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1. INTRODUCTION

1.1 Background

Mathematical modeling and simulation of biomechanical system 
crash response play an economical and versatile role in the 
understanding of injury mechanisms. In quantitative gross biodynamic 
motion studies, cognizant of the high cost of conducting experimental 
research with human cadavers and/or anthropomorphic dummies, 
biomechanicians have turned their attention to the utilization of 
computer-based mathematical models of the total human body since the 
advent of high speed computer technology. Among these models, the 

most popular and sophisticated versions are articulated and 
multisegmented to simulate the total human body as a linked structure 
made up of rigid bodies. Fig. 1.1 shows a typical three-dimensional 

model consisting of fifteen segments. Representative three- 
dimensional models developed in various research centers include six- 
segment model of UMTRI (formerly called HSRI) (Robbins et al., 1972), 

twelve-segment models of TTI (Young, 1970) and of UCIN (Huston et al., 
1974), and fifteen-segment model of Calspan (Fleck, 1975). With some 
additional features, the Calspan model is also being used by the U.S. 

Air Force under the title of Articulated Total Body (ATB) model in 
aerospace related applications.
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Fig. 1.1 A fifteen-segment model of the total human body
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In these models, the equations of motion are formulated by using 
either the Newtonian approach or Lagrange's equations, Euler's rigid 

body equations, and Lagrange's form of d'Alembert's principle and 
solved by various methods such as Runge-Kutta or Predictor-Corrector 
numerical integration scheme. Joints are modeled as either the ball- 
and-socket type with three degrees of freedom or the hinge type with 
only one degree of freedom. Resistive force responses beyond the 
joint stop contour (maximum range of motion) are modeled as one or a 
combination of the following simple mechanical components: a linear 
spring, a non-linear spring, a Coulomb friction damper, and a viscous 
damper. Furthermore, joint properties, i.e., stop contours and 
resistive force characteristics are estimated and, in some cases, even 
assumed. A thorough review of both two- and three-dimensional 
mathematical models simulating biodynamic response of the human body 

along with the associated experimental validation studies performed, 
was provided by King and Chou (1976).

Obviously, the effectiveness of these multisegmented mathematical 
models in accurately predicting in-vivo biodynamic responses, depends 
upon the individual segment properties such as center of gravity, 
moment’ of inertia, geometry, etc., and more heavily upon the 
biomechanical joint properties between any two linked segments. In 
particular, the resistive force properties of the joints play a direct 
and significant role in the understanding of injury mechanisms as well 
as in the prediction of injury. Although a number of studies have 
supplied data for model segment properties (Hatze, 1980; McConville et
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al., 1980), data on biomechanical joint properties are comparatively 
sparse (Steindler, 1973) and limited (Engin, 1980; Engin, 1984). Of 

course, a complete data base for the biomechanical joint properties 
should undoubtedly include a statistical analysis to account for the 
intra- and inter-subject variations. The more sound the joint 
property data base is, the more realistically the multisegmented 

anthropomorphic dummies and computer-based mathematical total-human- 
body models can be constructed and formulated.

1.2 Definitions of Joint Sinus and Globographic Representation

Throughout this dissertation, the terms joint sinus and 

globographic representation (first used by Dempster, 1965) will be 
repeatedly used in the discussion of joint properties. Since these 
two terms are not commonly known, let us give their definitions to 
avoid possible confusion.

Joint Sinus; the maximum range of angular motion permitted by 
the moving member of a joint while the other member is rigidly fixed. 
The joint should possess at least two degrees of freedom such that the 
moving member sweeps out a conical concavity within which the joint 
structures permit all possible movements.

Globographic representation: a graphical method of representing
a joint sinus upon the surface of a globe with meridians and parallels 
which define a grid pattern of the angular spherical coordinates with 

respect to a fixed axis system attached to the rigidly fixed member;
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the center of the globe is positioned at the functional center of the 
joint.

In this study, we will also use another method to represent a 
joint sinus, namely, a single-valued functional relationship between 
the two spherical angles of the joint sinus. While the globographic 
representation provides a physically meaningful plot for the joint 
sinus, the single-valued functional relationship condenses the joint 
sinus data into a functional expansion form for easy incorporation 
into the existing three-dimensional multisegmented models of the total 
human body.

1.3 Scope of Research

The primary goal of this research program is to provide/establish 
proper biomechanical joint property data/databases pertinent to the 
human shoulder, hip, and humero-elbow complexes for incorporation into 
the existing three-dimensional multisegmented models. A recently 
developed new kinematic data collection methodology by means of sonic 
emitters and a data analysis technique based on selection of the "most 
accurate" axis system from an overdeterminate number of sonic emitters 
on the moving segment (Engin et al., 1984a) were applied and extended. 

The passive resistive force data were collected by utilizing a three- 
dimensional multiple-axis force and moment transducers whose 
calibration and application with sonic emitters were provided in a 
previous work (Engin et al., 1984b). System accuracy of this data 
acquisition technique was also previously documented by performing:
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(1) Error analysis on two types of controlled linear translational
motion; a rather high degree of accuracy was attained (Engin et 
al., 1984a).

(2) Joint sinus simulation tests on a mechanical revoluto-hinge
joint; even with high degrees of acoustic blockage, an average of
86.51% of the calculated joint centers fell within 1.46 cm. from
the true joint center (Engin and Peindl, 1986).

(3) Forced abduction simulation tests (sweeping-type motions) on the 
same mechanical revolute-hinge joint; an average of 81.55% of the 

calculated joint centers fell within less than 0.5 cm. from the 
true joint center (Engin and Peindl, 1986).

The system accuracy tests described above, demonstrate that the 
sonic digitizing technique can be employed to perform fairly 
complicated three-dimensional rigid body kinematic analysis when used 
in connection with an overdeterminate number of sonic emitters. In 
this study, the performance of the data acquisition system and 
efficacy of the associated data analysis methodology is culminatingly 
assessed by observing good repeatability of the joint sinus sample 
means from different runs on ten subjects.

Finally, a statistical data base for the biomechanical joint 
poperties is established in a systematic way for a special population, 

namely, the male population of ages 18 thru 32 possessing neither 
musculoskeletal abnormalities nor any history of trauma in the joints 
studied herein. Ten subjects were randomly chosen to form the sample

6



with emphasis placed on choosing subjects whose anthropometry 
approximates the average for the above-defined population. Selected 

anthropometric measurements of these subjects are given in Appendix A. 
The sample mean and sample standard deviation as well as the 
confidence intervals for the population mean and population standard 
deviation were obtained in a systematic way and were expressed in 
functional expansion form relative to a locally-defined joint axis 
system as well as relative to the fixed-body axis system in the form 
of globographic representation. It is believed that this is the first 
attempt to establish a statistically meaningful data base for the 
biomechanical properties of the major human articulating joints for 
the purposes of incorporation into the multisegmented mathematical 
models of the total human body.
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2. KINEMATICS BY MEANS OF AN OVERDETERMINATE NUMBER OF SONIC EMITTERS

In this chapter, we shall discuss the general approach to 
studying the three-dimensional kinematics of a typical joint complex, 
which links two body segments, by means of an overdeterminate number 
of sonic emitters. The following chapters will apply this methodology 
to determine the maximum voluntary ranges of motion and passive 

resistive properties beyond them for the shoulder, hip, and humero- 
elbow complexes.

2.1 Review of the Sonic Digitizing Technique

Sonic digitizing is the process of converting information or 
position via sound waves to digital values in a form suitable for data 
transmission, storage, and processing. The sound waves, which are 
audible impulses of a specific frequency, are generated by an 
electrical arc at the tip of the emitter powered by the GP6-3D Sonic 
Digitizer manufactured by Science Accessories Corporation. "Point" 
microphone sensors capable of detecting this specific frequency of 
sonic impulses are used to receive the sound waves. By multiplying 
the transit time required for a sound wave to reach a microphone 
sensor with the speed of sound in still air, the sonic digitizer 
converts the distance from the emitter tip to the "point" microphone 
sensor (to be referred to as slange range distance) into digital



values. These digits are then transmitted to a PDP-11/34 minicomputer 
for data analysis and storage.

By applying this sonic digitizing principle/ a rigid planar 
rectangular sensor board/assembly with four "point" 
microphones/sensors (Af B r C, D) arranged at the corners, as shown in 
Fig. 2.1, was constructed (Engin and Peindl, 1985). The purpose of 
this set-up is to convert the four slange range distances of a sonic 

emitter, which defines a point in the 3-D space, into regular 
Cartesian coordinates suitable for performing kinematic analysis. 
Note that only three slant range distances are needed for the 
conversion. The fourth sensor is used for spare purposes. During 
conversion analysis, the computer program is designed to examine all 
four slant range distances, select the three smallest, and discard the 
fourth. In the special case where one of the slant range distances is 
zero, namely, the sonic emitter is totally blocked from being detected 
by one of the four microphone sensors, the zero reading is 

disregarded.

SONIC EM ITTER

y - A X I S

SENSOR
ASSEMBLY

A (0 ) H x - A X I S

Fig. 2.1 Quantities used to convert slant range distances 
(PA, PB, PC) to Cartesian coordinates (x, y, z)
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With respect to the selected 3-D coordinate system (to be 
referred to as the sensor assembly axis system) as shown in Fig. 2.1, 

slant range distances PA, PB, and PC will be used to illustrate the 
conversion procedure. Applying the law of cosines to triangle APB, we 

have

(PB)2 = (PA)2 + (AB)2 - 2 (PA)(AB) cosa (2.1.1)

where AB = 165 cm. is a calibrated dimension for the sensor assembly. 

We also note that

x = AH = (PA) cosa (2.1.2)

Therefore,

(PB)2 = (PA)2 + (AB)2 - 2(AB)x (2.1.3)

or,

x = [(PA)2 + (AB)2 - (PB) 2]/2 (AB) (2.1.4)
Similarly, by applying the law of cosines to triangle APC, one obtains

y = AE = [(PA)2 + (AC)2 - (PC) 2]/2 (AC) (2.1.5)

where AC = 110 cm. is also a calibrated dimension for the sensor

10



assembly. Finally, one obtains the z coordinate by

z = pp ' = [(PA)2 - (x2 + y2)]1/2 (2.1.6)

In like manner, similar equations for x, y, and z can be written for 

any combination of three slant range distances.

2.2 Moving Rigid-Body Kinematics and Initialization
of a Baseline Data Set

Consider a typical joint complex connecting two body segments. 
In order to facilitate the relative motion studies between the two 
body segments, one of them is first rigidly fixed. To each body 
segment an axis system can then be defined and affixed by mounted 
sonic emitters. The six degrees of freedom permitted by a general 

joint complex are completely determined if one point (e.g., the origin 
of the moving body axis system) on the moving body and the 
transformation (direction cosine) matrix of the moving-body axis 
system with respect to the fixed-body axis system are known. The 
coordinates of this point determine the location (three translational 
degrees of freedom) and the transformation matrix determines the 
orientation (three rotational degrees of freedom) of the moving body 
segment. The orientation can be described in various ways, for 
example, (1) a set of three successive rotations about the three axes 
of the fixed-body axis system, (2) three Euler's angles, and (3) a 
rotation about an arbitrary axis in space. A detailed derivation of

11



the transformation matrices resulting from the above three ways can be 

found in Suh and Radcliffe (1978).

To define an axis system affixed to a body segment, three 
noncolinear points (emitters) on or extended from the body segment are 
needed. Normally, it is desirable to select one of the axes, e.g., 
the z-axis to coincide with the longitudinal axis of the moving body 
segment and the origin to be a certain point on this axis. We shall 
refer to this type of axis systems as the longitudinal (or long-bone) 
axis systems. However, since the sonic digitizing technique is 
applied in this study, total and partial acoustic blockage may occur 
to produce zero and inaccurate readings for one, or two, or even all 
three sonic emitters used. Note that in defining the fixed-body axis 
system, this difficulty can always be avoided by adjusting the sensor 
assembly to an optimal "view" of the three emitters since these 
emitters are not moving. In the case of the moving body segment, it 
is desirable to continuously monitor the moving body axis system while 
performing joint property experiments. As a result, total or partial 
acoustic blockage becomes inevitable for some "bad" positions where 
sound waves must travel around the emitters' bases or the moving body 
segment itself. Therefore, it is necessary to collect redundant data 
so that zero readings from individual emitters would not affect 
kinematic analysis. Obviously, we would select the "most accurate" 
three emitters in cases where more than three emitters produce non­
zero readings.

From experimental experience, six emitters are most suitable for
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the redundancy process. Seven or more emitters would dramatically
increase computing time without noticeable improvements in accuracy,
while four or five emitters do not provide a sufficient spare. Note
that if six emitters are used, a total of 20 (C(6, 3) » )
different axis systems can be constructed; if seven emitters are used,

7!a total of 35 (C(7,3) ■ — jj") different axis systems can be 
constructed.

It is advantageous to arrange the six sonic emitters 
circumferentially and more or less equally-spaced around the moving 

body segment. (In reality, the six emitters are first put on an 
orthotic cuff which, in turn, is strapped circumferentially to the 
moving body segment). The advantage is that, by doing so, we have 
reduced the number of "bad" positions to a minimum and also provided 
the moving body segment with the largest amount of freedom to reach 
all allowable ranges of motion. However, such an arrangement of the 
six emitters makes them unsuitable for direct construction of the 
longitudinal axis system as normally desired. One way of resolving 
this inconvenience is to establish the relationship (to be explained 
later) between the six emitters and the longitudinal axis system 
directly constructed by three properly positioned emitters before 
performing kinematic data collection and analysis. Since this 
relationship is invariant, i.e., it does not depend upon the 
orientation/location of the moving body segment or the sensor 
assembly, its accuracy can be checked against pre-calibrated inter­
emitter distances to within 1% of error by adjusting the relative
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orientation and location between the moving body segment and the 
sensor assembly to an optimal "view". This procedure is called 
initialization. The initialized data set, which is reliably accurate, 
also provides a baseline for the selection of the "most accurate" 
longitudinal axis systems (will be explained in detail in the next 
section) for the continuously collected kinematic data whose 
accuracies are uncontrollable due to partial and/or total acoustic 
blockage and motion during kinematic data collection. This baseline 
contains the interrelationships among the six sonic emitters on the 
moving body. The following explains how the interrelationships among 
these nine emitters (three for defining the longitudinal axis system 
and six on the moving body segment) are initialized.

First, the coordinates of the nine emitters are calculated in
terms of the sensor assembly axis system. Next, a total of 20 axis
systems is defined by calculating the direction cosine matrices
A^g (l <. i < 20) with respect to the sensor assembly axis system from
all possible combinations of any three out of the six moving-body
emitters. Note that these axis systems can always be obtained since
all the six emitters are arranged in such a way that no three of them

are colinear, i.e., three mutually orthogonal unit vectors can always
be found. The longitudinal axis system is similarly defined by
calculating i.ts direction cosine matrix, B , with respect to the
sensor assembly axis system. Next, the transformation (direction
cosine) matrix describing the ith axis system relative to the jth axis

system (1 i < j <_ 20) is then calculated by A. . -a, A . a a A-1“ *3 is s] £3 jg
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= A. A. t where A. and A. are the transformation matricesis js is js
describing the ith and jth axis systems relative to the sensor

assembly axis system, respectively. Note that these 190
20!(C(20,2) ■ ^ ) transformation matrices relating each of the 20 axis

systems relative to every other system are an intrinsic geometric
property of the six moving-body emitters and are independent of the
sensor assembly axis system. Second, the distances between the

origins of any two of the 20 axis systems, (1 < i < j < 20) are
initialized. Obviously, these 190 scalar quantities are also
intrinsic and independent of the sensor assembly axis system. Third,
the coordinates (position vectors) of the origin of the longitudinal
axis system with respect to the 20 moving-body axis systems are also

initialized by j, ■ a . J (1 < i, < 20), where J is the positioni is s ~ — s
vector from the origin of the ith axis system to the origin of the 
longitudinal axis system expressed in terms of the sensor assembly 
axis system. Note that these 20 vectors are also intrinsic and
independent of the sensor assembly axis system during the
initialization process. Last, the transformation matrices of the 
longitudinal axis system with respect to each of the 20 moving-body 

axis systems are initialized by B^. =* B£g Agi » A^g (1 <_ i < 20) . 
Note that these 20 matrices are also independent of the sensor 
assembly axis system. All the initialized data are stored in the

computer and retrieved for the selection process and determination of 
the longitudinal axis system once the "most accurate" moving-body axis 
system is selected.
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2.3 Selection of the "Most Accurate" Axis System on the Moving Body

The initialized data set discussed in the previous section forms 
a baseline for the selection criterion since these data are obtained 
in an optimal view of the sensor assembly and their accuracy can be 
well controlled. However, for a typical kinematic test, with the 
moving body segment in motion, the accuracy is uncontrollable. Since 
the initialized data set is independent of the sensor assembly axis 
system, it can be used for any position and orientation of the moving 

body segment in selecting the "most accurate" moving-body axis system 
for determination of the desired longitudinal axis system which 
conveniently describes the complete kinematics of the moving body 
segment. The sequential firing rate of the six moving-body emitters 
is set at 7 records per second, and the motion speed of the moving 

body segment is maintained at approximately 6° arc/sec. One record is 
defined as a complete sequential firing of all the six moving-body 
emitters from which one set of kinematic data with respect to the 

fixed body axis system is determined through coordinate transformation 
and vector analyses.

The choice of the "most accurate" axis system on the moving body 
segment during a kinematic test is made on a record by record basis. 
For each record of the kinematic data, the coordinates of the six 
moving-body emitters (assuming that all of them give good readings, 
i.e., none of them is totally blocked from sensor view) are first used 
to obtain the intrinsic interrelationships between any two of the 20
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axis systems as described in the initialization process. If there 
were no errors in the kinematic measurements, and the orthotic cuff 

remains rigid, then we should obtain the equalities:

Âij^kinematic - Â ij^initial ' or

(A,,) T
\ (A  )ij kinematic ij initial I ( 1 < i < j < 20 ) (2.3.1)

and

(D. .). . . . = (D. , , orij kinematic i] initial

D̂ij^kinematic ” D̂ij^initial ( 1 < i < j < 20 ) (2.3.2)

where I is the 3 x 3  identity matrix. This, however, is not the case 
for a typical kinematic tests due to such factors as motion during 
data collection, changes in the emitter's orientations with respect to 
the sensor assembly, or the partial acoustic blockage of individual 
emitters by the fixed body or the moving body segment itself. 
Therefore, we obtain the following inequalities:

ij kinematic

and

D̂ij ̂ kinematic
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where is a general matrix with off-diagonal terms, and 6^ is an
apparent dislocation (translational shift) between the origins of the
ith and jth axis systems. The general matrix can be considered as a
rotation matrix describing an apparent rotational shift between the
ith and the jth axis systems from their initialized interrelationship.
It should be pointed out that both the translational and rotational
shifts are a relative measure of the errors involved. These errors
are not correctable, i.e., we cannot pinpoint the absolute errors.
Nevertheless, we have at least a relative sense of how much they are
so that we can always select the "most accurate" data set. Therefore,
a good relative indication of the magnitude of the rotational shift is
to consider the amount of rotation , Y.., introduced by G. . about an'13 J i]

axis. To calculate we notice that the rotation matrix describing
a rotation of amount a about an axis whose orientation is specified 
by the direction cosines of a unit vector u = [u^, uy, uz] is (Suh and 
Radcliffe, 1978)

u u (1-cosa)+u sina x z /

uyuz ̂1-0080)"ux*ina (2.3.5)
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Summing up the diagonal terms of the matrix R and noticing that
2 2 2u + u  + u = 1, we obtain x y z

a = cos’*1!-! (trR - 1)] (2.3.6)

where trR is the trace of R, i.e., the sum of all the three diagonal 
terms of the matrix R. Applying this equation to the general matrix 

jf we find

Since the orthotic cuff is made of rather rigid steel and during the 
kinematic test there is essentially no force applied on it, we
attribute both the translational and rotational shifts to motion
during the emitter firing sequence and/or measurement inaccuracies due 
to partial acoustic blockage.

