L L =0
OC 120 I=,tPM
Do000i~ J=1,NN
R(J) =0.
D0 100 Kl~lKK

fl0 110 J=1.NN
11,0 C(IJ)=R(J)

CALL OVERFL (L()
(,Li I C ( 130 tI20) vLO

120 CO\T I NUt:
125 L11L

R i- TIII
130 LL=l

GOT' 125

SUM1RCUiTINE EIGEN (AtE~tv;NAL)
0 1ME NS I N A (3,t3 ) tC(3 9 ) ,G(3
J= IJA
L13 110 hl19t
U0 10,O J~lp,*'

FC L(190I00

F )i=-).0

()0 130 1=1,1
Do 120- J=1,t

10FA4=F:N4+A(IJ)**2

I F ( FN-F N 2 4 3, 2 4 0t13 5
135 (" 0 2 30 1=I 1N

DC- 230 J=IJ'%
IF (I-J) 14C-,?30tl40

14 = A- ((I ,J)+A ) 15,2,1J

( s=sLP.T(A(I5+0.2+0.2*kI/R)

C OS Iti= S.. I CrSS;; )

SIN I H~sQT( I. 0-CCSSi.)
IF (A(IJ)) 16Dt2309110

170 A 1 9,1) = ). 5 + S

j 1 5 1-1S



Ml I 9J)=0.0
1) G 2 20 K = I IN
IFlI-Kl La0,205tlHO

1d-2 IF (J-K) 150*200st90

A(JK)=A(J,11sCCSTH-AlK,1ieSINTH
A1K, J)=AI JgK)

2-30 A(KI)ZA(IK)
20)5 T=kUItK
21"' Eli K)=,EI oI*e)CCSrN.F(JtK).SI~rH
220. tElK)=-TsSINTH*EJtK).COSTH

IF (FN).-FtW 2409240,230
230 CONTINUE

GO TC 135
240 00 280 hl,#N

J=I
00 260 Kz1,N
IF(A(JJ)-A(KtK) )2509260,260

250 J='(
260) CONTINUE

Gtl )=A(J,J)
A(JJ)=A(I ,1
suM=0.0
00 270 M=1,N

270 StJM=SUM~+E(t~lJI'2
SUM=SQRTI SUM)
DO Ž-80 M=1,N
A ( I'E( J.tM)/S U F

20O E(JPM)='cI~b
D0 290 1=1,N
DO0 290 J=19N

SUtbRaUTINE OUTPUuT
COPMON /tU/fitwtCW, ETA 1239 DELSHv
I SW'(15<),SM415),SLll5),R( 151,1(R(15)tY(15),
2 DELtA(15),AMtJ(15),AMUS((15),SIGMA(15JEIAI15),1
3 YY(15),SIXX(15),SIYY(15),S~lZl15)
4 XMOD(7),vYMOD(7)tLMODI7)

I ~COt'MOq /1i2/ST!ATqSHL()NSUBH9TR0CHqT!BIjUPAtRLvFOARLv
I CHI:SV9 WAI SO,tiBUTT D9CHESbvWA ISO* HIP89 4X ILCv ELi3Ct
2 WRISCFISTCvrHlHCGKNECANKCtSPHYHFOOTLt

CQMMCN /64~/ IHEI A(l5 9) 9S INT( 15t,2) COST( 15t,2)v
1 0 4J393) r-lT(1,393) M 159,3),1X.( 159 3 19XCG( t5 39,7),9
2 CI(39397)

COý'MCN /Bi6/XtL1,L2



c UUTjPUr
CALL $I TET H *KCfUFX)

:iC Nu(2009. IC) qKGCOFX

201 F0RVAr(3u1lN=I4j5xtjH w~fw.I-b.lOXt3HCW=3PE1O.1,5X#
I 7HETA123=2PE9.1)

202 F RM A T ( 1HO 13 Xt1H 1ut14 X t1H2 91 4X 1- 3 t14 X I H4 14 XI H 5

hRITC (6t203)X~flD

203 FOtRM/T(6H XPCD t4Xv7(lPL-10.295x))
ViRITE (61234)YMOOD

204 I-04.VAT(bOt YYCID 94XIM(PtE10.2,5X)
W.RITE (6,205)ZPOD

2C5 rO0(MAT(6IP ZKO 94Xt7(2PF1O.lt5X))
WAlrL (69202)

20o FflRMAT(&h IXX t4X,7(1IVLl0.2,!5X))
WRrff (6,23?) (CI (2v2s,K)=1,7)

207 FjR.%Ar(6H IYY t4Xt7(1PEI0.2t5X))
hRIIE (6v208b)tCL(3t3,I'iK1,7)

20?' F'kMAT(6i1 III t4Xt7' ';!IO1.215X))

hlTL- (6,209) (Cl(1 ,2,K) K=1#7)
209 FOitMAT(611 IXY t4Xv7flV~l0.295X))

hqIl! (6,21C) (Cflv13,KhK=1,7)
210: FCRMAT(biH [XZ t4X,7(Ji'ElG.2t'1X))

.4RITE (6,211) (rI(2,3,K),K$1,7)
211 F 0-1 MAT (6 H I YZ 4 X,97 (1)E 10. 2 95 X)

wqlTf (6,2021
W'ý{IIT (6,21?) (IV'tl(1vK)vK=l,7)

212 FORMAT(7i I~OM I,4Xt7(P1PCO.2t5X))

2 .13 FfJNd'AT(H V?.0M 2,4X,7(lPL10-.2,5X))
WRt~ITF (6,214) (l'tCP4(3vK),K=1,1)

214 F(PMfATt II P?'OM p14X r?( 1PE10.29 5X)
%.IIrC (b,2C2-)

215 FORMATC6Hl AIPA 1,ZXv7(lPElO.2,5X))
.vIT L- (6,t217) ( iiET PA( I ,K I ,.K-=I, 7)

217 FORMAT(80- GAIJMA 1,2X,,7(lPE10.?,5X))
k.RITE (6,202)
Vd<ITE (6,21oll(ALLPHA( 70( ) 0(=1t 7)

?18 f-OK MATU~d- ALPHA 2,92X,r7-1Pt-IC.2,5K))

21q F f.MA T ( H GA 7t?2X,7iVtlPi.2,5X))

nK~ITt- (6,221))(ALP`IiA( 3,KiK~1, 7)
221 FOFIA~'T(6H ALPHA 3s2X,?`(1PE1O.2t5X))



223 FvR1.AT(bH C'IA 3,t'Xt7(1PElO.295X).i

oiRiff (6#22/t
2 2'4 FORMAT(40HAI-UNGTH INJ INCiES9 MOMENT OF INERTIA Iii

I 9iLGfT-TAut't IN D)EGREE~S.)

IL JR)

1 I3



APPENCIX H

COMPU TER PR~OGRAM GLI CCI (FOkrRAN I I

c GUI(th DESIGN~ Gu'(CE CF CYJAMIC CI-ARACrERISTICS OF MAN
CtUMMCN W, STATSHLD,1,SUf-,HTROCr-I,tibi*1,PAs{LFUARL.CHESUt

1 WAI SLtIUTtCiSBwiIH f-9 4X ILC ELRCt WI ISCq
2 f-ISTCTHIHCGKNECA'4KC#S)HY,-',FoJOTL, SIT~t-HEADC
COMMONJ SW, S~ SI, RRR, Y, ULTA,,AMUAm-jS(,S IGMAE IAYY
COMMON sIxxtSIYYtSflI
C 0M MO N Ti iErTA 9S i 4 T, L 0,- t, 9 rF tu,O0r
COMMON4 HtxtxCtc,,C
CCMMCN XM(]DvZMCrOELSH-
C OMMOtN P!>I , P IXX rP IYY, 9 P L
COVMCN I J tK 9K K ,I Pr 4
L) "t- ,I ON S W( 15 ) 9 S M( 15 ,S1L( 15) 1 9-4( 15) RR ( 15), Y ( 15),q
1 r)FLI4 L~t 5)#M(1 MS(15 l;A 5 tA 5

2 YY(15)
DIMESIO;4 SIXXI 15),SIYY(15),SIZZt 15)
DIMENSION TeHErA 15,2) ,S1IN( 15,2)tCCSI(15,2)

C D(3v3)tE(3,3)tF(3v3) ARE DUMMY MArRI:15S

DI'~c-ISION PHqMAN(25,6),IABLL(lO,5,31),N'P(5)

39 FtJR,'AT (515)
Of] 1 1!1=125

1 RELAt) INPUT TAPE ?t'''oiKAN19JvJ1

"RPITF CUTPUT TAPF 30101

nRIJE1 OUTPU* FAPF- 3910)2

IhR1TE CUTPUT TAPE 3,103

I 2.)HANf14ROICm~tRIC DJATA CF MCI)[I51
A<IT~E OUTPUT TAPE 3#1',14

104 F j .'T(H . x03j IOP R 4 IEq3 XiIi
ARTIC IUPUT TA~PE ,~,j

h~IfE OlUTPUT. TAPtE 3,106

W., 2- 11=19?5

1 2214 DI IWCNSICIN's1- 114ICHES./1F-1)