For each kinematic data record, if one assumes the jth axis
system to be accurate, then the ith axis system has obviously
introduced both errors, i.e., 6.. and y . . .  If we then calculate, forij ID
each axis system, the root mean square error, Ej, by assuming all the 
other 19 axis systems are accurate, as

(Note that, in this equation, Yj.j shoul<3 be thought of as the arc

(2.3.7)

( 1 <. i £  20 ) (2.3.8)
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length obtained when is multiplied by a unit length), the axis
system which exhibits the smallest has obviously undergone the 
least apparent shift (rotational and translational) with respect to 
all the other axis systems as initialized. From a statistical point 
of view, this axis system has the highest probability of being the 

most accurate as compared to the initialized geometry.

For each kinematic data record, the "most accurate" axis system 
on the moving body segment is then used to calculate the origin and 
the direction cosine matrix of the longitudinal axis system via the 

initialized data, i.e., and B^ .  Or, stating it in another manner,
we are monitoring the desired longitudinal axis system via a versatile 
medium, i.e., the six emitters on the moving body segment.
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3. BIOMECHANICAL PROPERTIES OF THE HUMAN SHOULDER COMPLEX

3.1 Introduction

In multisegmented mathematical models of the total human body, 
the most complicated and least successfully modeled joint has been the 
shoulder complex mainly due to the lack of an appropriate 
biomechanical data base as well as the anatomical complexity of the 
shoulder region. The term "shoulder complex" refers to the 
combination of the shoulder joint (the glenohumeral joint) and the 
shoulder girdle which includes the clavicle and scapula and their 
articulations. Therefore, in discussing the joint sinus of the 
shoulder complex, it is more appropriate to use the term "shoulder
complex sinus" to designate the range of extreme allowable motion of
the humerus with respect to torso. It is important to make this

distinction since it is possible to define joint sinuses for various 
skeletal components of the shoulder complex. An anatomical 
description and a brief account of studies on the shoulder complex was 
provided by Engin (1980) and more details can be found in standard 
text books (Steindler, 1973; Gray's Anatomy, 1973; Norkin and 
Levangie, 1983); thus they will not be repeated here.
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3.2 Determination of the Maximum voluntary Shoulder Complex Sinus

The basic components of the data acquisition system used in the 

study are the sonic digitizer, digitizer sensor assembly with four 

microphones, torso restraint system, and the orthotic arm cuff with 
sonic emitters as shown in Fig. 3.1. The emitter positioning for the 
six arm cuff emitters and the three longitudinal-axis-system emitters 
was provided by Engin et al. (1984a).

The procedure for determination of the shoulder complex sinus 
involves the following basic steps: (1) immobilizing the body segment 
(torso) to be treated as the fixed body and defining the fixed body 
axis system as shown in Fig. 3.2(a), (2) having the subject move the
upper arm along the maximal voluntary range of motion (stop contour) 
and monitoring, with respect to the fixed body axis system, the 3-D 
coordinates of a distal point on the moving body segment; this point 
on the elbow joint is selected as being on the humeral longitudinal 
axis at the level of the humeral condylar maximal width, (3) fitting 
the 3-D coordinates to a sphere using a least-squares technique, thus 
establishing a center for the best-fitted sphere and an idealized link 
length (radius of the sphere), (4) fitting a plane to the same 3-D
coordinates using a least-squares technique; the normal to this plane 
(specified by the spherical coordinates (<J>n, 9n) as shown in 
Fig. 3.2(b)) establishes the pole of a local joint axis system (z. - 
axis) about which the shoulder complex sinus, designated by the 
spherical coordinates (<|), 0) of the vector connecting the center of
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the sphere with the distal elbow point, can be expressed as a single­
valued functional relationship, i.e., 0 = 0 (<))).

Fig. 3.1 Subject in the torso restraint system and the 
arm cuff with six sonic emitters

Since the origin of the fixed body axis system is inaccessible, a 
relative axis locator device (RALD) (Engin et al., 1984a) is used to
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Pig. 3.2 (a) Selected origin and axis system U fbr yfb» zfb)
of the fixed segment (torso).

(b) Relative orientation of the fixed body yfb#
zfb) and locally-defined joint (Xjt, y^, z ^ )  
axis systems.
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locate the origin and define the transformation matrix of the fixed 
body axis system in terms of the microphone/sensor assembly axis 

system. The accuracy of these data can always be maintained within 1% 
of error against pre-calibrated dimensions by adjusting the 
orientation and location of the microphone/sensor assembly. Of 
course, this adjustment should also take into account the orientation 
and/or position of the arm cuff in order to obtain the best kinematic 
data even though an overdeterminate number of sonic emitters and a 
"most accurate" selection criterion are used.

Table 3.1 lists the centers and radii of the best-fitted spheres
and ((j>n, 0r) as well as their sample means and sample standard
deviations for all ten subjects. The mean values for (<b , 0 ) shalln n
be designated as (<J>mr 9m ) and the corresponding joint axis system 
shall be referred to as the mean joint axis system.

Before the test, each subject was instructed to move his upper 
arm along its maximum range of motion boundary in a counterclockwise 
motion as viewed from the sensor assembly. He was also instructed to 
displace the arm distally along its longitudinal axis as far as 
possible at all times while circumscribing the joint sinus. Preferred 
rotation of the upper arm about its longitudinal axis was left up to 
the discretion of subjects in obtaining the maximal contour. Several 
sweeps of this type were performed before data were collected so that 
the subjects could experiment with obtaining the largest possible 
range of motion. In order to help maintain a constant rate of motion,
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Table 3.1 Centers and radii of the best-fitted spheres and (<|> , 0 ) 
for all ten subjects n n

SUBJECT
NO. Xfb

CENTER (cm)
*fb Zfb

RADIUS
(cm) (deg.) ®n(deg.)

1 8.85 14.92 -26.97 36.75 57.37 72.24

2 3.30 10.01 -25.25 35.37 56.52 77.32

3 5.45 15.50 -25.76 34.19 55.51 81.61

4 9.67 16.75 -33.67 36.28 59.72 83.20

5 2.53 13.78 -24.77 32.09 58.82 79.53

6 3.78 15.48 -25.39 32.83 62.58 77.86

7 7.10 16.51 -24.68 32.18 59.43 78.87

8 4.51 12.59 -24.94 35.25 57.12 77.90

9 6.88 17.27 -24.62 31.77 60.98 84.31

10 1.88 16.25 -25.85 33.96 64.87 77.93

Sample
Mean

5.40 14.91 -26.19 34.07 59.29 79.08

Sample 
St. Dev.

2.66 2.23 2.72 1.81 2.90 3.42
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a large clock with an easily visible second hand was placed in front 
of the subject. The subject was instructed to imagine his humerus as 
the second hand, and to synchronize his joint sinus circumscription 
with the clock's 60 second sweep. In this manner, three test runs 
(sweeps) were collected for each subject.

To consolidate the enormous volume of experimental raw data into 

a form readily usable by the multisegmented total-human-body models 
currently in use, functional expansions for the shoulder complex 

sinuses are desirable. This is also the reason why we want to 
represent the shoulder complex sinus in a single-valued functional 
relationship, i.e., 9 = 0 (<}>), with respect to the locally-defined
joint axis system. It will be shown in Section 3.4 that the 
functional expansions also greatly facilitate the statistical 
analysis.

The following trigonometric polynomial, with ten basis functions, 

initially proposed by Herron (1974):

5 1
0(<|>) = £  cos $ (C2n-1 + C2n sin(l)) (3.2.1)n=l

will be used for the functional expansions by the method of least- 
squares. Ten was chosen for the number of basis functions (or 

coefficients) and determined as the smallest number for which the 
criterion e < 0.001eQ is satisfied, where e is the square sum of 
curve-fitting errors, 0.001 is the relative tolerance chosen, and eQ 
is the square sum of the experimental data (0) values. A detailed
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discussion of the above criterion can be found in Berztiss (1964). 
Fig. 3.3 shows a sense of how "well" the expansion of Eq. (3.2.1) fits 
the raw data for any of the three sinuses taken from the sample.

3.3 Passive Resistive Properties Beyond the Shoulder Complex Sinus

In general, the passive resistive properties in an articulating
joint may depend on at least three variables which define the
orientation of one segment of the joint with respect to the adjacent
one. For example, the three Euler angles, namely, <j>, 9, and «/; can be
used to define the orientation of the upper arm with respect to torso. 

If we exclude the rotational influence of the upper arm along its 
long-bone axis with respect to the other two directions, then, the 
passive resistive properties can be expressed as f = f((j>, 0) where (j) 
and 9 are the spherical coordinates with respect to the local joint 
axis system defined in Section 3.2.

The basic components of the data acquisition system are shown in 
Fig. 3.4. The major component of the system is the sonic digitizer 
and the digitizer sensor assembly. The subject restraint/positioning 
system was designed so that the subject's torso can be positioned in a 
wide range of orientations. The force applicator is a hand-maneuvered 
device which is constrained to motion in a level, horizontal plane by 
a track-mounted trolley system located overhead. It utilizes a six- 
componerit transducer which measures forces and moments in three 
orthogonal directions. The orientation of the upper arm with respect 
to torso is monitored by means of the arm cuff with six sonic emitters
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Fig. 3.3 Curve-fitted raw data for joint sinuses 
of three subjects.
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Fig. 3.4 Various components of the data acquisition system.
1) Sonic Digitizer, 2) Subject Restraint/Positioning 
System, 3a) Force Applicator, 3b) Strain Gage Signal 
Conditioner/Amplifier, 4) Arm Cuff with Orthotic Shell, 
5) Fixed Body Axis Locator Device.

as was used for the shoulder complex sinus tests. This data 
acquisition system thus enables one to perform a series of tests in
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which the upper arm is forced outward in the direction of increasing 0 
for a constant-<j> value in the local joint axis system defined by 

(<t>n» 0n) (refer to Fig. 3.2). Furthermore, forces and moments at the 
joint due to gravitational loading can be held relatively constant and 
can be factored out by setting all the bridge circuits of the force- 
moment transducer to zero at the start of each forced sweep.

The subject is first rotated by an angle -(90° - <j>n) about the
positioning system yaw axis, and then rotated -(90° - 9^) about the
roll axis. If the subject then extends his upper arm in an 
orientation parallel to the pitch axis of the positioning system, his 
humeral longitudinal axis will be at (<J>n , ©n) with respect to the 
torso fixed body axis system. The force applicator is then positioned 
vertically at the same level as the subject's upper arm, and the front 
of the force transducer is strapped to the subject's arm near the 

elbow joint. The subject is then asked to move his arm to its maximal 
position in the constrained plane of motion of the force applicator. 
The arm is "backed-off" from this positionr and this then is the
starting location of the forced sweep. The subject's upper arm is
then abducted or adducted in a quasi-static manner until the subject 
experiences discomfort or the upper arm can no longer be displaced
(i.e., adduction into the torso occurs). The forced angular velocity, 
which is the same as the circumscription speed in obtaining the 
shoulder complex sinus described in Section 3.2, is set at an average 
of 6° of arc/sec for these tests. During the entire course of each
test, the subject is instructed to let his arm hang limply and not to
actively (muscularly) resist the motion of the test. The bridge
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circuits o£ the force-moment transducer are all set to zero at the 
start of each test, so that the recorded values during the sweep are 
departures from this "neutral" force orientation, or stating it in a 
different manner, they are the passive resistive force values.

With respect to the joint axis system, these forced sweeps take 

place in a direction of increasing 0, and at an approximately 
constant-(J> value. By then rotating the positioning system about its 
pitch axis, a series of constant-<j) sweeps are obtained. Each time, 
the force applicator is vertically positioned at the proper level with 
the humeral longitudinal axis in a level horizontal plane. In this 
way the tests are performed as four sub-series with each sub-series 
discernible by its own experimental set-up configuration. The 
groupings consist of constant-<j) sweeps in: 1) the upper-rear quadrant 
(0° < <j> < 90°), 2) the lower-rear quadrant (90° < <}> < 180°), 3) lower- 
front quadrant (180° < <t> < 270°) and 4) the upper-front quadrant 
(270° < <j» < 360°).

The data obtained according to the procedure outlined above were 
analyzed as follows. First, the force and moment vectors obtained 
from the force applicator data were used to calculate a total moment 
vector with respect to the instantaneous joint center which is chosen 
to be the glenohumeral joint center location. Next, a moment arm 
vector was calculated from the center of the best-fitted sphere 
(described in Section 3.2) to the point of force application. Next, 
the intersection of this vector with a sphere of radius equal to one 
meter was selected as a "normalized" point of force application. The
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total moment vector was then resolved into components along the moment 
arm and perpendicular to the moment arm vector. The component along 
the position vector (moment arm vector) was then discarded, since it 
does not serve to restore the moving segment to an orientation within 
the voluntary shoulder complex sinus. From the remaining moment 
component and the normalized position vector the resistive force 

vector was then calculated. Since the moment arm is normalized to one 
meter, the magnitude of the resistive force vector is the same as that 
of the resistive moment vector. We shall refer to this magnitude as 
the passive resistive force (moment) property. Note that this force 
vector is always tangent to the surface of the selected normal sphere. 
Fig. 3.5 depicts the vectors and coordinates specified in the 

analysis. Finally, to consolidate the vast amount of passive resistive 
force (moment) data and to facilitate the statistical analysis, the 
functional expansion f(<J>, 0) must be established. A variety of basis 
functions has been investigated by utilizing the GLM (General Linear 
Model) program of the SAS (Statistical Analysis System) computer 
package (SAS User's Guide,1982) of the Instruction and Research 
Computer Center at The Ohio State University. It was found that the 

functional expansion.

2f(<t>/ 6) = (^ + C2cos<j) + C3sin<|>)0 + (C4cos <j> + C,.cos<}>sin<|>
2 2 3 2+ C.sin c|>)0 + (C_cos <j) + CQcos <j>sin<|)

6 7  8

2 3 3+ CgCOS<f>sin <|> + C^sin <|>)0 (3.3.1)

provides the best fit. Ten was used for the number of basis functions
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Fig. 3.5 Illustration of the vector quantities used in the 
calculation of resistive force values.

(or coefficients) and determined as the smallest number for which the 
following criterion chosen

r2 '  1 •  -§55 ^  9 0 %  < 3 - 3 - 2 ’

is satisfied, where

2 2R (0 < R < 1) which is called the coefficient of multiple
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determination and measures the proportionate reduction of total 
variation in f associated with the use of the set of (<j>, 9) 
independent variables, SSE is the error (residual) sum of squares or

n 2 
SSE = 53 “ z4 (<!>,•» 9,-)l ' andi=l 1 1

SSTO is the total sum of squares, or

n 2 SSTO = 53 I z. (<|>., 0.) - z] i where
i=l

n = total number of experimental force (moment) data points collected, 
9^) = the experimental force (moment) value collected at the 

ith point (<{>£, 0^), and

i n2 = —  V* Z. (<!>., 0.).n A-t, i Y i i i=l

2A detailed discussion of the R and related regression analysis can
be found in Neter, et al. (1985).

Since 0 (0 > 0) measures how far the upper arm departs from the
z-axis of the local joint axis system, and <(> goes from 0 to 2n, we can
treat 0 as the radial coordinate and <j> as the angular coordinate in 

the polar coordinate system (0, <|)). The pole is then the z-axis of
the local joint axis system,. Therefore, if we introduce the
following coordinate transformation

p = 0cos<t>
q = Osincj) (3.3.3)
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then (p, q) can be regarded as the corresponding rectangular
coordinate system. Fig. 3.6 illustrates both coordinate systems and
the corresponding four test quadrants. We shall define the
combination of these two coordinate systems as the modified joint axis

q

LOW ER-REAR
QUADRANT

( 7 r / 2 <<^<7r)

UPPER-REAR 
QUADRANT

(0<<£<7r/2)

LOWER-FRONT
QUADRANT

(ir <<f>< 3tr/2.)

UPPER-FRONT
QUAORANT(37r/2<<£<2Tr)

Fig. 3.6 The modified joint axis system and the corresponding 
four test quadrants.

system. Obviously in terms of the modified coordinates, (p, q), the 
expansion function now becomes
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f(<j>, 0) = F(p, q) = Cx ^p2+q2 + C2p + C3q + C4p2 + Cgpq

+ Cgq2 + C?p3 + CgP2q + Cgpq2 + C1()q3 (3.3.4)

With the help of the modified joint axis system, a physically 
meaningful plot can be made for the above expansion function to give 
us a visual aid to the understanding of the overall resistive force 
(moment) properties of any articulating joint. Fig. 3.7 shows the 
constant resistive force (moment) contour map for a subject and

q

(2.5, 2.5)(-2.5,2.5)

26

(0,0)

(2.5,-2.5)(-2.5,-2.5)
Fig. 3.7 Constant resistive force (moment), in Newtons (Newton-

Meters), contour map for a subject in the modified joint 
axis system, in radians.
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Pig. 3.8 shows a corresponding three-dimensional perspective view. 
Fig. 3.9 illustrates the sense of how "well" the expansion f (<j), 9) 
fits the raw data for several constant-^ sweeps.

q

Pig. 3.8 Perspective view of Pig. 3.7.
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Fig. 3.9 Raw data and fitted curves drawn from f (<}>, 0) for

various constant-^ sweeps for the subject mentioned in 
Fig. 3.7.

3.4 Statistical Analysis

Considering the vast quantities of sinus and force data for ten 
subjects, it would be very cumbersome if one uses a direct statistical
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analysis technique. It is more desirable to develop a systematic and 
easily manageable approach to deal with the extensive data. 
Therefore, Eqs. (3.2.1) and (3.3.1) will be utilized in an appropriate

manner to seek for a sample mean, sample variance, and the confidence
intervals for the population mean and variance. In this section we
shall derive the method in a general sense.

H
Let f (x) =» £ C, g. (5) be a functional expansion (by the method

i»l *
of least squares in this study) for the experimental measurement of a 
certain quantity f having n independent variables, i.e., x = (x̂ , x^, 
x^, ..., x r) , where jg^(x) | i = 1, 2, 3, ..., M | is a set of mutually 
independent basis functions, | | i = 1, 2, 3, ..., M £ is the
corresponding set of independent expansion coefficients, and M is the 
number of basis functions or coefficients. Consider now the 
statistics of the quantity f for a chosen population from which we 
have a random sample of size N. Then, obviously, the coefficients,

, become statistically independent random variables, and the non- 
random basis functions become statistically constant. Furthermore, f 

is now a linear combination of random variables, and, so, is itself a 

random variable.