SHLDHtRAN(3, 1J)

SU9HI1PERMAN(4, IJ)

l1rJCHPEKMAN(6,1J)

UPAkL=PtJRMAN( 7, 4)
FCARLPERMArA8, Is)
CfSUzPbR?.Ar(9#I J)
WAISD=PLkPAAN( 10, lI)
fUTT0*PkRMAN~j1#, 1)
CH-ESR=PERMAN(1j2#1s
b6AISE=PEIlMAN( 13, IJ)
HIPL=KPHMAN(14, 1J)
AXILC=PERMANt 15, 15)
ELI'C=PERMAN( 16, 15)
hrRISCz=)ERMAK(17, IS)
FISTC=PERMAh( la, J)
TtiIf!IC=PEMArJ 19, IJ)
GKNEC=I'ERMANd 20,Ij)
ANKC=PERMAN(?1, IJ)
SPHYH=PciQ4Afd 2?, [j)
fr0O1LLkPJ~AiA23, IS)
SI I TP=PE RMAN (24 t I J)
HEAVCte'ERMAK(25, Is)
CALL DZSIG'4
Ui 10 K=1#7
IF (K-717i696

6 IP=lPtl
K=K
CALL EULER
CALL MCOMO.M

TAhLc (?,IJ-1, IP)=11'CD
TAbLE (3.1 4-1, P)=CI (1 1)

TAUJL.E(6#1J-1vIP)=CI (1,3)

[APiLf (99IJ-111?)=PIYY

GOf TC 10
1 00 9 KKul*5
iIP=1P+1
KzK

CALL EujLiR
CALL MCDPCMt

T'AfLE(2v1J-1, IP)=ZMC&
1ABLH3q1S-1,1p)=CI (1,1)

H- 2



TAPELH 6, U-I, P) =CI( 1,3)

TAh-L td, 1 .1-19 [PI-)=P I XX

TAB.E(19,IJ-1, IP)=PIYY

q C F;4TJINUE
10 C OINT INUL

Ut) 20 JP=1,11
hiUTtE OUTPUT TAPE 3tI02
DC 15 IMP=193
I P=3*( Jf-1) +JIMP
kiR1IF OUTPUT TAPL- 311099IP

"wR!TL OUTPUT TAPE 39110
1110 F ORM.AT (2iB. /IH / 2H8. 922X,94HC. G 98X 9 4HI t1!ER T IA TEN SOR,

1 l1Xvl7t-PRINCIPAL MOME*4TS,9Xqlh.)
WRITE OUTPUT !APE 3,111

III FORMAT'(21$ * ,15'(3H3/0,2XIHX,5X,IHZt3Xt3HIXX,3X,3HIYY,

3X, 3HIZZ , lX, Ill.
DO 12 JJ=lt5

12 W--ITf OUTPUT TAPE 3tI1t2,NP-(JJl9
I (T AGLE(I ItJ Jo 11), 11 =1 s10)

112 FOrRM~ATtH .,15X, J?.F6.2,F5.1,4F6.2,F6.1,3F6.2,9XlH4.1
IF-(JP-ll)l5,139l3

13 wR'I1L OUTPUT TAPE 3,113l
113 F0R-k'JAT(2HO.,I5xq27#.!ALL PIJSITIONS ARE SYMMETRIC

1 23H (IXYIYZ ARE lEMI!),23XiplH./
2 17X,30tXZ IN INiC14ESt IXXPIYY,1ZZIXL
3 2911 14' SLUG-FT-FT, THETA IN 0kG., AltIH.)