From probability theory, for each x, the population mean, vî (x),

is

MUf (x) = E [f(x)] » E[ I C. g.(x)]
i-1 1 1

M M ^
= I g (x) E[C.] = I g.(x) U (3.4.1)

i=l 1 1 i=l 1 i
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2and the population variance, CT̂ (x), is

2 -*■ ■+■ -* a (x) « VAR[f(x)] - VAR[ J C. g. (x)]
i=l

M
■  I  9 i ( x )  VAR[C,]1 i

i=l i (3.4.2)

where we have utilized

COV[C^, 0^] = o for all 1 _< i < j <_ M (3.4.3)

since all the coefficients are mutually independent. Note that in Eq.
(3.4.1) the operator E stands for the mathematical expectation and in

Eq. (3.4.2) the operator VAR for the variance. Therefore, if we know
2the population means, u , and the population variances, , for all

i i
the M coefficients, we can evaluate the population mean and variance

for f (x).

- -*» 2 Sample Mean, f(x), and Sample Variance, S£ (x)

Since the population means and variances of the coefficients can

rarely be obtained, we seek for statistical estimates, namely, the
2sample means, C., and sample variances, S , from the given random
i

sample of size N. From statistical theory, an estimate for yc
i

(3.4.4.)
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where (C^)j stands for the ith coefficient of the jth sample outcome,
2and an unbiased estimate for a isc.1

(3.4.5)

Thus, an estimate for vf (x) from Eq. (3.4.1) is 

M
f(x> » I gt(x) C. (3.4.6)i=*l

2and an unbiased estimate for crf (x) from Eq. (3.4.2) is

2 n 2 -*■ 2
Sf (3C> " /. 9i(X) Sc. (3.4.7)i»l i

Confidence Interval for
f(x) - pf (x)

From statistical theory, the random variable Sf (x)//N

has a t-distribution with N-l degrees of freedom, regardless of the
•f 2 -►parameter values y^(x) and 0^(x). Therefore, the confidence interval

4*of lij(x) can be obtained by

( f(x) - uf (x)
Pr { ’ “v -  ------------• < a I - v (3.4.8)Y ” sf(x)//F

where Pr is the probability, y is the confidence level to be chosen, 
and Oy (>0) is the solution of the equation

42



where t„ .is the probability density function of the t-distribution N-l
with N-l degrees of freedom. Rearranging the inequalities, we obtain 
the confidence interval for pf(x), at the confidence level y,

( - -*■ av Sf (*> - - - av Sf(*} fCONF { f (x) - -L— r  < (x) < f (x) + - 1— ---- > (3.4.10)
( m T  /f

2 "*■Confidence Interval for qf (x) . +
(N-l) sUx)

The fact that the random variable ---------   has a x -distribution
a“(x)

with N-l degrees of freedom enables us to have

| (N-l) S? (x) )
Pr ) ay i  2~+---- 1 6y (3.4.11)( Y a‘(x) Y )

where â , is the solution of the equation

'0t

0 Y XN-1 (z)dz “ ' (3.4.12)

and 3 ,̂ is the solution of the equation

>00

f  XN-1 (z)dZ “ ' (3.4.13)
by

2 2where XN_^ is the probability density function of the X -distribution

with N-l degrees of freedom. Rearranging the inequalities, we obtain
2the confidence interval for 0f(x), at the confidence level y,



( (N-l) s h x ) (N-l) S^(x) )
CONF <   =---- < <j|(x) < ------ > (3.4.14)

y ° y

3.5 Coordinate Transformations Among the Fixed Body, Individual Joint 
and Mean Joint Axis Systems

Since we shall utilize the functional expansion forms, Eqs.
(3.2.1) and (3.3.1), to perform statistical analysis for the shoulder 

complex sinuses and passive resistive properties beyond them, 
appropriate coordinate systems should be consistently used for the 
purposes of statistically comparing the coefficients of the data sets 
for ten subjects. In representing the joint property data in 
functional expansion form, different coordinate systems used will 

result in different coefficients although the same basis functions are 

used. Therefore, it is necessary to perform coordinate
transformations for the spherical angles, <t> and 9, among the fixed 
body, individual local joint and mean joint axis systems.

The local joint axis system, as shown in Fig. 3.10 is uniquely
obtained in this study by first rotating the fixed body axis system by
an angle <j>n about the z^-axis and then rotating the intermediate
(primed) axis system by an angle 9r about the y'-axis. The mean joint
axis system is obtained in a similar manner with (<|>n, 0n) replaced by
(4> » 9 ). Since the joint sinus with spherical coordinates (tb, 9) m m  T
implies a unit vector with rectangular coordinates (sin0 cost)), sin0 
sin<|>, cos0), the coordinate transformation from (t))̂, 0^), relative to 
the fixed body axis system, to (<|>j, 9..), relative to the joint axis 
system, can be obtained in the following manner:
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kfb

Fig. 3.10 Joint axis system as obtained by two successive
rotations, first about the z-.-axis and then about£bthe intermediate (primed) y'-axis from the fixed 
body axis system.

sin0j cos<J>j 

sin0̂  sintbj 
COS0 .

N

jt

jt/fb

sin0f cos(J)f 

sin0f sin<bf 
COS0-

x

y
z

fb

(3.5.1)

jt

COS0 n 0 -sin0n COS<bn sin<bTn 0
where Njt/£b . 0 1 0 -sin<bn cos<bn 0

sin0 *- n 0 COS0 n 0 0 1 _

cos0 costb n Tn
-3in»n

sin0 cosd> n Yn

cos0 sintb -sin0n Yn r
cos4> 0

sin0 sintb cos0n rn
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is the transformation matrix defining the joint axis system relative 
to the fixed body axis system, and x, y, z can be numerically 

calculated with (<|>n, 9r) and the joint sinus (<J>£, 9^) specified. 
Comparing the left and right hand sides of Eq. (3.5.1), we have

{d>. = tan  ̂^ and 3 x

9. = cos”1 z . (3.5.2)3

The coordinate transformation from (d>_, 9_) to (<j> ., 9 .), where
f  f  mj m j

mj stands for the mean joint axis system, can be obtained in the same 
way as above with (4>n, 9r) replaced by (<J>m , 9m) so that the
transformation matrix defining the mean joint axis system relative to 
the fixed body axis system now becomes

Mmj/fb

cos9 cos<b m ^ m
-sind>IQ

sin9_ cos<J> ra m

cos9 sirvb ra ra
costbn

sin9 sirab ra m

-sin9.
0

cos9

m

If the joint sinus is given relative to the individual local
joint axis system, then the spherical coordinate transformation from
(<b., 9.) to (<b .,9 .) can be achieved by noting that j j m j m j
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'3ln9mj “ “♦mj ' “sinOj cos<|>j“

ain9mj * Mmj/fb Lfb/jt sin0j simjij
COS0 .L raj J

—
1■n

<D0)oO

mj jt

X

Y

Z

mj (3.5.3)

where Lfb/jt = Njt/fb = Njt/fb since Njt/fb is a proper orth°g°nal
matrix, i.e.,

TN .. ... NT, ... = I jt/fb jt/fb (3.5.4)

and X, Y, Z can be numerically calculated with (<b , 0 ), (<b , 9 ) andm m n n
the joint sinus (<j>̂, 0..) specified. Comparing the left and right hand 
sides of Eq. (3.5.3), we have

<b . = tan ^ and ^mj X

0 . = cos 1 Z . (3.5.5)m]
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3.6 Statistical Data Base for the Biomechanical Properties of the
Human Shoulder Complex

Since each subject has an individual local joint axis system 
specified by (<(>n, 0n), in statistically comparing the functional 
expansion coefficients of the joint property data, two different sets 
of sample means and sample variances can be envisioned and obtained 
from different points of view:
1. Subject-Based Mean and Variance

Here, we consider each individual local joint axis system, 
defined by (<j>n, 0n), as an index attributable to the individual 
anatomical variations in overall joint articulating structure as well 

as muscle/ligament orientations, and subjective kinematic behavioral 
variations in the circumscription mannerism. Then, not to be biased, 
each individual joint sinus and the resistive force (moment) data 
should be described by (<j>̂, 0 )̂ with respect to the joint axis system 
of each subject, namely,

9j = 0j (<1>j) for the shoulder complex sinus, and

F = F (<j) j, 0^) for the resistive force (moment).

The functional expansion coefficients obtained from these data 
are called subject-based coefficients. Furthermore, the
population/sample means and variances obtained from the subject-based

coefficients will be called subject-based population/sample means and
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variances, respectively. Obviously, from a statistical point of view, 
the most appropriate axis system for the subject-based 

population/sample means and variances is the population/sample mean 
joint axis system.

2. Space-Based Mean and Variance

In this case, the shoulder complex sinuses and the resistive
force (moment) data are described by (<}>., 0„.) with respect to am j m j
common mean joint axis system for all subjects, namely,

0 . = 0 . (<b .) for the shoulder complex sinus, and mj mj Tmj r

F = F (<b ., 0 .) for the resistive force (moment). mj mj

The functional expansion coefficients obtained from these data 
are now called space-based coefficients. In addition, the 
population/sample means and variances obtained from the space-based 
coefficients will be called space-based population/sample means and 
variances, respectively.

Maximum Voluntary Shoulder Complex Sinus

Table 3.2 lists the ten subject-based coefficients of the 
shoulder complex sinuses for all ten subjects. Table 3.3 lists the 
corresponding ten space-based coefficients. These two tables also 
list the sample means and variances for all ten coefficients.
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Table 3.2 Subject-based coefficients of the shoulder complex sinuses for all ten subjects

C O E F F I­
C IE N T S

C1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C 1 0

1 1 . 5 9 2 9 2 - 0 . 1 0 6 7 5 - 0 . 2 4 4 6 6 - 0 . 3 6 2 3 3 0 . 1 9 5 5 8 0 . 4 4 3 9 5 0 . 4 9 8 8 6 0 . 0 6 6 8 5 - 0 . 6 2 2 6 2 - 0 . 4 2 8 7 7

2 1 . 1 8 0 6 6 - 0 . 0 8 9 0 9 - 0 . 0 7 7 5 7 - 0 . 0 6 0 8 4 0 . 1 1 9 6 1 0 . 3 3 6 5 0 0 . 2 3 4 1 7 - 0 . 3 4 8 7 2 - 0 . 3 2 0 2 1 - 0 . 0 4 8 4 1

3 1 . 4 2 2 2 9 - 0 . 0 5 4 8 6 - 0 . 1 8 3 7 4 - 0 . 1 5 6 9 0 0 . 2 8 1 6 0 0 . 3 5 1 1 4 0 . 3 4 0 8 4 - 0 . 2 6 8 3 3 - 0 . 3 0 6 9 9 - 0 . 1 2 5 6 0

S U B J.
NO.

4 1 . 7 0 1 2 1 - 0 . 1 0 3 2 1 - 0 . 2 7 1 0 0 - 0 . 3 2 5 6 2 - 0 . 0 2 3 1 3 0 . 7 4 6 3 6 0 . 4 5 5 7 2 0 . 1 9 4 4 2 - 0 . 2 6 2 7 1 - 0 . 7 9 3 5 1

5 1 . 2 8 3 9 3 - 0 . 0 7 0 3 1 - 0 . 3 3 3 4 4 - 0 . 4 7 2 4 7 - 0 . 0 4 7 5 4 0 . 6 7 9 8 1 0 . 5 5 6 3 0 0 . 4 4 1 4 5 - 0 . 1 2 7 1 2 - 0 . 6 1 9 7 7

6 1 . 5 7 9 9 4 - 0 . 0 9 3 9 3 - 0 . 3 3 8 9 0 - 0 . 3 7 2 9 9 0 . 3 9 1 5 2 0 . 8 9 1 3 2 0 . 5 5 3 7 3 0 . 0 5 6 2 2 - 0 . 6 9 3 9 6 - 0 . 8 6 1 0 6

7 1 . 7 5 4 2 2 - 0 . 0 6 3 4 5 - 0 . 3 2 7 4 8 - 0 . 4 6 6 6 4 - 0 . 1 5 5 8 7 0 . 6 3 6 0 2 0 . 6 2 5 5 3 0 . 2 2 1 7 4 - 0 . 2 2 4 2 7 - 0 . 8 0 8 6 7

8 1 . 5 3 7 8 4 - 0 . 1 2 4 1 4 - 0 . 2 6 1 7 7 - 0 . 4 1 8 7 9 0 . 3 5 2 2 5 0 . 7 9 1 4 3 0 . 5 0 1 3 8 0 . 1 7 2 5 1 - 0 . 6 0 4 3 3 - 0 . 4 9 6 3 1

9 1 . 5 0 2 1 5 - 0 . 1 2 4 2 4 - 0 . 1 2 7 6 3 - 0 . 2 8 3 4 6 0 . 4 7 2 3 6 0 . 5 3 3 3 7 0 . 2 7 3 3 1 - 0 . 0 0 3 7 6 - 0 . 6 3 5 1 8 - 0 . 3 9 6 0 7

1 0 1 . 4 3 8 3 8 - 0 . 0 9 5 7 4 - 0 . 2 9 7 8 2 - 0 . 0 1 5 5 2 0 . 2 8 7 9 0 0 . 4 4 8 9 9 0 . 5 1 5 9 0 - 0 . 4 4 2 4 7 - 0 . 4 9 4 4 7 - 0 . 1 2 8 4 4

S a m p le
M ean 1 . 4 9 9 3 6 - 0 . 0 9 2 5 7 - 0 . 2 4 6 4 0 - 0 . 2 9 3 5 6 0 . 1 8 7 4 3 0 . 5 8 5 8 9 0 . 4 5 5 5 7 0 . 0 0 8 9 9 - 0 . 4 2 9 1 8 - 0 . 4 7 0 6 6

S a m p le
V a r i a n c e 0 . 0 3 1 1 2 0 . 0 0 0 5 7 0 . 0 0 8 0 8 0 . 0 2 6 6 6 0 . 0 4 3 4 5 0 . 0 3 6 8 4 0 . 0 1 6 8 5 0 . 0 7 8 6 5 0 . 0 4 1 4 1 0 . 0 9 0 6 2



Table 3.3 Space-based coefficients of the shoulder complex sinuses for all ten subjects

COEFFI­

CIENTS
C1 C2 C 3 C4 C 5 C 6 C7 C8 C9 C1 0

1 1 .1 8 1 6 7 - 0 .1 3 4 9 2 - 0 .1 0 6 2 3 - 0 .0 4 9 3 4 0 .1 1 0 9 9 0 .2 9 9 4 7 0 .2 2 5 0 8 - 0 . 3 7 0 7 1 - 0 .3 0 9 6 9 0 .0 1 5 3 6

2 1 .5 9 5 0 2 - 0 .1 3 3 4 3 - 0 .3 6 7 4 6 - 0 .3 6 9 6 3 0 .1 8 9 4 9 0 .3 8 5 6 0 0 .4 9 6 1 3 0 .0 9 2 0 9 - 0 .6 1 5 1 7 - 0 . 3 6 5 2 2

3 1 .4 2 5 3 5 - 0 .1 2 0 5 1 - 0 .1 4 0 4 7 - 0 .1 6 5 0 9 0 .2 6 4 9 9 0 .3 7 4 7 2 0 .3 4 0 3 3 - 0 . 2 6 4 0 2 - 0 .2 9 3 3 7 - 0 .1 6 5 8 0

SU B J.
NO.

4 1 .6 9 9 5 9 - 0 .0 9 9 0 4 - 0 .1 9 9 8 2 - 0 .3 1 6 5 8 - 0 .0 1 7 5 9 0 .7 6 7 3 3 0 .4 5 6 9 1 0 .1 7 5 7 9 - 0 .2 6 7 7 8 - 0 .8 1 2 3 7

5 1 .2 8 5 1 2 - 0 .0 7 7 0 3 - 0 .3 2 5 8 8 - 0 .4 7 3 1 5 - 0 .0 5 6 4 3 0 .6 7 3 8 8 0 .5 5 6 5 4 0 .4 3 9 0 9 - 0 .1 1 9 1 7 - 0 .6 1 5 0 6

6 1 .5 7 3 6 5 - 0 .0 4 1 9 2 - 0 .3 6 1 0 3 - 0 .3 6 6 3 9 0 .4 2 7 6 8 0 .9 1 8 8 0 0 .5 5 1 5 5 0 .0 3 4 9 6 - 0 .7 2 2 7 5 - 0 .8 8 1 0 0

7 1 .7 5 4 0 7 - 0 .0 6 1 0 1 - 0 .3 3 1 2 6 - 0 .4 6 7 3 3 - 0 .1 5 4 9 4 0 .6 3 5 6 2 0 .6 2 5 5 1 0 .2 2 2 7 5 - 0 .2 2 4 9 4 - 0 .8 0 8 2 1

8 1 .5 4 1 6 5 - 0 .1 6 0 4 5 - 0 .2 8 8 2 6 - 0 .4 2 4 1 0 0 .3 3 5 1 8 0 .7 9 1 7 9 0 .5 0 8 8 5 0 .1 8 7 4 6 - 0 .5 9 2 2 8 - 0 .5 0 8 5 1

9 1 .5 0 0 8 8 - 0 .0 9 6 2 3 - 0 .0 3 4 6 3 - 0 .2 8 2 2 5 0 .4 7 4 9 9 0 .5 4 5 9 3 0 .2 7 3 3 1 - 0 .0 0 8 8 2 - 0 .6 3 8 1 3 - 0 .4 0 8 2 4

1 0 1 .4 3 2 5 9 - 0 .0 0 2 0 8 - 0 .3 1 4 3 0 - 0 .0 0 7 3 9 0 .3 1 5 9 8 0 .4 5 0 6 8 0 .5 1 0 8 2 - 0 .4 4 8 2 0 - 0 .5 1 7 9 4 - 0 .1 1 2 9 7

S a m p le
M ean 1 .4 9 8 9 6 - 0 .0 9 2 6 6 - 0 .2 4 6 9 3 - 0 .2 9 2 1 3 0 .1 8 9 0 3 0 .5 8 4 3 8 0 .4 5 4 5 0 0 .0 0 6 0 4 - 0 .4 3 0 1 2 - 0 .4 6 7 2 0

S a m p le
V a r i a n c e 0 .0 3 0 9 1 0 .0 0 2 3 2 0 .0 1 3 9 5 0 .0 2 7 7 0 0 .0 4 5 4 8 0 .0 4 2 5 5 0 .0 1 7 2 7 0 .0 8 0 6 5 0 .0 4 3 9 4 0 .0 9 8 4 8



Pig. 3.11 shows the best fitted curves for both space-based and
subject-based sinuses for the first subject who has the (<t>n, 0r) =
(57°.37, 72°.24) which depart the most from the mean values {<]> , 0 ) =m m
(59°.29, 79°.08). The more the individual joint axis system deviates 
from the mean joint axis system, the bigger is the difference between 
the space-based and the subject-based sinuses.

1.75

• S U B JE C T -B A S E D

1.25

CD

. S P A C E -B A S E D

.75 -

<t> (RAD.)

Fig. 3.11 Subject-based and space-based maximum voluntary 
shoulder complex sinuses for the first subject
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Now let us apply the results obtained from the statistical 
analysis developed in Section 3.4 to establish a statistical data base 
for the shoulder complex sinus. In this case, the functional
expansion, Eq. (3.2.1), has only one independent variable, i.e., <|>.