(,O T 0 '

15i CGIN I NUE
^4I1[ GOTPUI TAPE 3,113

20 wr~Tlr OUTPUT IAPE 3p101
CALL EX(IT

c N~Ju

SUIfXMJTfINE IIES!GN
COMMC% W hSl AT ,SHLDHSUHtqIIROCI19TlBf4,pUPARLipFOARL 9CHLSDV
I WAISO, IAUTrTE,CF1C-S~iWAIS~tIHIPHtAXILCtELfiCWRISC9

2- FI STCTiI CGKiltCA!dKCvSPIFYtiFCCTL, SIfhHEADC
COMP.C?!N 51g,SY,S~,R,{RAYtt'LTA, AMU, AMUSQSIGMAEUAYY
CommcN sixxoSIYYSIzz
CUM'MON THETA, Sl:lTq!'7;STvC,.E,F,OOT
1C01JI'CNj hqXlxcGcI
C 0 WlM 0N X MOD 17MCD qDL L S H
CCI'MON PSI ,PI X'CPIYYvPIIL

COMMON ILItKKg(,PtqP
DOILiNSIONa SA(15i)tS,S,(15) ,SL( 5),R( 5),RR( 15),Y( 15),

I De:-LTA( 15)9,Ax ti( 13) ,AMtISQ( 15),S-IGMA( 15),E[A( 15),

1-3



2 YY(15)
DIMENS1o.4 SIXX(15),SIYY(15,,SIlZ( 151

C D(3v3bvEt3,pF;t33) ARE DUMMY MATrRICES
mi !Cf ir, s~ ~t 

-
i # )O 3 3q T 3 3Of 'ENS.U Hi,3)JOi,)tC (1593),Qr( ,3)3

Pt z3*1415927

TwCPI=?.*PI

Cl =P Ij3.
CZ=62,427/1128.

C DJESIGN MODEL MAN BY USING ANTiIROPOMETRIC DIMENSIONJSC APPLY 9~ARER REGRESSICN EQIJATICN TO SUFSJECT WEIGHT
I HlT=(*47*w)e12.

bUA= ( .ObW) -2.9
BFO=( .O4*W)-o5

'iUL=( .l8*W)+3*2
8~LL2 (0 howl-1.9
EiF= .O?.W)e1.5
Wi)! FF =-(NT+8U4+BFC+B1H8U1+8LL+8FI
wR=wra. IFF/ (HNT.FiUA.8~rIJ.IH?6UL+IBLL+BF)

C DISTRrIBUTE iIFF PROPORTIOJNALLY CVER ALL. SEGMEJ1S
2 St%(!)=.C79*%

SW23=itNT*WRl-Sw (1)

Sm(d) =8FO*WRl/2.
Sh(l0) =iiULeRl/Z{.
S.w('12)=BILaWRI/2.
Sw( 14)=6F~wt(1/2.

C DEIILOPIMET~j CF HFAfC
3 I=t

.( I 1= STAT-SflL0H)/2.
Ru4.I )=HEADC/Tw,(;Pg

SL(I)=2.*R( I)
EfA(l )=.5
Y( 1) -R( )

C DEVELOPMENT C.F TRUNK
4 SL(2 )=St.;LDH-SUbH4

SL?-! )=S~rH-(SrAT-Stj,-)

IR( 3) =(hAISI.+BaurrDh/,4
CIA(2)=.5

Y(3)=.'.StA 3)

I *1001/.92*kd3).RR(3)*SL(3))

UELTA( 3 klu.0I/.92*,E-LrA(2)

V~-4



Sw(3)=DELTA(31*K(3)*RR(3)*SL(3).PI
DEOVLLOPMENT OF HAND~J
1=4

5 K~i t1 I,/WP
RR(I )=R(1 )
SL(lI)=2.eRRWa
ETA( 1)=.5
Y(1m=ETA( I) .SL( 1)
SW(1 )5W(4)

1 =5
GO T 0 (5 r6) 9 1J

C DEVELOPMENT OF UPPER ARM.
6 1.1=l

1 =6
R(1 )=AXILC/Tb:OPI
RR(1 )=kL8C/TWOPl
S1(1 )=UPARL
GO TO 20

C DEVLLOP4%'-NT OF FOREAR~M
8 1.1=2

1=6
R (I ) =ELtsC/ I iCPI
'qq( I)=WRISC/TWCPI
SLI(I ) =t-OARL
GO TO 20

C DEVLLOPMENT flF UPPFR LFG
10IJ~i

'U! )=THI4IC/lwOPI

Aft( I )=;KNJEC/YWCP I
SL( I =STAT- SI TH-TZI H.

C EVELOR;:NT CF LOWER~ LEG
12 1.1=4

1=12

R4 (I) =Af$K"CI NOWU I

SI( I)=1IUH-SPHYH

2AG= R( I )=t ( I )/'R ( I ) RI R R

AMMjO I )=AMU( I)I( IAtJ )

t: I A( I ) =(l.+2. AY I )t3.US(.(U~t I /IGA)1 4

Y( I) =FTA( I) .5(I)

1 LI.JLnJLPPLNT fOF FIFLT

14 1=14
SL( I )=1e(rJTL
FIA( I)=.429
Y( I )=41TA( I) *SL( 1)
.=I-2.ET. U)*S'.nrr ElMI) .EJ,( I)



AMUf 1)=(4.*L1A( 1)-.. )IGt
AMUSiU(1 )zAM.( i).A~u( iI

k ( I 'ozSPH-YN/2.
RRi(I )=AMU( I ).R( i*)
G:R( I [R(I ).R( I)*RR% I ).RR( 2) eR( I
I)111A(1)zSW(Ii/Cl/SL( 1)/%G

30 ut) 31 1=7915,P2

DZhLTA( I)=DELTA( 1-1)
I I)=R( 1i

SLIl =S111-1)
AU(I=A-MU ( 1

4~MUSL(I 1=ANUSQ( I-i)
Sl(;MAb )=SlGM!A( 1-1)
ETA( I )=EfA( 1-1)

31 Y(I)=YU-l)
41 UG 41 1=1,5

AMU(I I ) =0.
AMUSQf1)=0.

41 S IGMA, lI)=0.
C CLCULATE SEGMENT PASSr MASS DErNSITY9 AND SUM (;F SW(IJ
5 - )J0 ii. 1=1915

Sm(1)=Sw(I)/32.2
5! DELTA(iI)=DELTA(1/32.2

C UEFINE DISFAfJCES 'IF LOCAL CG FROU' HrtNGE PO0INT
LDhLSHnSI fH-I STAr-TROCH)
00 60 1=1915

60 YY(II=Y(f)
YY(6)=Y(6)-iU6)
YYi'I1))=Y( IO*)+DELSII
VYY(14) =0.

00 61 1=1915t4

F 61 YY(I)zYY(I-1)
c UEtK~MI.IE FIXEDO HINGIF POPI.TS

DO 61 1=11,5
Oil 67 J=193

67 -(I~iJ=0.
H(6*2)=CHES3/2.+.RI6)
H'46j3)=STAT-SHL0H*R (6)
H(IO,2)=111Pt/2.-RfIl)
H(lO,3)=SLI I)4.SL(2),SLU*,)-OELSH
UO 683 1=1#1194

v DErCRMINATI(N CF LOCAL MOMENTS OF IIERTIA OF SEGIMEATS

C HEtAD

slYY(!)=sIXxI1)

UPPiI1, TORSO AND LOVhl--- TOF2,JG



DC 1? 1=2,3

SIyyf I SM(1I*I.*RR I)*RR1)4 St.Ii'SL 1 l12.

C HANDS
74 1 =4

SIVY(I I=SIXX( 1)
5TLL! 1)=SIXX( I)

C *JPPLR ANr~ LLh'ER ARMS ANJD LEiGS# AND FEET

76 Uf) 62 1=6,14,2
AA=9.*(l.+AUIJI )+AlMIJSQ(I()*1 1.4AMU( i)*AMUSQ( I))
I /SIGMA(1)IS1GMA(1)/20./Pl

I /SIGMA(1)/SIGmA(Li/CG*

C COM~PLETE REMAINDER OF SEt;MEPITS

SIXX( I)=SIXX( 11
SIVY(I )=SIYY(I-1)

12.) SIZZ(I)=SIZL(1-11
RET URV'

SUP~ROUTINL- LULER
ýO?"MCN WSTATShL~h1,SUhit.TRfJC$,-T18BiUIARLF0ARLChi-iS0,
1 W~1SD~tBUTTDtCHESB,1wA1SfiHIhPHAXILC,ELBCWRLSC,
2 FISTC1WHIHCtGKNECANKCSPHYt-',FOCfL.SITHHEADC
COMI4UN SWStiSLRt~R,*Y,0ELTAAMIJAMUSQ, SIGMAEiAYY

COMMON.' lHETASINICCSTjtEF,0,0T

C 0M MON X MO0DvZ MCCtf)E L SI-
COM~MON PSII'IXXPIYYpIlz
CrIMMON I J jK,9<K tI P , NP

I FLTA(15),AMU(1¶,),AMUSC(15),SIGMA(1P,)tLTA( 15),
YY(15)

VI7MENSIt)N SlXX( 15¶bSYY( 15),SIll( 15)
DIMENSIONg rtiEFA(15,2) ,SINT(15,2),COST(15,2)
DIMt:NSION4 L(3,3),L(393),F(3,3),O(3, 3),)T( 3,3)

P1=3. 1415927
C 3 1 /I Z30 .