From Eq. (3.4.6) one obtains the sample mean

9 (<t>) = X  cos'1"1 $ ^2n-l + ^2n sin^  (3.6.1)

and from Eq. (3.4.7) the unbiased sample variance

Sq(<|>) = £  cos2(n“1) J s l  + S2 sin2<}>) (3.6.2)
n=l V 2n-l °2n /

Fig. 3.12 displays the least-squares fitted data for the subject-based 
sinuses of all ten subjects. This figure also shows curves for the 

sample mean, 0 (<)>), and those corresponding to 0(<J>) + Sg(<j>). Fig. 3.13 
shows their corresponding globographic representations in the torso- 
fixed coordinate system, i.e., the spherical coordinates on the globe 
are referred to the fixed body axis system. Therefore, the
coordinates 0^) = (0°, 90°) on the globe corresponds to the
emergent point of the x^-axis, and the coordinates 

(<j>f/ 9f) = (90° , 90° ) corresponds to the emergent point of the y ^ -
axis. Note that, in this case, since each subject's sinus is defined 

by its own local axis system designated by (<J>n, 0R), from a 
statistical point of view, the most "appropriate" local axis system
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Pig. 3.12 Curve-fitted data for subject-based sinuses of all 
subjects (dotted curves). Solid curves are for 
9 and 0 + Sg.

i9_Q.ov9-0-)-x-4-i (90o,90°)f n-
! I !

Fig. 3.13 Globographic representations of 0 
and 0 + Sq (subject-based).
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Fig. 3.14 Least-squares fitted data (dotted lines) for the
space-based sinuses for all ten subjects. The middle 
solid curve is the space-based sample mean joint
sinus 9(<J>). The upper and lower solid curves are
9 (4>) + Sg(<j>) and 9(<t>) - Sg (cj>), respectively.

for the subject-based 9(<J>) and Sg(<t>) is the mean joint axis system, 
designated by the sample mean, (<J>m , 9 ), taken from the sample.

Fig. 3.14 displays the least-squares fitted data for the space- 
based sinuses for all ten subjects. This figure also shows curves for 
the sample mean, 9(<|>), and those corresponding to 9(cj>) + Sg (<])).
Fig. 3.15 shows their corresponding globographic representations.
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1 1
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Pig. 3.15 Globographic representations of 9(<J>) 
and 9(<|>) + Sg(<t>) (space-based).

Obviously, in this case, the mean joint axis system should be used for
_ 2the space-based 9(<J>) and Sq (<}>), since all the sinuses are represented 

in this axis system.
For the purposes of comparison, Fig. 3.16 displays the sample 

mean, 9 (<(>), and those corresponding to 9(<J>) + Sg(<|>) for both space 
based and subject-based sinuses. It should be remarked that, while 
the space-based and subject-based sinuses may differ significantly for 
an individual subject, their sample means and, 9((j>) + Sg (<)>), may be 
indiscernible as indicated in Fig. 3.16.

One of the most important ways of testing the ultimate overall 
performance of the data acquisition system and efficacy of the 
associated data analysis methodology is good repeatability of sample
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means and sample standard deviations from different runs made on the 
same sample. Fig. 3.17 displays the subject-based sample means, and 0 
+ Sg from three different runs for all subjects. Rather good 
repeatability obviously exists if one realizes that most of the 
deviations arise from the variations during circumscription type of 
motion by the subjects.

6+S,

0.9

0.6

<j> (RAD.)

Fig. 3.16 §(<{») and 9(<j>) + Sg(<J)) for both space-based_and
subject-based sinuses. Note that the two 6 curves 
coincide with each other in this figure.

For the confidence level of 95%, utilizing Eq. (3.4.8), we obtain
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Fig. 3.17 9(<|>) and 9 + S0 (<j>) for three different runs 
for all subjects.

from statistical table (Kreyszig, 1972) that

( 9 (<j>) - (<J»)
Pr < - 2.26 < ________-  < 2.26

( “ sQ «t>)/ m 95% (3.6.3)

Rearranging the inequalities, we obtain

| [9(<j>) - 0.715 SQ (<!>)] < pQ C<t>) < [0 (4») + 0.715 SQ (<t>)]|Pr 95%
(3.6.4)
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In other words, we are 95% confident that the population mean Uq (<1>) is 
within the interval [0 (<|>) - 0715Sg(<j>), 9(<|>) + 0.715Sg (<j>)] at each
value of <j>.

Fig. 3.18 shows the confidence intervals for both the space-based 
and subject-based population means for comparison. Fig. 3.19 displays 
the globographic representation of the confidence interval for the 
subject-based population mean, ]ig (<j>).

L_oM—

<J>

0.9

0.6

<#> (RAD.)

Fig. 3.18 Confidence intervals (Cl) for both the space-based 
and subject-based population means.
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Fig. 3.19 Globographic representations for the sample mean, 0, 
and the 95% Confidence Interval for the subject-based 
population mean, jig.

For the confidence interval of the population variance, from 
Eq. (3.4.11), we have

( 9 Sfi ((t>) /Pr { 2.70 < ---1  < 19.02 > - 95% (3.6.5)
/ ~ <7g(4>) ~ >

2with 2.5% of probability on both tails of the X -distribution curve. 
Rearranging the inequalities, we have

Pr j 0.473 Sg(<|>) < Og(<l» £ 3.33 Sg(<l>) j - 95% (3.6.6)
In other words, we are 95% sure that the population standard deviation
ag(<|)) is bracketed by the interval [0.688Sg (cj>), 1.82Sg(<j>)] at each

value of (j). Fig. 3.20 shows the plots of this interval as well as

Sg(<j>) for the subject-based population standard deviation, ag(<j>).
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Fig. 3.20 The 95% Confidence Interval (Cl) for the 
population standard deviation, ag. The 
subject-based sample standard deviation, 
Sfl, is also shown.

Passive Resistive Force (Moment) Properties

Table 3.4 lists the subject-based coefficients, as well as their 
sample means and sample variances, for the passive resistive force 
(moment) data for all ten subjects. Table 3.5 lists the corresponding 
space-based coefficients.
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Table 3.4 Subject-based coefficients for the passive resistive force (moment) data for all ten subjects

COEFFI­
CIENTS

C1 C2 C 3 C4 C5 C 6 C7 C8 C9 C10

1 - 2 1 .3 6 6 0 0 - 4 .8 0 5 0 0 - 0 .7 2 7 0 0 2 2 .0 6 6 0 0 4 .3 8 4 0 0 1 6 .5 5 5 0 0 0 .5 1 3 0 0 - 4 . 8 4 2 0 0 1 .7 9 2 0 0 - 0 .1 0 9 0 0

2 - 3 3 .7 4 5 0 0 0 .2 3 4 0 0 5 .6 1 0 0 0 3 1 .4 9 6 0 0 8 .4 0 0 0 0 2 2 .9 9 2 0 0 - 3 .5 3 4 0 0 - 8 .0 5 1 0 0 0 .0 9 3 0 0 - 1 .5 7 3 0 0

3 - 3 0 .7 6 3 0 0 - 4 .9 4 5 0 0 - 0 .3 5 9 0 0 2 6 .0 6 3 0 0 7 .3 8 4 0 0 2 2 .9 8 3 0 0 - 0 .9 1 7 0 0 - 6 .4 1 2 0 0 - 0 .4 9 9 0 0 - 1 .7 1 5 0 0

SU B J.
NO.

4 - 2 6 .5 2 2 0 0 3 .1 9 0 0 0 5 .2 8 4 0 0 2 5 .7 2 4 0 0 6 .6 5 4 0 0 1 7 .8 6 1 0 0 - 3 .6 2 8 0 0 - 6 .3 6 3 0 0 - 2 .0 8 5 0 0 - 1 .6 4 0 0 0

5 - 1 5 .0 6 4 0 0 - 2 .2 5 4 0 0 - 4 .6 2 3 0 0 1 9 .0 8 3 0 0 5 .1 3 2 0 0 1 2 .2 1 0 0 0 - 3 .3 6 3 0 0 - 2 .7 2 2 0 0 1 .2 6 6 0 0 1 .0 3 0 0 0

6 - 2 0 .3 2 0 0 0 - 0 .9 3 7 0 0 8 .2 0 8 0 0 1 6 .1 0 4 0 0 6 .9 4 6 0 0 1 6 .7 3 1 0 0 - 1 .3 1 9 0 0 - 3 .9 5 4 0 0 0 .2 2 3 0 0 - 1 .6 2 8 0 0

7 - 1 9 .3 8 2 0 0 - 2 .3 2 7 0 0 - 1 .0 2 8 0 0 1 3 .5 1 9 0 0 2 .1 3 4 0 0 1 2 .1 5 2 0 0 - 0 .1 6 1 0 0 - 1 .0 2 8 0 0 - 0 .2 9 3 0 0 0 .3 4 0 0 0

8 - 1 6 .0 9 6 0 0 - 0 .9 2 6 0 0 4 .2 7 8 0 0 1 0 .5 6 8 0 0 1 .6 6 3 0 0 1 2 .4 5 5 0 0 - 0 .9 0 4 0 0 - 1 .7 0 6 0 0 1 .0 3 1 0 0 - 0 .2 1 5 0 0

9 - 1 7 .8 0 5 0 0 - 6 .0 6 2 0 0 2 .6 2 3 0 0 1 7 .4 3 0 0 0 4 .1 1 0 0 0 1 3 .3 5 3 0 0 0 .8 5 2 0 0 - 2 . 1 5 8 0 0 1 .1 4 3 0 0 - 0 .0 8 7 0 0

10 - 1 3 .8 6 8 0 0 - 1 .5 3 4 0 0 2 .8 6 6 0 0 1 4 .0 0 7 0 0 4 .7 5 4 0 0 1 0 .5 4 0 0 0 - 1 .2 1 8 0 0 - 4 . 1 1 6 0 0 - 0 .5 6 0 0 0 - 0 .4 6 2 0 0

Sample
Mean - 2 1 .4 9 3 1 0 - 2 .0 3 6 6 0 2 .2 1 3 2 0 1 9 .6 0 6 0 0 5 .1 5 6 1 0 1 5 .7 8 3 2 0 - 1 .3 6 7 9 0 - 4 .1 3 5 2 0 0 .2 1 1 1 0 - 0 .6 0 5 9 0

Sample
Variance 4 5 .4 8 7 2 5 7 .5 1 4 0 4 1 4 .9 1 8 1 3 4 3 .7 6 7 2 0 4 .9 0 2 3 8 2 0 .0 0 4 7 2 2 .6 8 2 9 1 5 .2 7 5 0 4 1 .3 1 0 2 1 0 .9 4 8 8 9



Table 3.5 Space-based coefficients for the passive resistive force (moment) data for all ten subjects

COEFFI­

CIENTS
C1 C2 C3 C4 C5 C 6 C7 C8 C9 C1 0

1 - 2 1 .7 7 2 0 0 - 0 .4 9 8 0 0 0 .5 3 5 0 0 2 2 .6 9 2 0 0 3 .9 5 2 0 0 1 6 .3 9 9 0 0 0 .3 9 0 0 0 - 4 .0 8 2 0 0 1 .0 0 6 0 0 - 0 .5 0 4 0 0

2 - 3 5 .0 5 5 0 0 2 .2 7 2 0 0 6 .5 0 2 0 0 3 2 .3 3 4 0 0 7 .1 9 8 0 0 2 3 .1 2 2 0 0 - 3 .8 6 0 0 0 - 7 .0 5 0 0 0 0 .0 2 7 0 0 - 1 .5 8 8 0 0

3 - 3 1 .8 1 8 0 0 - 5 .6 2 7 0 0 - 0 .3 6 8 0 0 2 7 .3 1 8 0 0 7 .1 3 2 0 0 2 2 .5 3 1 0 0 - 1 .3 7 6 0 0 - 5 .8 3 3 0 0 - 0 .0 1 0 0 0 - 1 .1 9 7 0 0

SU B J.
NO.

4 - 2 4 .8 9 0 0 0 0 .5 5 2 0 0 4 .3 6 0 0 0 2 5 .4 9 8 0 0 7 .2 1 7 0 0 1 6 .8 6 0 0 0 - 3 .6 0 0 0 0 - 6 .6 6 6 0 0 - 1 .4 8 0 0 0 - 1 . 3 0 6 0 0

5 - 1 4 .9 6 1 0 0 - 2 .4 4 3 0 0 - 4 .6 4 4 0 0 1 9 .1 0 4 0 0 4 .9 6 0 0 0 1 2 .1 0 8 0 0 - 3 .3 9 3 0 0 - 2 .6 3 0 0 0 1 .3 6 6 0 0 1 .0 7 7 0 0

6 - 2 0 .4 3 0 0 0 - 1 .6 6 2 0 0 7 .4 1 4 0 0 1 5 .8 3 9 0 0 7 .1 7 0 0 0 1 7 .2 4 5 0 0 - 0 .8 7 8 0 0 - 3 .8 8 5 0 0 0 .0 9 3 0 0 - 1 .8 1 8 0 0

7 - 1 9 .4 0 2 0 0 - 2 .2 8 6 0 0 - 1 .0 2 7 0 0 1 3 .5 2 0 0 0 2 .1 4 5 0 0 1 2 .1 7 0 0 0 - 0 .1 5 3 0 0 - 1 .0 3 4 0 0 - 0 .3 0 0 0 0 0 .3 2 9 0 0

8 - 1 6 .0 3 2 0 0 - 0 .4 5 8 0 0 4 .9 3 2 0 0 1 0 .5 6 6 0 0 1 .5 3 1 0 0 1 2 .3 5 6 0 0 - 0 .9 6 3 0 0 - 1 .7 1 9 0 0 1 .1 1 2 0 0 - 0 .2 3 7 0 0

9 - 1 7 .4 4 7 0 0 - 8 .4 3 0 0 0 1 .5 6 4 0 0 1 7 .0 5 7 0 0 4 .0 6 4 0 0 1 3 .2 5 4 0 0 0 .8 9 8 0 0 - 2 .4 6 1 0 0 1 .4 5 7 0 0 0 .1 5 1 0 0

1 0 - 1 3 .1 7 8 0 0 - 2 .3 1 0 0 0 2 .1 3 1 0 0 1 3 .1 1 4 0 0 5 .3 7 4 0 0 1 0 .9 4 8 0 0 - 0 .6 9 1 0 0 - 4 .4 3 8 0 0 - 0 .9 4 4 0 0 - 0 .6 9 3 0 0

S a m p le
M ean

- 2 1 .4 9 8 5 0 - 2 .0 8 9 0 0 2 .1 3 9 9 0 1 9 .7 0 4 2 0 5 .0 7 4 3 0 1 5 .6 9 9 3 0 - 1 .3 6 2 6 0 - 3 .9 7 9 8 0 0 .2 3 2 7 0 - 0 .5 7 8 6 0

S a m p le
V a r i a n c e

5 1 .7 3 9 0 8 9 .3 6 7 3 0 1 3 .8 6 8 4 7 4 9 .7 1 8 4 8 4 .5 8 2 9 2 1 9 .0 0 8 8 9 2 .8 7 2 9 2 4 .2 4 7 0 2 0 .9 8 6 3 2 0 .8 5 5 4 4



From Eg. (3.4.6) one obtains the sample mean

f(<j>» 9) = (C + C2cos<i) + C3sin(j))9 + (C4cos2<t>

- - 2 2 - 3 - 2+ C_cos(])sin<|> + C.sin <}>)9 + (C_cos <|> + C.cos <]>sln(t>
5 o 7 o

+ CgCOS(|>sin2<|) + C^gSin2<|>)92 (3.6.7)

and from Eq. (3.4.7) the sample variance

S?(<|>, 9) = (S2 + S2 cos2<t> + S2 sin2<|>)92 + (S2 cos4(j)
£ C1 2 3 4

+ S2 cos2(j>sin2(t) + S2 sin4<t>)94 + (S2 cos6(j)
5 C6 °7

2 4, • 2. 2 2. « 4. 2 • 6« . ft6+ S,, cos <j)sin <J> + S_ cos qisxn <p + Ŝ, sin <p)9
8 9 10

(3.6.8)

Note that, in this case, the functional expansion for the force 
(moment) properties, i.e. Eq. (3.3.1), has two independent variables, 
and 9.

Fig. 3.21 shows both the space-based and the subject-based sample 
means for the passive resistive force (moment) property in the form of 
a constant contour map. Since the difference between these two 
contour maps is imperceptible they are shown in two separate figures 
rather than in a superimposed format.
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Fig. 3.21 Constant contour maps of (a) space-based and (b)
subject-based sample means for the passive resistive 
force (moment) in Newtons (Newton-Meters).

It should be mentioned that the force (moment) data were 
collected beyond the maximum voluntary sinus up to the point, which 
will be referred to as the maximum forced sinus, where the subject 
starts experiencing discomfort or the upper arm can no longer be moved 
(i.e., adduction into the torso occurs). The raw data for the maximal 
forced sinus are curve fitted by the same functional expansion used 
for the maximal voluntary sinus. Table 3.6 lists the subject-based 
coefficients as well as their sample means and sample variances for 
the ten subjects' maximal forced sinuses. The statistical analysis 
procedure is also applied to the maximum forced sinuses. Fig. 3.22, 
for comparison, displays the space-based as well as the subject-based 
sample means for the maximal forced sinuses. With the exception of

65



Table 3.6 Subject-based coefficients of the maximum forced sinuses for all ten subjects

C OEFFI­

CIENTS
C1 C2 C3 C4 C5 C6 C7 C8 C9 C1 0

1 1 .9 5 8 4 7 - 0 .1 3 3 6 1 - 0 .4 2 4 7 7 - 0 .1 9 7 6 0 - 0 .0 6 9 3 1 0 .8 6 5 2 3 0 .7 1 5 9 6 - 0 .3 3 1 9 3 - 0 .3 8 7 3 7 - 0 .8 0 2 2 4

2 2 .0 5 9 7 0 - 0 .1 5 2 0 5 - 0 .4 4 7 4 6 - 0 .3 7 0 2 8 0 .1 8 6 7 3 0 .7 1 7 1 8 0 .9 2 0 6 2 0 .1 0 2 9 1 - 0 .7 2 3 5 7 - 0 .7 6 1 7 7

3 2 .0 2 9 4 4 0 .0 4 4 6 5 - 0 .0 2 2 4 9 - 0 .0 5 5 0 1 - 0 .0 1 5 2 5 0 .7 8 2 8 5 0 .2 7 6 1 8 - 0 .6 0 8 9 9 - 0 .2 1 0 5 5 - 0 .4 3 1 0 2

SU B J.
NO.

4 2 .0 6 1 4 2 - 0 .0 6 6 5 9 - 0 .1 4 9 3 4 - 0 .2 2 0 2 6 0 .0 1 6 7 8 0 .2 3 7 6 7 0 .3 8 7 0 8 - 0 .2 1 0 2 8 - 0 .2 0 8 2 8 - 0 .0 5 2 7 8

5 2 .0 2 9 7 3 - 0 .0 4 4 3 3 0 .1 3 7 1 9 - 0 .4 2 7 3 1 - 0 .1 7 4 7 4 - 0 .3 0 2 8 5 - 0 .0 7 2 8 5 - 0 .1 1 5 4 4 - 0 .3 0 7 8 2 1 .0 4 6 9 3

6 2 .0 2 7 6 1 - 0 .1 1 4 3 1 - 0 .2 2 5 1 7 - 0 .1 3 2 6 6 0 .0 9 0 8 9 - 0 .3 0 0 2 8 0 .5 4 8 0 8 - 0 .2 6 5 3 3 - 0 .2 4 2 4 2 0 .7 4 8 6 3

7 2 .1 4 8 4 9 - 0 .1 2 9 3 8 0 .1 2 1 6 6 0 .0 5 0 6 2 0 .0 6 7 8 3 0 .0 8 6 4 5 0 .1 5 2 6 1 - 0 .9 9 7 1 2 - 0 .6 9 8 9 6 0 .2 1 7 6 5

8 1 .9 5 4 9 6 - 0 .2 9 5 3 4 - 0 .2 6 1 0 7 - 0 .0 8 0 8 1 0 .4 9 8 5 8 0 .4 2 5 5 7 0 .8 4 8 9 1 - 0 .7 9 6 0 3 - 0 .5 8 4 8 0 0 .1 9 8 2 9

9 1 .8 3 8 6 4 - 0 .1 5 6 4 3 0 .1 4 4 6 4 - 0 .1 2 5 5 0 0 .4 6 5 9 0 0 .1 6 6 8 2 - 0 .3 1 7 0 2 - 0 .4 1 1 0 9 - 1 .2 6 3 3 4 - 0 .7 8 3 1 3

10 1 .9 9 5 0 1 - 0 .1 5 8 8 2 - 0 .2 6 2 4 1 - 0 .5 6 1 4 6 - 0 .3 6 5 3 6 - 0 .0 1 7 0 7 0 .6 1 7 9 9 0 .2 0 0 8 5 0 .1 1 3 1 1 0 .9 8 9 4 2

S a m p le
M ean 2 .0 1 0 3 5 - 0 .1 2 0 6 2 - 0 .1 3 8 9 2 - 0 .2 1 2 0 3 0 .0 7 0 2 0 0 .2 6 6 1 6 0 .4 0 7 7 5 - 0 .3 4 3 2 4 - 0 .4 5 1 4 0 0 .0 3 7 0 0

S a m p le
V a r i a n c e 0 .0 0 6 7 4 0 .0 0 7 8 4 0 .0 5 0 3 0 0 .0 3 5 3 8 0 .0 7 0 3 8 0 .1 8 0 2 8 0 .1 6 1 7 4 0 .1 4 2 0 7 0 .1 4 6 2 9 0 .5 2 6 0 2
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Fig. 3.22 Space-based and subject-based sample means for the 
maximal forced sinuses.
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Fig. 3.23 Globographic representations, of the subject-based
mean maximal voluntary (inner curve) and mean maximal 
forced (outer curve) sinuses.

the region 0 < 4> < these two sample means have indistinguishable 
difference. Finally, Fig. 3.23 shows the globographic representations 
of the subject-based mean maximal voluntary and mean maximal forced 

sinuses.
In computing the sample means, we found two different 

alternatives to represent the individual joint sinus and passive
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resistive property. For the shoulder complex investigated in this 
study, it was established that the difference between the subject- 
based and the space-based sample means is indicernible even though 
each one possesses a particular anatomical or physical significance. 
In the next two chapters, for simplicity, we shall adopt the subject- 
based approach in representing the joint properties for the hip and 
humero-elbow complexes.

To obtain some physical insights into the nature of the joint 

property of the human shoulder complex, let us superimpose the three 
most important results, i.e., the (subject-based) sample means of the 
passive resistive force (moment), maximum voluntary sinus, and maximum 
forced sinus, on the same figure as shown in Fig. 3.24. First, 
several observations concerning the passive resistive properties

beyond the maximal voluntary shoulder complex sinus can be made:

1. The constant resistive force (moment) contours are not
simply an outward conformal expansion of the maximal 
voluntary sinus as one might surmise and adopt to use in 
currently existing multisegmented total-human-body models.

2. The shoulder complex is least resilient in the two rear
quadrants (0 < <)> < tr). In this region, more or less
constant force (moment) values [between 14 and 18 Newtons
(Newton-Meters)] were observed to initiate discomfort.

33. The lower front portion (it < <j> < -n) of the plot exhibits
the most resilient behavior due to adduction of the upper
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Fig. 3.24 Subject-based sample means o£ the passive resistive
f or ce (moment), maximum voluntary 3inus (inner dashed), 
and maximum £orced sinus (outer dashed).

arm into the torso. No real discomfort was observed and the 
maximal forced sinus in this region is based on the 9 values 

reached as far as possible during the constant-<J> sweeps for 
the force (moment) levels which were applied.

34. The upper front region {—  ̂  < <J> < 2ir) exhibits an

intermediate (transitional) characteristic in terms of
resilience. In this region, discomfort initiates at the
force (moment) level of about 26 Newtons (Newton-Meters).
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Second, the maximum voluntary and forced sinuses specify the
applicable domain of the passive resistive property. The resistive 
forces (moments) below the maximal voluntary sinus are appreciably
lower in magnitude and thus can be neglected. Therefore, the maximal

voluntary sinus can be considered as the lower limit of the applicable 
range for the expansion function f(<|>, 0). In fact, Fig. 3.9 shows
that in the neighborhood of the origin (pole), dashed curves indicate
both lacking good fit and being outside the applicable domain. In the
strict sense, the upper limit is the maximal forced sinus for the
applicability of f(<j>, 0). However, the extrapolated values by f(<j>, 0) 
beyond this upper limit are most likely predictions and can be used up 
to the point of impending injury for the simulation studies of
multisegmented mathematical models.
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4. BIOMECHANICAL PROPERTIES OF THE HUMAN HIP COMPLEX

4.1 Introduction

This chapter deals with the in-vivo biomechanical properties of 
the human hip complex in the sitting position with the torso being 
fixed. The data so obtained are suitable for simulating a seated
pilot as well as an occupant in a car.

The term "hip complex" refers to the combination of the hip
joint, pelvis, lumbar spine, and their articulations. Fig. 4.1 shows 

the principal bones and ligaments of the hip complex. Since the 
femoral motion, while sitting with torso being fixed, is normally
accompanied by lumbar flexion and pelvic tilting, it is more
appropriate to use the term "hip complex sinus," rather than "hip 
joint sinus," to designate the range of extreme allowable motion of 
the femur with respect to torso. The human hip has been normally 
modeled as a three-degree-of-freedom ball and socket joint by most
researchers (Dempster, 1955; Johnston and Smidt, 1969; Chao et al.,
1970; Lamoreux, 1971), although in some cases it has also been 
simplified by neglecting the axial rotation (Saunders et al., 1953;
Paul, 1965). In planar motion studies, it is even assumed as a one- 
degree-of-freedom revolute (or hinge) joint (Clayson et al., 1966;
Beckett and Chang, 1968).
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Fig. 4.1 principal bones and ligaments of the hip complex.

Functionally, unlike the shoulder which has sacrificed stability 

in favor of mobility, the hip provides essential stability for support 

of the body as well as a certain degree of mobility. Structurally, 
the pelvis is more rigid than the rather freely movable scapula. The
interplay among the hip joint, pelvis, and lumbar spine is similar to
that between the shoulder joint (the glenohumeral joint) and the 

shoulder girdle which includes the clavicle and the scapula. However, 
the articulations of the sacroiliac joint and symphysis pubis provide 
much less mobility than those of the shoulder girdle. Furthermore,
the joint capsule, the ligaments, and the muscles have reduced the
freedom of the hip joint whose bony structure permits almost as much

mobility as is found in the glenohumeral joint. For example, hip
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hyperextension is practically insignificant mainly due to the 
ligamentous check of the iliofemoral (Y) ligament. Finally, it should 
be noted that hip flexion is also dependent upon the amount of knee 
flexion due to the interaction of the two-joint muscles between the
hip and knee joints. With the knee in full extension, hip flexion is 
limited by the hamstrings. More detailed anatomical and
kinesiological descriptions are available in standard textbooks 
(Steindler, 1973; Norkin and Levangie, 1983; Gray's Anatomy, 1973) 
and, therefore, will not be made here.

4.2 Determination of the Hip Complex Sinus

The major components of the data acquisition system used in this 
study are the sonic digitizer which is linked with the PDP-11/34 
minicomputer, digitizer sensor assembly, torso restraint system, and 
six sonic emitters mounted on a cylindrical thigh cuff as shown in
Fig. 4.2. The thigh cuff is, in turn, attached to an orthotic brace, 
which is held onto the thigh by three Velcro straps. The front part 

of the brace is shaped so that the patella can move freely.
The quantitative determination of the hip complex sinus involves 

the following basic steps: (1) immobilizing the torso to be treated as
the fixed body and defining the fixed body axis system as shown in
Fig. 3.2(a), (2) having the subject move the upper leg along the
maximal voluntary range of motion and monitor, with respect to the 
fixed body axis system, the 3-D coordinates of a distal point on the 
moving body segment; this point (to be referred to as the knee joint
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Fig. 4.2 Major components of the data acquisitions system.
1) Sonic Digitizer, 2) Digitizer Sensor Assembly,
Torso Restraint System, 4) Thigh Cuff with Six 
Sonic Emitters.

reference point) is selected as being on the mechanical axis of the 

femur at the level of the femoral lateral epicondyle, (3) fitting the 
knee joint reference point coordinates to a sphere using the least- 
squares method, thus establishing a center for the best-fitted sphere 

and an idealized link length (radius of the sphere), (4) fitting a

plane to the same knee joint reference point coordinates to a sphere 

using the least-squares method; the normal to this plane (specified by 
the spherical coordinates (4>n, 0n) as shown in Fig. 4.3) establishes 

the pole (Zjfc-axis) of a local joint axis system with respect to which
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2,lb

Fig. 4.3 Relative orientation between the fixed body (x^' 
yfb' zfb^ and locally"defined joint (Xjt/ y^,
Zjfc) axis systems.

the hip complex sinus, designated by the spherical coordinates ($, 6) 
of the vector connecting the center of the best-fitted sphere with the 

knee joint reference point, can be expressed as a single-valued 
functional relationship, i.e., 6 - 0 ((}>).
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Since only the knee joint reference point is monitored in this 
study, only the relationships between this point and the six sonic 
emitters on the thigh cuff need to be initialized. The calculations 
are the same as those used for the origin of the longitudinal axis 
system thoroughly discussed in Section 2.2. However, since the knee 
joint reference point is inaccessible, two emitters are needed to 
interpolate it as being located at the center. The emitter 
positioning for this initialization process is schematically shown in 

Fig. 4.4.

Before the hip complex sinus test, the subject was instructed to 
move his upper leg along its maximal voluntary range of motion in a 
counterclockwise motion as viewed from the sensor assembly. He was 
also instructed to displace the upper leg distally along its 

longitudinal axis as far as possible at all times while circumscribing 
the hip complex sinus. Preferred rotation of the upper leg about its 
longitudinal axis as ,well as preferred knee flexion were left up to 
the discretion of the subject in obtaining the maximal contour. 
Several sweeps of this type were practiced before data were collected 
so that the subject could experiment with obtaining the largest 

possible range of motion. In order to help maintain a constant rate 
of motion during data collection, a large clock with an easily visible 
second hand was placed in front of the subject. The subject was 
instructed to imagine his upper leg as the second hand, and to 
synchronize his hip complex sinus circumscription with the clock's 60 
second sweep.
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Table 4.1 lists the centers and radii of the best-fitted spheres 
and (<t>n, 9r) values of the best-fitted planes for all ten subjects. 
With respect to each individual local joint axis system, Figs. 4.5-4.7 
show the hip complex sinuses for three subjects and their 

corresponding least-sguares fitted functional expansions of 
Eq. (3.2.1). Figs. 4.8-4.10 display the corresponding globographic 
representations of these three subjects' functional expansion sinuses 
with respect to the fixed body axis system.

Table 4.1 Centers and radii of the best-fitted spheres and 
and (<j>n# 9n) for all ten subjects.

SUBJECT CENTER (cm) RADIUS ♦ n 9 n

NO.
* f b y f b z f b

(cm ) ( d e g . ) ( d e g . )

1 1 .7 7 6 .1 4 2 0 .8 5 4 7 .8 2 4 7 .2 2 6 4 .8 5

2 3 .6 3 5 .9 8 2 7 .4 5 4 3 .7 6 5 3 .7 8 5 2 .1 8

3 5 .2 6 8 .4 9 2 8 .8 0 4 7 .3 5 4 2 .3 7 6 0 .0 4

4 - 0 . 1 0 5 .6 4 3 1 .3 9 4 5 .5 0 4 7 .0 6 5 2 .5 4

5 3 .2 4 5 .9 6 2 7 .5 7 4 3 .7 9 5 5 .1 7 5 1 .4 0

6 3 .9 3 6 .9 4 2 6 .7 8 4 6 .6 1 3 7 .1 7 5 2 .8 3

7 - 0 . 5 0 5 .0 8 2 9 .8 5 4 6 .8 1 4 9 .3 9 5 3 .7 7

8 3 .1 2 7 . 0 1 • 2 9 .3 0 4 7 .8 7 3 3 .4 6 5 7 .1 8

9 - 1 . 7 0 6 .2 6 1 8 .0 7 5 0 .0 7 3 6 .7 8 6 8 .3 4

10 3 .8 4 4 .4 0 2 5 .1 6 4 8 .9 0 3 4 .5 4 5 5 .3 5

S a m p le
M ean 2 .2 5 6 .1 9 2 6 .5 2 4 6 .8 5 4 3 .1 9 5 6 .8 5

S a m p le  
S t .  D e v . 2 .2 8 1 .1 2 4 .1 5 2 .0 4 7 .9 6 5 .8 1
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Fig. 4.5 Raw data and the functional expansions of the hip
complex sinus for subject No. 1.
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Fig. 4.6 Raw data and the functional expansions of the hip
complex sinus for subject No. 2.
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Pig. 4.7 Raw data and the functional expansions of the hip
complex sinus for subject No. 3.
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Fig. 4.8 Globographic representations of the hip complex 
sinuses for subject No. 1.

/ i I \ \ \ %
/ / t  l \ \ \ T>,r— 1x~V*\

i l l  ! '190°,90°)JT"! i— h— *-------

' ' \_ ' i J j 1 /•T-x— Y — v------ r - J - j f — f —7-\  s \  \ i L / l  /  /  /
\ \ \  i  / / /— f -T -S -r -VvS

i
■fb

\ " V — |- if r - j — f - i

\\ \  ' \ \  I * '  / '
-vH—  •>r —  X W  —  t— ■/ —  •*-sys T\ / 7 ,'S

■»b

Fig. 4.9 Globographic representations of the hip complex 
sinuses for subject No. 2.
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I I
Fig. 4.10 Globographic representations of the hip complex 

sinuses for subject No. 3.

4.3 Determination of the Passive Resistive Properties

As is the case for the forced tests on the shoulder complex, it 
is also desirable to perform a series of forced tests in which the 
upper leg is forced outward in the direction of increasing 0 for a 
constant-^ value with respect to the local joint axis system.

For a typical forced kinematic test, the subject's torso is first
rotated by an angle - (90° - <j>n) about the positioning system yaw

axis, and then rotated - (90° - 0 ) about the roll axis. If then
subject then extends his upper leg in an orientation parallel to the
horizontal pitch axis of the positioning system, the mechanical axis
of the femur will be at (d> , 0 ), i.e., coincide with the z. -axisTn n it
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with respect to the torso fixed body axis system. To factor out the 
gravitational loading of the leg, an adjustable pulley-cable system is 
used to hold the leg with the pulley positioned directly above the hip 
joint so that the horizontal component of the cable force passes 

through the hip joint and does not serve to either abduct or adduct 
the upper leg. The subject is first instructed to move his leg to its 
maximal voluntary position in the constrained plane of motion of the 
upper leg. The leg is backed-off from its maximal voluntary position, 
and this then is the starting orientation of the forced sweep. The 

force applicator is then positioned vertically at the same level as 
the subject's upper leg, and the transducer front is pointed near the 
knee joint. The subject's upper leg is next abducted or adducted in a 
quasi-static manner until the subject starts experiencing discomfort 

or the upper leg can no longer be displaced (e.g., adduction into the 
torso occurs). During the entire course of each test, the subject is 
instructed to let his leg hang limply and not to actively (muscularly) 
resist the motion of the test. The bridge circuits of the force- 
moment transducer are all set to zero at the start of each test, so 
that recorded values during the sweep are departures from this 
"neutral" force-moment orientation, or stating it in a different 
manner, they are the passive resistive force-moment values.

With respect to the joint axis system, as mentioned earlier, 
these force sweeps take place in a direction of increasing 6, and at 
an approximately constant-<j> value. By then rotating the restraint 
positioning system about its pitch axis, a series of constant-cj) sweeps
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are obtained. In this way the tests are performed as four sub-series 
with each sub-series discernible by its own experimental set-up 
configuration as shown in Fig. 4.11. The groupings consist of 
constant-<|> sweeps in: 1) the upper-rear quadrant (0°< <|> < 90°), 2)
the lower-rear quadrant (90° < <}> < 180°), 3) the lower-front quadrant 
(180° < <J> < 270°, and 4) the upper-front quadrant (270° < 4> < 360°).

The data obtained according to the procedure outlined above are 
analyzed as follows. First, the force (F) and moment (M) vectors 
obtained from the force applicator transducer are used to calculate a 
total moment vector with respect to the center of the best-fitted 

sphere

“ t o t a l  ’  "  + C *  P

where t is the moment arm vector from the center of the best-fitted 

sphere to the point of force application. Next, the total moment 
vector is resolved into components along and perpendicular to the 
moment arm vector. The component along the moment arm vector is then 
discarded, since it does not serve to restore the moving segment to an 
orientation within the maximal voluntary hip complex sinus. Finally, 
a "normalized" moment arm vector of unit length, i.e., one meter, 
along the moment arm vector is used together with the remaining moment 
component (the passive resistive moment vector) to calculate the 
passive resistive force vector. Since the moment arm is normalized to 
one meter, the magnitude of the resistive force vector is the same as 
that of the resistive moment vector. We shall refer to this magnitude
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Fig. 4.11 Representative test configurations in each of the four quadrants: 
1) upper-rear, 2) lower-rear, 3) lower-front, 4) upper-front



as the passive resistive force (moment) property, which is assumed to 

be a function of <|> and 0 in this study with respect to the local 
joint axis system.