LI]11=1,115
r4 19 J12

tHiE fA( I tJ)= .

ST. 1-1 (1, )=
C1F C!S f I tj)3

4H-7



GO TO (20#,50999119119)K
C ARMS AT ATTENTION
c Kal

2 (10 TO 18
c ARMS OlkECTLY CVER HEAD)
c K=2

3 DO 4 1=4#9
4 THETA(IU)=l80.*C3
GO To 18

c A'&MS SPREAD IN CAUCIFORM POSITION
c K=3

5 00 6 1ý509,2
rHEYA (1.1 =-90. .C3

6 THLTA(I-191J=-THETA(fItl
iA0 TO 18

C ARM4S EXTENDED IN FRONT OF BODY
C K=4

7 0O 8 1=4,9
DO 8 J9=112

8 TH[TAdIvJ)=90.*C3
GO TO 18

C ARMS BEAT 9C AT ELBOw, FOREARMS IN FRONT OF BODY

9 0J0 10 1=519,4
0)0 10 J~lo2
THETft'I J)=90*GC3

I-) Tft*IA( I-ivJ)=THEIA( IJ1
GO TO 18

c UPPER ARMS AT SHOULDER i.EVEqL, FOR EARMS EXTESCED IN FRO
C K=6

11 UO 12 1=5.914
00 12 Jzlte?
THEjAI A,j)=9fl.*C3

12 THi.TA(I-I,J)=TtHETA(IqJ)
THETA(6,1 )=90.*C3
THi:TA( 7,1)=-THCTA(6t!)
4O 10 to

C SP.LClAL POSITION
c K1l

13 iUC 14 1=495
111tITA(l1.1)=~o..C3

14t rHrTAlt,2)=90..C3

UO) 16 1=81213

THLET Alt ,l)1).*C3

Of' 17 1=14t,15
fJ17 I=l,2

".o TOJ 11
I-- K'K=KiK

'GU TO (19#21#23975*203)vKK



c STANDV14G
c KK=1

19 DO) 20 1=14,15
00 20 J=192

20 rHETA(IPJ)=9o.*C3
ý;O TC 31

C KNELLIN~G
C. KK=2

21 00 22 1=12.13
THIETA i l)=9C.*C3

22 THa'TA([,2h=-90.*C3
GO ro 31

c. KK=3
23 DO 24 1=11#1594

0)0 24 J=1#2
fHEIA( I,J)=90.*C3

24 THFTA(I-1,J)=THETA(1,J)
G;O TO 31

c SITTII';, LE6S C'CTE-4DED FCRWARD
L. Ke(=4

25 DO) 26 1=10#13
DO 26 J=lt2

2b THEIA ( IJ) =90.*C.3
CUJ 27 1=14,15

27 THETA(It1)=180.*C3
G~O ToJ 31

C SIANINI)4G LEG;S AT 30 CEGREES

28 DO) 29 1=1191392
TtiETA(I ,1)z-30. 'C3

29 Tt4ETA( 1-1,1)=-THETA( 1,1)
00 30 1=-14115
00J 30 J=1,2

30 TIIETACIJ)=9C..C3
31 DO 32 11=1,15

00 32 JJ=1,2

32 CUSlfI 1JJ)=C0%F(THErA( IltJJ))
RCE F UP .4

SUB~ROUTINE ?4CDJCV
COMMON wS(AT,SHLDHSUL~htTROCHTlBt-IUPARLFUARLCHCSDt

IWA1SD~tdtiTTDCHI-Sbt3,41SB, HIPB, AXILCELKC,WRISC,
2FIS1'CTHIKCGKNEC,AiNKCSPH4YHFCOTLSITHHEADC

COMMCN SWSfoSLRpoRY,1)ELTA, AMUAMUSQSIGMAETAYY
CO)MMON. SI)XtS1YYtSIZz
C- 0MQM! 1- TsftTApSINT,C0SUUEqFp(,COT
CO~rMMON I1,X,ACGCJ
CUMMCN XPOD vZ MC 0 DEL StH
cot)MMU1 PSI, P!XX.P1YY,PitI



COMMON I.JtKtKKiPNP
DIMENSION Shi(15htSM(15).SL(15),R(15),RR(15),Y(15),9
1 CLTAC 151,AMU(115),AMIJSQ(15htSIGMA( 1),1'- 5)l

2 YY(15)
fit MFmNf UNS!.(5 SYC5 ILID

DIMENSION THETA(1592i,SINT(15,2)tCOST(15v2)
C D(3t3h#E(3*3)tF(3t3) ARE DUMMY MATRICES

DIMENSION 0(393) ,E(3,3) ,F(393)t0( 3, 31,0(3,3)
DIMENSION H(15,3)tX(15t3)tXCG( 15t3),CI(3,3)
P1I=3. 1415927
C3=PI/180.