Pigs. 4.12-4.14 show the constant resistive force (moment) 
contour maps for three subjects on the modified joint axis system.

q
(2.5, 2.5)(-2.5, 2.5)

eo; 120

(2.5,-2.5)(-2.5,-2.5)

Fig. 4.12 Constant resistive force (moment), in Newtons
(Newton-Meters), contour map on the modified joint 
axis system, in radians, for subject No. 1. The maximal 
voluntary hip complex 3inus (inner dashed) and the 
maximal forced sinus (outer dashed) are also indicated.
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Fig. 4.15 displays the "goodness" of the curve fitting for the raw 
data of several constant-^ sweeps for the first subject. In 
Figs. 4.12-4.14, the respective maximal voluntary hip complex sinuses

q
(2.5, 2.5)(-2.5, 2.5)

(2.5,-2.5)(-2.5,-2.5)

Fig. 4.13 Constant resistive force (moment), in Newtons
(Newton-Meters), contour map on the modified joint 
axis system, in radians, for subject No. 2. The 
maximal voluntary hip complex sinus (inner dashed) 
and the maximal forced sinus (outer dashed) are 
also indicated.
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and maximal forced sinuses are also indicated. Finally, Figs. 4.16- 
4.18 show the globographic representations of the maximal forced 
sinuses together with the maximal voluntary sinuses (run No. 1) for 
the three subjects.

q
(2.5, 2.5)(-2.5, 2.5)

120

(2.5,-2.5)(-2.5,-2.5)

Fig. 4.14 Constant resistive force (moment), in Newtons
(Newton-Meters), contour map on the modified joint 
axis system, in radians, for subject No. 3. The 
maximal voluntary hip complex sinus (inner dashed) 
and the maximal forced sinus (outer dashed) are also 
indicated.
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Fig. 4.i5 Raw data and the fitted curves (drawn from Fig. 4.12) 
for several constant-<{> sweeps.

90



/ /  /  /  ! \  \  N  X
■ri— /— t  1----1--- V — 'T'N

j (90°. 90°)̂ I » \ \\!O°,90°) | \ I* T— | rjI i !1 I I' I J1 J I
a

i  / ' a *  - T - ? - A r '

■fb ■fb

Fig. 4.16 Globographic representations of the maximal voluntary 
(inner curve) and forced (outer curve) sinuses for 
subject Mo. 1.
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Fig. 4.17 Globographic representations of the maximal voluntary 
(inner curve) and forced (outer curve) sinuses for 
subject No. 2.
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Fig. 4.18 Globographic representations of the maximal voluntary 
(inner curve) and forced (outer curve) sinuses for 
subject No. 3.

4.4 Statistical Data Base for the Biomechanical Properties of 
the Human Hip Complex

Since the functional expansions used herein are the same as those 
used for the shoulder complex, the statistical analysis is the same as
presented in Section 3.6; thus it will not be repeated here.

Table 4.2 lists the expansion coefficients of the hip complex 
sinuses for all ten subjects. This table also lists the sample means 
and sample variances of the ten coefficients. Fig. 4.19 displays
these ten sinuses as well as their sample mean, 0(<1>), and 6
(<j>) + S q ((]>). Fig. 4.20 shows the globographic representations of the 

latter three. Fig. 4.21 shows the 0 and 0 + Sg curves for two
different runs. Again, this figure reveals good repeatability of the

hip complex sinus tests.
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Table 4.2 Expansion coefficients of the hip complex sinuses
for all ten subjects

COEFFI­

CIENTS
C1 C 2 C 3 C4 C 5 C 6 C 7 C 8 C9 C 10

1 0 . 3 9 5 7 1 - 1 0 .0 8 7 0 3 - 0 . 0 0 4 2 8 - 0 . 1 1 1 6 3 0 . 5 6 7 1 5 - 0 . 0 2 0 8 2 - 0 . 0 0 6 0 8 - 0 . 5 5 8 3 7 - 0 . 1 3 5 4 8 0 . 1 3 0 4 0

2 0 . 4 1 4 9 8 - 0 . 0 3 7 2 7 - 0 . 0 3 5 8 6 - 0 . 1 5 6 4 6 0 . 2 6 4 6 0 0 . 2 5 2 0 2 0 . 0 2 1 2 8 0 . 1 5 1 0 8 - 0 . 0 8 6 0 0 - 0 . 3 1 3 3 3

3 0 . 6 6 3 7 4 - 0 . 0 1 9 8 9 0 . 0 1 3 1 1 - 0 . 1 4 7 9 2 0 . 3 3 1 3 1 0 . 0 4 3 4 0 0 . 0 0 4 0 0 - 0 . 4 3 2 1 4 0 . 0 3 3 1 7 0 . 1 9 5 2 3

SU B J.
NO.

i 0 . 6 4 8 3 6 0 . 0 5 7 4 7 - 0 . 0 9 8 7 8 - 0 . 2 7 6 5 2 0 . 3 8 4 9 4 0 . 0 1 2 6 8 0 . 0 9 6 3 5 - 0 . 1 3 0 5 7 - 0 . 1 5 4 7 4 - 0 . 0 0 9 4 2

5 0 . 4 1 7 2 8 - 0 . 0 3 5 8 7 - 0 . 0 1 4 5 5 - 0 . 2 1 8 3 2 0 . 3 8 2 6 8 - 0 . 0 2 4 5 3 . 0 .0 0 8 9 0 - 0 . 0 0 6 7 5 - 0 . 1 9 5 8 2 0 . 1 4 7 6 6

6 0 . 5 7 1 7 9 0 . 0 5 6 7 7 0 . 1 3 9 3 6 - 0 . 1 0 6 6 5 0 . 2 5 7 1 1 - 0 . 4 2 2 1 3 - 0 . 0 9 6 4 3 - 0 . 2 6 9 4 6 - 0 . 2 3 6 0 3 0 . 7 7 5 5 4

7 0 . 5 8 0 8 9 0 . 0 1 7 9 5 - 0 . 1 1 1 3 9 - 0 . 2 3 7 1 8 0 . 5 2 7 5 0 0 . 0 6 7 3 8 0 . 1 1 4 6 1 - 0 . 2 2 1 7 5 - 0 . 2 6 8 0 9 0 . 0 2 2 0 8

8 0 . 5 6 6 6 5 0 . 0 7 3 0 4 0 . 0 7 2 9 0 - 0 . 0 4 7 9 8 0 . 2 1 8 2 2 - 0 . 1 1 7 1 4 - 0 . 0 8 4 7 6 - 0 . 3 0 5 0 3 0 . 3 5 8 3 5 0 . 2 9 3 3 1

9 0 . 4 2 3 8 7 - 0 . 0 4 1 9 9 - 0 . 1 1 6 1 2 - 0 . 1 3 3 4 3 0 . 2 8 7 8 6 - 0 . 2 1 2 5 3 0 . 0 9 0 0 7 - 0 . 2 7 2 0 6 0 . 1 6 3 0 8 0 . 3 7 7 6 2

10 0 . 5 4 7 2 4 0 . 0 4 1 3 5 0 . 1 8 2 0 3 0 . 0 5 5 4 9 0 . 3 1 6 2 0 - 0 . 0 1 8 2 2 - 0 . 1 7 3 1 1 - 0 . 5 2 4 8 4 0 . 1 6 2 2 4 0 . 2 1 1 7 4

S a m p le
Mean 0 . 5 2 3 0 5 0 . 0 0 2 4 5 0 . 0 0 2 6 4 - 0 . 1 3 8 0 6 0 . 3 5 3 7 6 - 0 . 0 4 3 9 9 - 0 . 0 0 2 5 2 - 0 . 2 5 6 9 9 0 . 0 1 1 2 7 0 . 1 8 3 0 8

S a m p le
V a r i a n c e 0 . 0 1 0 2 9 0 . 0 0 2 9 2 0 . 0 1 0 5 7 0 . 0 0 9 2 4 0 . 0 1 3 2 7 0 . 0 3 2 1 3 0 . 0 0 8 6 1 0 . 0 4 9 1 5 0 . 0 4 4 0 9 0 . 0 7 9 4 9
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Pig. 4.19 Hip complex sinuses for all_ten subjects (dotted curves).
Solid curves are for 9 and 9 + Sg.
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Fig. 4.20 Globographic representations of 9 and 0 + Sg.
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Pig. 4.21 9 and 9 + Sg for two different runs.

For the confidence level of 95%, Fig. 4.22 shows the confidence 
interval of the population mean, and Fig. 4.23 its corresponding 
globographic representation.

Table 4.3 lists the expansion coefficients as well as their 
sample means and sample variances of the passive resistive force 
(moment) data for all ten subjects. Table 4.4 lists the expansion 
coefficients of the maximum forced sinuses for all ten subjects.
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Fig. 4.23 Globographic representation of the Confidence Interval 
for the population mean.
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Table 4.3 Expansion coefficients of the passive resistive
force (moment) data for all ten subjects.

COEFFI­

CIENTS
C1 C 2 C3 C 4 C 5 C 6 C 7 C 8 C 9 C 10

1 - 4 . 9 3 - 1 . 3 7 1 5 . 1 2 5 9 . 2 4 9 4 . 9 7 1 4 3 . 8 9 - 7 . 9 4 - 3 . 7 0 1 6 . 6 3 - 1 1 . 3 4

2 - 8 . 6 7 - 7 . 6 8 5 7 . 9 6 5 9 . 7 3 4 9 . 1 3 8 7 . 6 1 5 . 8 5 1 8 . 7 2 1 8 . 1 9 - 1 4 . 1 9

3 - 9 . 1 1 - 6 . 5 5 1 2 . 4 7 5 0 . 2 3 4 0 . 1 6 7 5 . 2 5 - 2 . 0 9 - 5 . 5 8 1 3 . 3 3 1 8 . 9 8

SU B J.
NO.

4 - 7 . 1 3 - 0 . 6 4 1 4 . 6 5 8 3 . 4 8 6 9 . 2 5 8 1 . 2 2 - 2 . 2 4 - 2 3 . 4 8 - 2 9 . 0 1 - 2 4 . 0 3

5 - 1 4 . 4 5 7 . 8 5 3 4 . 8 1 6 6 . 8 4 6 0 . 8 1 1 0 6 . 3 9 3 . 8 1 1 4 . 8 0 1 1 . 7 4 - 1 3 . 5 9

6 - 2 . 1 8 - 2 . 8 4 2 0 . 2 9 4 5 . 5 6 4 6 . 4 8 8 9 . 2 9 1 . 3 0 - 2 0 . 5 5 - 2 7 . 3 4 - 1 4 . 4 6

7 - 1 7 . 8 4 5 . 4 4 1 8 . 0 3 7 2 . 5 8 3 9 . 3 3 7 3 . 4 9 2 . 9 2 1 4 . 3 8 2 2 . 4 0 - 4 . 7 3

8 - 1 . 4 9 - 7 . 8 0 1 1 . 0 3 3 9 . 6 8 4 7 . 8 8 7 9 . 2 2 2 . 5 6 5 . 1 3 1 0 . 7 2 - 1 0 . 5 7

9 - 1 2 . 4 8 3 . 1 2 1 7 . 8 7 6 3 . 9 4 7 1 . 4 5 1 0 2 . 0 9 2 . 1 7 9 . 0 4 1 5 . 2 0 - 1 3 . 5 1

LO - 5 . 8 6 - 6 . 1 8 2 0 . 9 8 5 3 . 1 7 5 4 . 4 8 1 1 2 . 7 0 1 . 2 8 - 1 9 . 8 2 - 2 6 . 1 7 - 1 8 . 8 5

S a m p le
Mean - 8 . 4 1 - 1 . 6 6 2 2 . 3 2 5 9 . 4 4 5 7 . 3 9 9 5 . 1 1 0 . 7 6 - 1 . 1 1 2 . 5 7 - 1 0 . 6 3

S a m p l e
V a r i a n c e

2 7 . 7 2 3 1 . 6 1 2 0 0 . 6 1 1 7 0 . 3 3 2 9 6 . 8 3 4 7 3 . 5 8 1 5 . 3 9 2 5 3 . 7 0 4 4 2 . 0 6 7 1 3 3 . 7 3



Table 4.4 Expansion coefficients of the maximum forced sinuses

COEFFI­

CIENTS
C1 C 2 C 3 C 4 C 5 C 6 C 7 C 8 C 9 C 10

1 0 . 8 6 0 2 2 - 0 . 2 9 4 4 4 0 . 4 3 9 0 8 - 0 . 8 9 1 0 8 - 0 . 0 1 0 6 4 0 . 3 7 8 4 9 - 0 . 5 3 3 8 1 0 . 6 0 1 2 3 0 . 3 7 7 3 3 - 0 . 3 5 8 1 7

2 0 . 8 7 9 1 0 - 0 . 1 6 3 9 6 0 . 2 1 1 1 7 - 0 . 6 1 1 6 8 0 . 0 2 4 9 3 - 0 . 0 3 3 2 3 - 0 . 2 8 1 6 0 0 . 2 9 6 5 4 0 . 0 7 1 1 4 0 . 0 3 1 6 4

3 0 . 9 5 9 5 3 - 0 . 3 0 1 4 2 0 . 3 7 9 3 3 - 0 . 5 2 9 3 5 0 . 1 2 9 0 8 0 . 1 6 4 1 9 - 0 . 3 3 1 6 8 0 . 3 5 8 9 7 0 . 0 0 0 0 0 0 . 0 0 0 0 0

SU B J.
NO.

4 0 . 9 5 0 1 5 - 0 . 0 6 7 4 3 0 . 0 2 8 3 0 - 0 . 4 6 7 6 5 0 . 2 0 0 0 0 - 0 . 1 6 9 3 4 - 0 . 0 7 7 3 1 0 . 1 2 6 0 8 0 . 0 0 0 0 0 0 . 0 0 0 0 0

5 0 . 7 9 4 7 7 - 0 . 1 1 0 0 9 - 0 . 0 1 4 1 9 - 0 . 3 6 8 4 1 0 . 3 0 2 0 7 0 . 2 2 0 3 0 0 . 1 5 2 8 9 - 0 . 0 5 1 8 2 0 . 1 2 8 0 5 - 0 . 2 6 0 3 8

6 0 . 9 6 2 6 4 - 0 . 0 0 5 8 7 0 . 1 7 3 7 0 - 0 . 4 5 3 5 0 0 . 8 1 1 1 7 0 . 5 0 2 6 7 - 0 . 0 2 4 7 8 - 0 . 5 0 5 4 1 - 0 . 2 2 9 5 8 - 0 . 0 7 3 0 6

7 0 . 7 6 1 4 0 0 . 0 2 4 7 5 0 . 0 1 7 7 0 - 0 . 3 0 2 8 2 0 . 6 7 4 5 7 - 0 . 1 0 8 1 9 0 . 0 3 9 6 2 - 0 . 2 7 9 2 6 - 0 . 3 0 7 6 5 - 0 . 1 7 0 1 0

8 0 . 8 2 1 5 4 - 0 . 0 5 8 5 9 0 . 4 3 5 6 7 - 0 . 6 2 2 9 0 0 . 3 0 1 0 9 - 0 . 4 5 8 3 8 - 0 . 3 1 2 6 9 0 . 4 2 1 1 8 - 0 . 0 0 4 8 9 0 . 3 1 6 4 8

9 0 . 6 1 9 9 5 - 0 . 1 7 7 4 3 0 . 3 6 1 4 3 - 0 . 6 1 9 0 3 0 . 7 0 7 2 9 - 0 . 3 4 4 5 1 - 0 . 4 9 2 9 7 0 . 3 8 5 4 6 - 0 . 2 7 6 0 2 0 . 3 7 8 7 7

10 1 . 0 5 7 0 2 0 . 0 1 5 8 2 0 . 3 3 1 1 3 - 0 . 1 4 9 1 5 0 . 3 4 0 1 6 0 . 6 7 8 4 5 - 0 . 4 3 8 6 5 - 0 . 3 3 9 9 4 - 0 . 1 8 2 8 0 - 1 . 0 4 7 2 0

S a m p le
Mean 0 . 8 6 6 6 3 - 0 . 1 1 3 8 7 0 . 2 3 6 3 3 - 0 . 5 0 1 5 6 0 . 3 4 7 9 7 0 . 0 8 3 0 4 - 0 . 2 3 0 1 0 0 . 2 0 2 3 8 - 0 . 0 6 8 0 5 - 0 . 1 1 8 2 0

S a m p le
V a r i a n c e 0 . 0 1 5 6 0 0 . 0 1 4 1 4 0 . 0 3 1 5 9 0 . 0 4 2 0 0 0 . 0 8 4 1 6 0 . 1 3 7 0 0 0 . 0 5 6 6 2 0 . 1 0 6 9 1 0 . 0 4 1 6 1 0 . 1 5 9 1 0



Fig. 4.24 superimposes the sample means of the passive resistive 
property, the maximum voluntary and forced sinuses. Finally, Fig. 4.25 
shows the globographic representations of the sample means of the 
maximum voluntary and forced sinuses.

Based on the numerical results shown in Fig. 4.24, several
observations and remarks concerning the passive resistive properties 
of the human hip complex beyond the maximal voluntary sinuses can be 
made:

1. The constant resistive force (moment) contours are not
simply an outward conformal expansion of the maximal
voluntary sinus as one might surmise and adopt to use in 
currently existing multisegmented total-human-body models.

2. The two rear quadrants (0 < <j) < it) are the most important
regions in terms of pain threshold and injury potential. In 
this region, discomfort was observed at the force (moment) 
levels of approximately 60 to 80 Newtons (Newton-Meters), 
which are about 4.5 times those found on the shoulder
complex.

3. In the two front quadrants (ir < <j> < 2rr), no real discomfort
was observed due to adduction of the upper leg into the
opposite leg or the torso. In this region, the maximal 
forced sinus is based on the 0 values reached as far as 
possible during constant-<J> sweeps for the force (moment) 
levels which were applied.
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Fig. 4.24 Sample means of the passive resistive property, 
maximum voluntary sinus (inner dashed), and 
maximum forced sinus (outer dashed).
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Fig. 4.25 Globographic representations of the sample means of 
the maximum voluntary and forced sinuses.

100



5. BIOMECHANICAL PROPERTIES OF THE HUMAN HUMERO-ELBOW COMPLEX

5.1 Introduction

Two types o£ data are considered in this chapter: (1) the
maximum voluntary humero-elbow complex sinus, or, the angular range of 
the extreme allowable motion of the lower arm with respect to the 
upper arm whose axial rotation is permitted, and (2) the passive 
resistive properties beyond the full elbow extension with the lower 
arm in pronation.

The elbow complex is composed of three articulations: the
humeroradial, the humeroulnar, and the superior radioulnar; it has 
been modeled as a trochoginglymus joint possessing two rotational 
degrees of freedom (flexion-extension and pronation-supination) by 
most investigators (Dempster, 1955; Steindler, 1973; Youm et al., 
1979). By utilizing the inserted Kirschner wires for defining 
coordinate axes and biplanar radiographs, Chao and Morrey (1979) were 
able to accurately isolate the three-dimensional rotation of cadaver 
forearms under passive elbow motion; the translatory components of the 
joint motion were ignored by assuming that the tight ligamentous 
constraints would limit such motion to small magnitudes. The 
additional component of rotation is referred to as the carrying angle 
(or abduction-adduction). Chao et al. (1980) also developed a device
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similar to the electrogoniometer for determining the three-dimensional 
angular motion occurring at living normal subject's elbow joint while 
performing different daily functions. The carrying angle normally 

disappears when the lower arm is pronated with the elbow in full 
extension. Due to the articular check (between the olecranon process 
and fossa) and the ligamentous constraints, excessive elbow extension 
beyond the maximum voluntary range may cause serious injuries.

5.2 Determination of the Humero-Elbow Complex Sinus

Both kinematic and force application tests for the elbow joint 
are shown in Fig. 5.1. This figure also shows the upper arm restraint 
fixture. The fixed longitudinal axis of the upper arm with respect to 

the torso is chosen tocoincide with the z-axis of the statistical mean 
joint axis system established for the shoulder complex in Section 3.2. 
In the author's opinion, by positioning the upper arm in this 
orientation, the shoulder complex is in a state of maximum laxity. As 
shown in Fig. 5.2, the mean joint axis system is uniquely obtained by 
first rotating the torso axis system by the mean angle 59°) about
the zfcg-axis and then rotating the intermediate (primed) axis system 
by the mean angle 9m (= 79°) about the y'-axis. In this study, this
mean joint axis system is also naturally selected as the fixed
reference frame (fixed-body axis system) for performing the kinematic 
analyses of the forearm; the origin of this fixed-body axis system is
conveniently chosen to be the center of the humeral head.

Since the upper arm is only permitted to rotate about its 
longitudinal (long-bone) axis, its translational degrees of freedom
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Fig. 5.1 Kinematic and force application tests for the 
elbow complex.

are prohibited by the shoulder part of the torso restraint shell, and 
the other two rotational degrees of freedom are eliminated by 
fastening the upper arm onto a rigid fixture (whose direction, of 
course, is along the z^-axis of the fixed reference frame) with three 
Velcro straps.

103



*
Zt.

Fig. 5.2 Relative orientation of the mean joint axis system, 
or the fixed-body axis system, (xfb# Yfb» z£b) and 
the torso axis system, (x , y , z ).w9 tS CS

An orthotic brace made of heat-moldable orthoplast is used in 

order to mount the six sonic emitters on the lower arm to monitor its 
rigid-body kinematics. Two Velcro straps are used to hold the brace 
on the lower arm. In addition, by letting the hand hold a pole which 
extends from the brace, the wrist complex is fixed so that the forearm
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muscles are held in a stable configuration. This orthotic device thus 
eliminates the relative shifting motion between the forearm and the 
brace. The forearm cuff with six emitters affixed to it is then 
rigidly attached to the brace by two screws. The forearm cuff is made 
of a rigid, cylindrical, plastic shell which extends about three- 
quarters of the way around the lower arm. It is believed that this 
orthotic configuration comes as close as possible to rigid body 
conditions, and provides for accurate measurement of forearm 
kinematics.

The procedure for quantitative determination of the humero-elbow 
complex sinus consists of the following steps: (1) immobilizing the
torso and upper arm, and defining the fixed body axis system as 
described before (also refer to Fig. 5.2), (2) having the subject move 

his forearm along the maximum voluntary range of motion and 
continuously monitoring, with respect to the fixed-body axis system, 

the 3-D coordinates of a distal point on the moving body segment; this 
point (to be referred to as the wrist joint reference point) is 
selected as being on the longitudinal axis of the forearm at the level 
of the styloid process, (3) fitting the wrist joint reference point 
coordinates to a sphere using the least-squares method, thus 
establishing a center for the best-fitted sphere and an idealized link 

length (radius of the sphere), (4) fitting a plane to the same wrist

joint reference point coordinates using the least-squares method; the 
normal to this plane (specified by the spherical coordinates (<j>n, 0n)
as shown in Fig. 5.3) establishes the pole (z. -axis) of a local joint3^
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9 \ Ik

Fig. 5.3 Relative orientation of the fixed-body (xfb» Yfbr 
Zgb) and the locally-defined joint (x.fc, y, , 
z.fc) axis systems. 3 ■*

axis system (for the humero-elbow complex) with respect to which the 

humero-elbow complex sinus, designated by the spherical coordinates 
(4>, 0) of the vector connecting the center of the best-fitted sphere 
with the wrist joint reference point, can be expressed as a single­
valued functional relationship, i.e., 6 = 9 (<}>).
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Since only the wrist joint reference point is monitored, the same 
initialization procedure as that used for the hip complex is employed.

Before the humero-elbow complex sinus test, the subject was 
instructed to move his forearm along its maximum voluntary range of 
motion in a counter-clockwise direction as viewed from the sensor

assembly. Preferred rotation of the forearm about its longitudinal 
axis was left up to the discretion of the subject in obtaining the 
maximum sinus. Several sweeps of this type were practiced before data 
were collected so that the subject could experiment with obtaining the 

largest possible range of motion. In order to help maintain a 
constant rate of motion during data collection, a large clock with an 
easily visible second hand was placed in front of the subject. The 
subject was instructed to imagine his forearm as the second hand, and 
to synchronize his circumscription with the clock's 60 second sweep. 
The firing rate of the sonic emitters was set at seven data records 
per second (as used for the shoulder and hip complexes) so that a 

total of 420 wrist joint reference points was collected for each 
complete humero-elbow complex sinus.

Table 5.1 lists the centers and radii of the best-fitted spheres
and (<t> , 9 ) values of the best-fitted planes for all ten subjects.'Tn n
With respect to each individual local joint axis system designated by 

(ct’n, 0n) i Figs. 5.4-5.6 show both the raw data and least-squares 
fitted values of the single-valued functional relationship, i.e., 
0 = 0 (<J)) of the humero-elbow complex sinus for three subjects. In 
these figures, only 72 raw data points (approximately equally spaced)
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Table 5.1 Centers and radii of the best-fitted spheres
and (A , 0 ) for all ten subjects, n n

SUBJECT CENTER (cm) RADIUS * n 9 n

NO.
x f b * f b Zf b (cm) ( d e g . ) ( d e g . )

1 - 0 . 0 6 0 . 1 9 2 8 . 7 6 2 9 . 5 8 - 5 7 . 2 5 7 4 . 4 7

2 0 . 4 3 0 . 1 2 2 5 . 9 0 2 9 . 6 2 - 4 0 . 5 7 7 1 . 4 2

3 0 . 6 9 0 . 9 6 2 7 . 1 1 2 9 . 7 2 - 5 7 . 5 1 7 0 . 9 2

4 1 . 6 2 - 0 . 2 0 2 8 . 1 4 3 1 . 1 2 - 4 3 . 4 4 7 0 . 2 1

5 - 1 . 2 2 - 0 . 3 0 2 2 . 0 9 2 8 . 3 8 - 6 7 . 3 3 5 8 . 7 5

6 - 0 . 7 2 - 1 . 5 1 2 5 . 0 0 2 9 . 9 3 - 5 5 . 0 6 6 6 . 6 9

7 - 0 . 7 7 0 . 8 8 2 6 . 7 9 3 0 . 9 6 - 4 2 . 7 3 7 5 . 4 5

8 - 0 . 4 3 0 . 6 6 2 7 . 7 3 3 0 . 2 4 - 5 3 . 7 4 6 8 . 0 1

9 - 1 . 2 7 1 . 0 1 2 6 . 9 0 2 9 . 3 9 - 3 7 . 9 2 7 3 . 9 9

10 - 1 . 1 0 0 . 2 1 2 6 . 5 1 2 8 . 6 9 - 5 5 . 7 0 5 9 . 9 4

S a m p l e
M ean - 0 . 4 2 0 . 2 0 2 6 . 4 9 2 9 . 7 6 - 5 1 . 1 4 6 8 . 9 8

S a m p l e  
S t .  D e v . 0 . 8 9 0 . 7 6 1 . 8 8 0 . 8 7 9 . 4 6 5 . 7 8

were plotted and used for curve-fitting of the functional expansion, 
Eq. (3.2.1). Figs. 5.7-5.9 display the globographic representations 
of these three functional expansion sinuses with respect to the fixed- 
body axis system.
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RUN

1.4
o<cc

cf> (RAD.)

2
RUN # 2

1.4

03
.8

,2 2 3 4 50 6 7
<£ (RAD.)

Fig. 5.4 Raw data and the functional expansions of the
humero-elbow complex sinus for subject No. 1.
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2 RUN

1.4

.8

.2 763 52 40
<f> (RAD.)

2 RUN #2

1.4

.8

2 2 30 4 5 6 7
(RAD.)

Pig. 5.5 Raw data and the functional expansions of the
humero-elbow complex sinus for subject No. 2.
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2
RUN

1.4

.8

,2 43 5 6 70 2
<f> (RAD.)

2
RUN # 2

1.4

.8

2 4 6 73 520
(RAD.)

Pig. 5.6 Raw data and the functional expansions of the
humero-elbow complex sinus for subject No. 3.
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Fig. 5.8 Globographic representation of Fig. 5.5.
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5.3 Determination of the Passive Resistive Properties 
Beyond the Full Elbow Extension

Since the force applicator is constrained to motion in a level 
horizontal plane by a track-mounted trolley system located overhead,
• O oit is necessary to tilt the torso, while sitting, 11 (= 90 - 0 )m
about xfcs-axis so that the upper arm is also parallel to the ground. 
The subject was first instructed to pronate his forearm to face the 
ground and to fully extend it. The force applicator was then 
positioned vertically at the same level as the subject's forearm, and 
the transducer front was positioned near the wrist joint. The 
subject's forearm was next forced beyond its full extension in a 

quasi-static manner until the subject started experiencing discomfort. 
During the entire course of the test, the subject was instructed to
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let his forearm hang limply and not to actively (muscularly) resist 
the motion of the test.

The data collected according to the foregoing procedure were 

analyzed as follows. First, the force (F) and moment (M) vectors 
obtained from the force applicator transducer were used to calculate a 
total moment vector with respect to the center of the best-fitted 
sphere (described in Section 5.2):

M.. , - M + r x F  total

where r is the moment arm vector from the center of the best-fitted 
sphere to the point of force application. Next, the total moment 
vector was resolved into components along and perpendicular to the 
moment arm vector. The component along the moment arm vector was then 
discarded, since it does not serve to restore the forearm towards its 
full extension position. Finally, a "normalized" moment arm vector of 
unit length, i.e., one meter, along the moment arm vector was used 
together with the remaining moment component (the passive resistive 
moment vector) to calculate the passive resistive force vector. Since 
the moment arm is normalized to unit length, the magnitude of the 
resistive force vector is the same as that of the resistive moment 

vector. We shall refer to this magnitude as the passive resistive 
force (moment) property, which is expressed as a function of a, or the 

angular displacement from the full elbow extension. In calculating 
this angle, the line connecting the center of the best-fitted sphere 

and the distal wrist joint reference point is used as the longitudinal 
axis of the forearm.
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Figs. 5.10-5.12 show two runs of both the raw data and the curve- 
fitted function values of the passive resistive force (moment) 
properties for three subjects. The expansion function used is of the

following polynomial form:

f(a) = cx + c2a + c3a2 + c4a3 (5.3.1)

5.4 Statistical Data Base for the Biomechanical Properties of
the Human Humero-Elbow Complex

Since the functional expansion used for the humero-elbow complex 
sinus is the same as that used for the shoulder complex sinus, the 
statistical procedure is the same as discussed in Section 3.6. 

Table 5.2 lists the expansion coefficients of the humero-elbow complex 
sinuses for all ten subjects. Fig. 5.13 shows the ten sinuses as well 
as their sample mean, 9 (<J>), and 0(<]>) + Sg(<j>). Fig. 5.14 displays the
globographic representations of 0 and 0 + Sg in the fixed-body axis
system. Fig. 5.15 shows the 0 and 0 + Sg curves for two different
runs. Good repeatability is observed. Finally, Fig. 5.16 shows the 
confidence interval for the population mean and Fig. 5.17 shows its 
corresponding globographic representation.

Table 5.3 lists the expansion coefficients of the passive 
resistive properties beyond the full elbow extension for all ten 
subjects. From Eqs. (5.3.1), (3.4.6), and (3.4.7), one obtains the
sample mean,

f(a) = cx + c2a + c3a2 + c4a3 (5.3.2)
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Fig. 5.11 Raw data and functional expansions of the
passive resistive property for subject No. 2.
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and the unbiased sample variance,

s?(a) = s2 + s2 a2 + s2 a4 + s2 a6 (5.3.3)r ^  u2 c3 c4

Fig. 5.18 shows f(a) for all ten subjects as well as their sample mean 
f and f + S^.

The fast-increasing feature of the passive resistive property 
reveals the characteristic of the articular check occurring at the 
elbow joint. Human tolerance beyond the full elbow extension, based 
on the ten subjects tested, is found to be about 10 to 15 N(N-M) at 
about 10 to 15 degrees of hyperextension.
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Table 5.2 Expansion coefficients of the humero-elbow complex
sinuses for all ten subjects.

COEFFI­

CIENTS
C 1 C 2 C 3 C4 C 5 C 6 C 7 C 8 C9 c i o

1 0 . 9 4 6 6 0 - 0 . 2 0 9 3 1 0 . 3 5 9 6 5 - 0 . 1 1 3 9 9 0 . 0 9 7 6 2 - 0 . 0 3 9 8 4 - 0 . 3 0 9 3 6 - 0 . 0 2 2 2 3 0 . 0 4 5 0 1 0 . 1 6 1 6 0

2 1 . 0 0 2 9 8 - 0 . 1 1 9 2 2 0 . 1 1 9 9 5 0 . 0 5 7 5 8 0 . 0 4 3 6 9 0 . 1 5 9 9 1 - 0 . 1 2 8 7 9 - 0 . 0 3 2 3 6 - 0 . 0 9 7 9 5 0 . 3 1 7 7 2

3 1 . 0 6 8 3 0 - 0 . 0 8 2 3 7 0 . 2 7 8 2 6 0 . 1 0 6 5 0 - 0 . 0 2 8 0 4 0 . 0 6 4 1 8 - 0 . 2 9 6 5 4 - 0 . 3 4 2 6 1 0 . 0 1 9 9 7 0 . 1 1 0 7 3

SU BJ.
NO.

4 1 . 3 5 0 4 2 - 0 . 0 9 6 4 9 0 . 2 3 3 9 2 0 . 0 0 3 3 5 - 0 . 0 0 3 4 1 0 . 0 5 9 6 2 - 0 . 2 4 8 5 4 - 0 . 1 5 3 2 8 0 . 0 8 4 5 4 0 . 1 7 9 9 8

5 0 . 8 3 2 7 1 - 0 . 3 3 2 4 2 0 . 4 0 5 2 0 - 0 . 0 5 8 9 1 - 0 . 0 1 6 2 6 - 0 . 0 8 2 2 4 - 0 . 3 1 6 0 6 - 0 . 1 1 0 7 1 0 . 2 0 7 2 7 0 . 2 0 2 0 6

6 1 . 1 9 4 2 6 - 0 . 2 7 4 9 8 0 . 4 0 9 0 7 0 . 0 3 3 1 5 0 . 1 4 4 4 0 - 0 . 2 8 9 2 5 - 0 . 2 4 9 6 8 - 0 . 0 3 6 3 2 - 0 . 1 7 1 7 0 0 . 7 0 4 8 1

7 1 . 2 0 4 5 5 - 0 . 1 3 0 0 6 0 . 5 1 4 2 5 - 0 . 0 5 0 0 6 0 . 0 2 7 1 9 0 . 1 8 9 8 3 - 0 . 1 5 0 3 5 - 0 . 1 5 8 0 4 - 0 . 1 6 4 6 1 0 . 1 3 5 1 6

8 1 . 1 7 0 0 2 - 0 . 0 5 7 8 3 0 . 1 3 0 4 1 - 0 . 0 3 6 8 9 - 0 . 0 4 2 3 6 0 . 0 8 7 4 5 - 0 . 1 3 6 7 0 - 0 . 1 0 2 8 1 - 0 . 1 3 7 3 0 0 . 1 1 9 1 4

9 1 . 0 1 3 0 6 - 0 . 0 8 7 5 0 0 . 2 3 5 6 9 - 0 . 0 6 5 8 0 0 . 0 8 8 5 2 - 0 . 1 7 9 8 6 - 0 . 2 2 6 0 6 - 0 . 1 9 7 2 5 - 0 . 0 8 1 1 7 0 . 5 1 5 1 5

10 1 . 0 3 8 3 5 - 0 . 3 8 8 6 0 0 . 4 6 0 5 4 - 0 . 1 5 2 9 1 - 0 . 1 0 4 7 2 - 0 . 1 6 7 2 0 - 0 . 3 6 2 3 1 - 0 . 4 0 1 3 7 0 . 1 3 0 1 3 0 . 6 6 8 6 8

Sample
Mean 1 . 0 8 2 1 3 - 0 . 1 7 7 8 8 0 . 2 7 8 6 9 - 0 . 0 2 7 8 0 - 0 . 0 2 0 6 6 - 0 . 0 1 9 7 4 - 0 . 2 4 2 4 4 - 0 . 1 5 5 7 0 - 0 . 0 1 6 5 8 0 . 3 1 1 5 0

Sample
Variance 0 . 0 2 2 3 3 0 . 0 1 3 6 4 0 . 0 1 5 4 6 0 . 0 0 6 2 3 0 . 0 0 5 6 0 0 . 0 2 5 0 4 0 . 0 0 6 6 8 0 . 0 1 6 5 7 0 . 0 1 7 5 9 0 . 0 5 3 7 7
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Fig. 5.13 Humero-elbow complex sinuses for all ten subjects. 
Solid curves are for 9 and 0 + Sg.
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Fig. 5.14 Globographic representations of 9 and 9 + Sg.
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Table 5.3 Expansion coefficients of the passive
resistive properties beyond the full elbow

extension for all ten subjects.

COEFFI­
CIENTS C1 C2 C3 C4

SUBJ.
NO.

1 -0.29505 0.97641 -0.04239 0.00167

2 2.62520 0.12251 -0.01258 0.00397

3 1.21570 0.41974 0.04335 -0.00077

4 0.99568 0.36091 0.06439 -0.00104

5 0.97960 0.40776 -0.03570 0.00224

6 2.99000 0.47401 0.03703 -0.00111

7 -0.38531 0.81571 -0.01229 0.00029

8 1.00290 0.48261 -0.00950 0.00143

9 -0.28201 0.81601 -0.04942 0.00465

10 1.25800 0.22501 -0.00158 0.00031

Sample
Mean 1.01047 0.51007 -0.00187 0.00116

Sample
Variance 1.32818 0.07543 0.00148 0.00000

123



6. CONCLUDING REMARKS

In biomechanics research, many random variables associated with 
the human body are either normally distributed or have approximately 
normal distributions. Therefore, a sample of size ten utilized in 
this research is expected to provide reasonably good statistical 
estimations from the analyses presented herein. All the results were 
presented in a compact format and can thus be easily incorporated into 
the joint complex regions of the currently existing multisegmented
models of the total human body.

Prom a safety design point of view, the maximal forced sinus data 

presented in this work can be considered as a prelude towards
establishment of a criterion for the impending injury on the joint 
complexes studied. Any support/restraint or protective device should 
have the capability of restricting the range of motion of the moving 
body segment below the maximal forced sinus under most types of 

external loading conditions.