L Z&ERO DUMMY MATRICES DtEF
DO 1 11=1#3
00 1 JJ=l,3

tE(h ,JJ)=0.

I F(1,*JJ)0O.
C ZERO C.G.o ARRAY

DO 2 1=1#15
LiO 2 lt

2 X(IJ)0.-
to ZERO THE INERTIA TENSOR ARRAY

DO 3 11=193
U0 3 JJ=1,3

3 CI(1IIJJ)=o.
C CALcAJLAIE HINGE POINTS OF MOVEABLE SEGMENTS

C FORE ARMS
DI0 9 1=8,9
G=SL( I-2)-Rl!-2)
Efll )=SINT( 1-2#U~S INT( I-?,2)
EiZ, I)=SINT(I-2,19 *COST( -2,2)
Et3,1 )=COSTlI-2,l1
5O 9 J=i,0

9 H(JJ)t1H(l-29J)+E(Jtl)*G
C LOWrER LEGS

DO 10 1=12913
G=SL ( 1-2) +O[LSfj

LIZ, L)=SINT(I-2rl)*COST(I-2,2)
Et3, i)=COST( 1-2,1)
00 10 J=193

10 H(ItJ)=H(I-2#J)+E(J,1)@G
c HANiDS

DO011 1=4t5
G=SL 114-41

Ef2,1 )=SINT(144,1)*COST(I+442)
oE(3t 1 )=LOST( 1+4, 11
Do 11 J=103

11 HlIti)=i,(144,J)4E(Jtl)'G
L FEET

00 12' 1=14,15
G=SL(I-2) +*5*SPHYH



E (2,1)=slNrT 1-2, 1) .CCST( 1-2 .2)
E( 3,1)=COST (1-2,1)
00 12 J=13

1? H!it, JI)=H( !-?, r Ia., %tve~
C DETERMINE CCOR OF LAL CG ;mT TOP CF HEAL)

X( 1,3)=Y(l)
X(2t3)=SL.( 1)+Y(2)
X(393)=SL(1)sSL(2)4Y(3)
DO 13 1=4,15
G=YY (I)
F(1,1)=SINT(1 ,1)siNr( 1,2)
F(2v1)=SINT(I,1)*COST(Iv2)
F(391)=COST(Itl)
DU 13 1=1#3

13 X( bJ)=Ht19IJ)+F(Jtj)*G
xMiJ0=2. 144323+0.152 1&n4*WA ISD
XREF=Xb¶0L
LMCOD:O.
DO 14 1=1,15
XMOD=XV400.Swt13 x( 1,1)/W

14 ZMCD=ZMOIO+SWII)*X(I,3)/W
C DETERMINE CCVCRD CF SEGMENT CG WRI CAIC CG

DO 15 I=lcl5

XCG(1I 2)=X( 192)
15 XCG(IP3)=X(it3)-!MC0

DO 30 1=1,15
C ARRANGE LOCAL MOMENTS INTO DUMMY MATRIX (3 X 3)

DO 24 11=193
DO 24 JJ=193

24 D(I1,JJ)=O.
0(1,1 )=SIXX(I)
D(2,2)=SI&YY(I)
01 3,3)zSIll( I)

C ARRANGE TRANSFORMATION MATRIX
25 0(1,1:=COST(I#2)

Ojflh2)=SINT(Iv2)*COST( 1,11
C(1v3!=Slr (I,2).SINYT( 1,1)

0(2*3)=COST(I.,2)*SINTiiv1)
C(391 )=O.
0(392)=-SINT(I,1)
C(393)=COST(tol)

C TRANSPOSE THE TRANSFORMATION MATRIX
26 CI111,1)=Otl,1)

tJ(J19 21=0(2,l)
01(1,3l=0(3,1)
T1(2 ,1) =01 12 1

"AT(292)=0(292)
01(2, 3)=0(3 .2)
Ot(3,X 3=0(1,3)
Of(392)=0it23)
CT(393)=O(3,32)

H-11



CALL HmMPY(LtOfE,3,3, 3,LM)
CALL HMMPY(CEtF,3o3, 3tLM)
C F3,3 ISICCL MM~rT RC A4 g-f PARALLEL TO 600Y AAES

C TRANSFER TO CAIC C6 SY PARALLEL AXIS THEOREM
D(L f 1 i X5 G Wji i t 2 i A ;G ( 1.#3 *X (G ( 1,t 3)
01, 2) =-XCG (1, 1) XCG( 1,2)

0(193)=-XCG(Itl)*XCG(I,3)
D(2,i~)zU( 1.2)

D(2t3)=-XCG'(I,2)*XCG(I 3)
V( 3.1 )=V 1,3)
) 3( 32 =0 2, 3)
P(3,3)=XCG(I,1).XCG(i,1).XCG(1,2)*XCG(1,2)
00 30 11=103
D0 30 JJ=193
O(fI9JJ)=S1(Il*D(1IJJ)/144.
F(JIIJJ)=F(IIqJJ)/144.

30 CI(IIJJ[=LI(1I ,JJ)+D(II,.JJ)4+I(IIJJ)
C CALCULATE PRINCIPAL AXLES AND PRINCIPAL MOMENTS

PSI=,5.ATANF(-2.*CI( 1, 3)/(C IC 1.)-C1 3. 3)) )
PIXX=C!(i,1)*COSF(PSI)vCUSF(PSI)+C1(3,3).SINF(PSI)
I *SINF(PSI)-2..CI(1,3)eSINF(PS! ).COS 5 (PSI)
P IYY =C 1 (2,t2 )
PIIt=Cl(1,1).SINF(PSI)*SINF(PSI'+CI(393).COSF(PSI)
I *C9)SF(PSI).2..CI (1,3)*SINF(PS! ).COSF(PSI)
PSI=PSI/C3
IF(PIXX-PIZL)31 .32,3?

31 G=PIXX
PIXX=PI U
PIZZ=G
PS1Z9O,+PSI

3 RE t UR

CHfP"PY MATRIX MULTIPLICATION, SINGLE PRECISION, FL. PT.
C CALLING SEQUENCE..
c CALL HMMPY(Atb#CpMKN*L)
L. WHEI4E C(?0,N)=A(MtK)*F(KvN)
C (C MAY BE At IN WHICH CASE A IS DESTROYED)
c L=0 INDICATES OK

0 1=1 INDICATES FL. PT. OVERFLOW
SUdROUTINE hMMPY(A, BC,?,KtNL)
DIMENSION A(3931v8(3v3) ,C(3t3),R(3)
MM=M
KK=K
N N=N
LL=O
00 120 1=1#,1M
DO 100 J=INN
KIJ.3=0.
00 100 KI=1,KK

ICO A~(J)=A(IvKl)*8(Kt-l) 'RuJ)

hi-12



IAJ 110 j=loN
11 C CtIJ)=R(JR

IF- ACC~iMuLArCR CVERFLCfr. 130,120

120 '--0L; I II NUL
125 L=LL

11 ET uRe
110 11=l

10 J 125
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ERRATA - January 1965

The following corrections apply to Technical Report No. AMRL-TR-
64-102, A Mathematical Model of the Human Body.

P!;e Line
3 SW

14 2 Eq (2g) should read: DELTA = R (RR) PI

15 13 Eq (3j) should read: SIXX = SM ( 3 (R)2 + (SL) 2 )
12

15 14 Eq (3k) should read: SIYY = SM ( 3(RR)2 + (SL)2 )

12

SM ( (R) 2  (RR) 2 )15 15 Eq (31) should read: SIZZ=
4

16 8 Eq (4i) should read: SlXX = -same as Eq (3j) above'

16 9 Eq (4j) should read: SIYY = '-same as Eq (3k) above],

16 10 Eq (4k) should read: SIZZ [same as Eq (31) above;

19 10 Eq (7a) shoudd read: R = ELBC
2 PI

29 19 Delete "The Y location of the center of gravity,
YNAA, is" and insert "The Z location of the center
of gravity, ZNAA, is"

56 - TABLE IV, entry for WAISB under 75%, delete " 10.2"

and ns eft "11. 2"

A-2 34 Delete "(Ref 27:3C)!' and insert "(Ref 27:58)"

B-1 35 Units for DELTA(I), delete "SLUG/IN-IN-IN" and

insert "LB/IN-IN-IN"
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