In conclusion, it is important to point out that biological 
materials, especially soft tissues, display nonlinear viscoelastic 

behavior. If we assume that the passive resistive response of the
soft tissues in the joint complexes can be modeled similar to the 
Kelvin viscoelastic material, i.e., elastic and viscous forces are
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additive, results presented in this work can lead one to the 
determination of the elastic component of the passive resistive force 

(moment) on a particular soft tissue. Thus, the next important 
research endeavor should be the determination of the velocity- 
dependent viscous component of the passive resistive force (moment) 

properties.
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APPENDIX A: SELECTED ANTHROPOMETRIC MEASUREMENTS OP TEN SUBJECTS

1 Subject Ho. 
0IMENSI0N8(craf ------

1 2 3 4 5 6 7 8 9 10

Height (Newtons) 300 778 800 689 832 734 801 734 734 690

Statue* 17S.2 188 175.2 183 173 182 183 180 134 187.6

Shoulder circumference 126.S 127 123.8 113 120.6 114.3 119.3 106.7 113 104.1

Haist circumference 93 86 89 73.7 94 79 88 83.8 81 73.7

Hr 1st circumference 16.a 18.4 18.9 17.8 17.8 17.a 17.8 17.8 17.8 17.8

Lower ara circumference 31.2 29.9 31.3 26.7 29.8 27.9 28.5 27.9 26.7 24.1

Bleeps cireuafaranc* 33.4 34.3 36.3 26.7 34.9 30.3 30.5 27.9 26.7 25.4

Thigh, upper cireuafaranc* 61.3 38 56 33.3 58.4 53.3 60 54.6 52 50.8

Thigh, lower circuafarance 42.3 42 44 .38.1 43.2 43.2 47 38.1 39 39.4

Calf cireuafaranc* 39.8 37 39.3 34.9 40.6 40.6 42 39.4 36.5 35.6

Ankle cireuafaranc* 23.4 26.3 26.7 26.7 25.4 26.7 27 23.4 28 25.4

roreara - wriat length 20.3 23 20.3 23.4 24.1 24 23.4 22.9 25.4 22.9

Shoulder - albow length 36 40 33.3 33 27.9 34 37 38.1 35.5 37

Shoulder - height, sitting 60 63 59.5 66 62 60 70 58.4 66 64

Shoulder breadth 51 30 SO 44 46 43 44 42 46 42

Chest breadth 32 34.5 31 33 33 32 34 33 34 31

Chast depth 28 27 26 24 25 24 26 24 21 13

Haist depth 27 24.3 23 20 24 18 24 21 21 18

Buttock - knee length 61 63.3 61 36 57 60 58 61 59 61

Buttock - popliteal length 49 54 30 55 50 so 32 50 56 57

Knee height, sitting 34 67 35.7 57 53 56 35 58 56 57

Bibow-to-elbow breadth 47 46 30.3 44 51 43 43 43 44 39

Bip breadth, sitting 39 37 38 37 39 35 41 38 37 34

Knee-to-knee breadth, sitting 23 22.3 23 20 23 25 23 23 22 19
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APPENDIX B: COMPUTER PROGRAMS FOR DATA ACQUISITION AND ANALYSIS

The following computer programs were used for the data 
acquisition and the associated data analysis described in this 
research work. They are derived from their prototypes used for
studying the shoulder complex (Engin and Peindl, 1985), and can be
used to study any joint complex as discussed in Chapter 2. Fig. B.l 
shows the flowchart for executing these programs. Data acquisition 
programs include LOCATE, INITLZ, IEEKIN, and FORCIO; data analysis 

programs include KINF4P, FORCMO, and CALEXP. A brief description for 

each program is provided below.

LOCATE: Calculates the direction cosine matrix and origin of the
RALD axis system in terms of the sensor assembly axis system. 
Output from this program is used for determining the fixed-body 
axis system by both KINF4P and FORCMO.

INITLZ: Performs the initialization procedure as described in
Section 2.2 for the interrelationships between the moving-body 
axis system and the six emitters on the moving body segment. 
Output from this program is used for selection of the "most 
accurate" system by both KINF4P and FORCMO.
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FORCIO

INITLZ

IEEKIN

CALEXP

LOCATE

FORCMOKINF4P

Fig. B.l Flowchart for data acquisition and associated 
data analysis.

IEEKIN: Collects slant range data from the six emitters on the

moving-body segment. This program is used for the joint complex 

sinus tests in this work, and can also be applied to collect any 
kind of kinematic data. Data from this program are analyzed by 

KINF4P.
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FORCIO: Collects slant range data from the six emitters on the
moving-body segment and the three emitters on the force 
applicator. It also collects digital data from the force/moment 
transducer by means of a FORTRAN-callable macro subroutine OSUATD 

which exercises the Data Translation DT-1712 Analog-to-Digit 

converter. Data from this program are analyzed by FORCMO.

KINF4P: Analyzes the kinematics of a moving-body segment with
respect to a fixed-body segment by selecting the "most accurate" 
axis system on the moving-body segment.

FORCMO: Analyzes the kinematics (sweeping-type) of the moving-body
segment with respect to the fixed-body segment and calculates the 
passive resistive forces (moments). It requires the input of the 
coordinates of the best-fitted sphere center obtained by CALEXP.

CALEXP: Calculates the center and radius of the best-fitted sphere
to the joint complex sinus 'by least-squares method. It also 
calculates the best-fitted plane to the sinus and then transforms 
the sinus data into functional relationship with respect to the 
local joint axis system. Finally, the functional expansion of 
Eq. (3.2.1) is used to obtain the expansion coefficients for the 

joint complex sinus.
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PROGRAM LOCATEC
C THIS PROGRAM USES EMITTER DATA FROM THE 'RALD' TO
C CALCULATE THE DIRECTION COSINE MATRIX AND ORIGIN OF
C AN AXIS SYSTEM IN SPACE WITH RESPECT TO THE SENSOR BOARD
C AXIS SYSTEM
C

L06ICAL*1 RECDAT(88 > 5)>TEMP(88)
LOGICAL*l FiNAME(13)
DIMENSION R EC R D (20)>P 0 IN T(4 i3 )»P TA V G (4»3)»D EV (4»3)
DIMENSION AVGPT(4»3)»PT1<3),PT2(3>»PT3(3),PT4<3),RALDAX<3»3> 
DIMENSION CNTPT(3)f0UTPUT(24)»V<6»3)»A(3)»B<3>
REAL L1»L2
INTEGER IPARAM(6>5) >DSW>IOST<2) >IOSB(2)>F’RLA(6) ,CMDA(2)
COMMON /AC/ L1»L2
DATA I R E C / 1 / C M D A / % P '/N/O/KDIV/1/PTAVG/12*0.0/
DATA AVGPT/12*0.0/

C
C CREATE 2 OPEN OUTPUT FILE
C

WRITE(5»5)
READ(5»10) (F1NAME(I)»I=1»13)
CALL ASSIGN <1»F1NAME»13)
DEFINE FILE 1 (2»48»U»IREC)

C
C GET THE BUFFER ADDRESSES
C

CALL GETADR(IPARAM(1 * 1)»RECDAT(1»1))
CALL GETADR(IPARAM<1f2)fRECDAT(1»2))
CALL GETADR(IPARAM(1> 3)> RECDAT <1»3))
CALL GETADR<IPARAM<1f4> fRECDAT(1»4))
CALL GETADR(IPARAM(1»5)»RECDAT(1»5))
IPARAM(2,1>=88 
IPARAM(2>2)=88 
IPARAM<2,3)=88 
IPARAM<2»4)=88 
IPARAM<2»5)=88

C
C ATTACH IEEE BUS
C

CALL WTQIO (11420»2>1f *IOST»»DSW)
IF(DSW.NE»1)TYPE IEEE BUS WILL NOT PICK YOU UP TODAY!' 
IF(DSW.NE.l) GO TO 2000
IF<I0ST(1).NE*1)TYPE *»' IEEE BUS WILL NOT PICK YOU UP TODAY!' 
IF(I0ST(1)*NE*1) GO TO 2000 
CALL GETADR <PRLA(1)»CMDA<1)>
PRLA<2)=4

C
C SET UP DIGITIZER AS TALKER
C

CALL WTQIO (*420»2»1>»IOST»PRLA»DSW)
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IF(DSU.NE.1)TYPE IEEE BUS IS NOT TALKING TODAY!' 
IF(DSU.NE.l) GO TO 2000
IF(IOST<1)•NE»1)TYPE *»' IEEE BUS IS NOT TALKING TODAY!' 
IF(IOSTd).NE.l) GO TO 2000

C
C READ FIVE SETS OF POINT VALUES
C

K0UNT=1 
GO TO 30 

20 CALL WAITFR(IO)30 CALL Q10 <'1000»2 >10»»IOSB(1)»IPARAM(1»KOUNT)iDSW)
K0UNT=K0UNT+1 
IF(K0UNT«EQ»6) GO TO 50 
GO TO 20 

50 CALL UAITFR(IO)
CALL WTQIO<, 2000>2»1»»IO S T i fDSW)
CALL CLREF(IO)

C
C CALCULATE THE AVERAGE VALUES FOR THE FOUR POINTS
C
55 DO 100 KNT=1>5 

KDIV=KNT-N 
DO 60 11=1*88  
TEMP( I I ) =RECDAT(II*  KNT)

60 CONTINUEDECODE (88*300*TEMP) (RECRD(KK)*KK=1*20)
IF (K * G T ♦1) 60 TO 65
TYPE * i 'S L A N T  RANGE VALUES FOR FIRST RECORD:' 
W R I1E <5*900)(R EC R D (LK )*LK =1*20)

65 CALL COORD(RECRD* POINT *KNT)
DO 70 JK=1*4
IF(POINT(JK*1)*NE»0.0)G0 TO 70
URITE(5»560)KNT
N=N+1
IF(N.EQ,2) TYPE *»' TWO RECORDS CONTAIN ZERO VALUES. '
* t 'JOB FAILED!'
IF (N .E Q .2 )G 0  TO 2000  
GO TO 100 

70 CONTINUE
DO 90 J=1»4 
DO 80 1=1tZ
PTAVG(J»I)=PTAVG(J»I)+POINT(J»I)
AVGPT(J ,I)=PTAVG(J »I)/KDIV
DEV(J »I)=ABS(AVGPT(J fI)-POINT(J »I))
I F ( D E V ( J t I ) . L T . 0 . 2 5 )  GO TO 80  
W RITE(5»540)

80 CONTINUE 
90 CONTINUE 
100 CONTINUE

DO 110 JJ=1»3 
PT1(JJ)=AVGPT(1»JJ)
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F'T2 (J J) =AVGPT (2 r J J )
PT3(JJ)=AVGPT(3 f JJ)
F'T4( JJ)=AVGPT(4» JJ)

110 CONTINUE
DO 111 1=1>3 
V(1fI)=PT2(I)-PT1<I>
V(2»I)=PT3(I)-F‘T1(I)
V(3fI)=PT4(I)-PT1(I)
V(4»I)=PT3(I)-PT2(I)
V(5fI)=PT4(I)-PT3(I>
V<6»I>=PT2<I)-PT4(I>

111 CONTINUE
DO 112 I=l»6
U(I»l)=V(Ifl)**2+V(If2)**2+V(If3)**2 
V<I»1)=SQRT(V(I»1))

112 CONTINUE
C
C CALCULATE THE AXIS SYSTEM (RALBAX) AND ORIGIN (CNTPT)
C DO 120 1=1f3 

A(I)=PT4<I)-PT2(I)
B(I)=PT3(I)-PT2(I)

120 CONTINUE
CALL DRCMAT(A »B »RALDAX)
DO 130 J=l»3
CNTPT(J )=PT1(J )-8♦491#RALDAX(1»J )

130 CONTINUE
DO 140 K=l»3 
OUTPUT(K )=PT1< K )
OUTPUT(K+3)=RALDAX(1»K >
OUTPUT(K+6)=CNTPT(K)
OUTPUT<K+9)=PT2(K>
0UTPUT(K+12)=RALBAX(2»K)
0UTPUT(K+15)=PT3(K)
0UTPUT(K+18)=RALDAX(3»K)
OUTPUT(K+21)=PT4(K)

140 CONTINUE 
C
C PLACE INFORMATION IN DATA FILE
C

WRITE(5*580)
WRITE(5»600) (0UTPUT<I)»I=1»9)
WRITE<5»700) (OUTPUT(I)» I=10»15>
WRITE(5»700) (OUTPUT(I)» I=16»21>
WRITE(5f800) (OUTPUT(I)» I=22»24>
WRITE(5»820)WRITE<5»840)V(1»1)iV<4>1)»V<2»1>»V<5»1)fV(3»1)»V(6»1) 
WRITE (l'IREC) (OUTPUT(I)»I=1f24)
CLOSE (UNIT=1>
CALL CLREF(IO)

5 FORMAT( '%' i 'Enter the name to be diven to the data
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Jfile CS-133J')
10 FORMAT(13A1)
300 F0RMAT*4(F1«0>4F5»2*1X))
540 FORMAT ('OS' INACCURATE COORDINATE— DEV. EXCEEDS .25CM')
560 FORMAT('O'*'RECORD NUMBERi '*15*' CONTAINED ZERO VALUES AND 

i  HAS BEEN DELETED.')
5S0 FORMAT*'0*'T14*'POINT COORDINATES'*T52*'PLATFORM AXES w.r.t.

$BOARD'»T96»'CENTERPOINT (BASE)'*/)
600 FORMAT*' '»T10*3<F8.2)*T50*3*F9.4>iT92*3<F8.2))
700 FORMAT*' '*T10*3(F8.2)*T50*3(F9.4))
800 FORMAT*' '*T10*3(F8.2))
820 FORMAT('0'*T14*'DIMENSIONAL CHECK'//T5»'L6TH *l-2*l-3*l-4)=4.

&83cm'»T40*'LGTH < 2-3 * 3-4 * 4-2 > =7.67cm'*/>
840 FORMAT*' '»T10*'LGTH12=',T18*F5.2*T45*'LGTH23='»T53*F5.2/

&T10*'LG TH13='* T18 * F 5 .2 * T45 *'LG TH34='* T53 * F5.2/ 
&T10,'LGTH14='*T18»F5.2*T45*'LGTH42='*T53*F5.2)

900 FORMAT('0'*4(F3.0*4F7.2*4X))
2000 STOP 

END
C
C

SUBROUTINE DRCMAT(A*B*C)
C
C THIS SUBROUTINE CALCULATES THE DIRECTION COSINE MATRIX 
C FOR AN AXIS SYSTEM BASED ON TWO COPLANAR VECTORS (A and B).
C THE RESULTING MATRIX* C* IS ORTHOGONAL AND UNITARY.
C

DIMENSION A(3)*B(3)»C*3*3)
AMAG=SQRT<A(1>**2+A*2)*#2+A<3>##2)
BMAG=SQRT < B( 1 ) * * 2 + B ( 2 ) * * 2 + B ( 3 ) * * 2 )
C(2*1)=A(1)/AHAG
C*2*2)=A(2)/AMA6
C<2*3)=A<3>/AMAG
C(3*1)=B(1)/BMAG
C(3*2)=B<2>/BMAG
C(3*3)=B(3)/BMAG
C<1»1)=(C(2*2)*C*3»3))-<C(3*2)*C*2*3>>
C(l*2)=<C<3*l>*C<2»3)>-<C<2»i>*C<3»3>>
C*l*3)=<C*2*i)#C<3*2))-*C<3*l)#C(2*2))
C(3*1)=*C(1*2)#C<2*3))-<C(2*2)#C<1»3>)
C(3*2)=(C(2*l):kC(l*3))-(C(l*l)#C(2*3))
C(3>3) = (C*l*l)ilcC*2*2))-(C(2*l)#C(l*2))
DO 10 J=l*3CMAG=SQRT< C * J * 1> *#2+C(J * 2 > **2+C * J»3)*#2)
DO 5 1=1*3 
C(J*I)=C*J*I)/CMAG 

5 CONTINUE 
10 CONTINUE RETURN 

END
C
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c
SUBROUTINE COORD(RC2DAT,F'OINTfKNT)

C
C THIS SUBROUTINE CONFUTES THE X,Y»Z COORDINATES FOR THE SPARK
C GAPS IN THE BOARD REFERENCE SYSTEM BY PERFORMING CALCULATIONS
C ON THE SLANT RANGE DATA FROM THE FOUR CORNER MICROPHONES
C DIMENSION RC2DAT< 20),POINT < 4 > 3)

INTEGER CASE»KNT»SW 
REAL L1,L2»K1
DATA Ll/167.75/» L2/111.80/> Kl/3.90/
CASE=0
J=1
DO 110 I=l»16>5sw=i
KK=1
IF(RC2DAT(I+1) .EO. 0.0) KK=KK+1 
IF(RC2DAT(I+2) .EQ, 0.0) KK=KK+1 
IF<RC2DAT(I+3) .EQ. 0.0) KK=KK+1 
IF(RC2DAT(1+4) .EQ. 0.0) KK=KK+1 
IF(KK.GT,2) GO TO 115 
PA=RC2DAT(I+1)
PB=RC2DAT(1+2)
F'C=RC2DAT(I+3)
PD=RC2DAT(1+4)
IF  ( F'D»GE. PA, AND• PD♦GE. PB. AND. PD. GE. PC) CASE=1 
IF (PC.GE.PA.AN D.PC .G E.PB.AN D.PC.GE.PD) CASE=2 
IF (PB.G E.PA.AN D.PB .G E.PC.AN D.PB.G E.PD) CASE=3 
IF  < PA. GE. PB. AND. PA. GE. PC. AND. PA. GE. PD) CASE=4 
IF (P D  .EQ. 0 . 0 )  CASE=1 
IF (P C  .EQ. 0 , 0 )  CASE=2 
IF (P B  ,EQ. 0 . 0 )  CASE=3 
IF (F ‘A .EQ. 0 . 0 )  CASE=4 
GO TO (6 0 » 7 0 » 8 0 » 9 0 )  * CASE 

60 XC=( ( PA+K1) # * 2 -  ( ( PB+K1> * * 2 )  + L 1 * * 2 ) /  < 2 .  0 * L 1 )
IF(ABS(XC),GT.ABS(FA+K1)) GO TO 114
YC= ((F'A+Kl)**2-((PC+K1)**2) +L2**2)/ (2.0*L2)
F'P=SQRT ((F'A+Kl) #*2-XC**2)
IF(ABS(YC).GT.PP) GO TO 114 
ZC=SQRT((PP)**2-YC**2)
GO TO 100

70 XC= ((F'A+Kl) **2- ((F'B+Kl) **2) +L1**2)/<2.0*L1)
IF(ABS(XC)»GT,ABS<PA+K1)) GO TO 114
YC=((F'B+K 1) **2-< (F'D+K 1) **2)+L2**2) / (2. 0*L2)
F'F-SORT((PA+K1)**2-XC**2)
IF(ABS( YC) ,6T,F'P) GO TO 114 
ZC=SQRT((PP)**2-YC**2>
GO TO 100

80 XC=((F'C+Kl) **2- ((F'D+Kl) **2) +L1**2)/(2.0*L1)
IF(ABS(XC),GT,ABS(PC+K1)) GO TO 114
YC= ((PA+K1) **2- (< F'C+Kl) **2) +L2**2) / < 2. 0*L2)
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PP=SORT( ( PC+K1) * * 2 - X C * * 2 )
YCC0MF'=L2-YC
IF(ABS(YCCOHP)*GT.PP) GO TO 114 
ZC=SQRT( (P P )* *2 -Y C C 0 M P **2 )
GO TO 100

90 XC= < (PC+K1)#*2-((PD+K1)**2)+L1**2)/(2.0*L1)
IF(ABS(XC).GT.ABS<PC+K1>) GO TO 114 
YC= ((PB+K1) #*2- <(PD+K1) **2) +L2**2) / (2. 0*L2) 
F'P=SQRT ((PC+K1) **2-XC**2)
YCC0MF'=L2-YC
IF(ABS(YCCOMP).GT.PP> GO TO 114 
ZC=SGRT( ( PP) * * 2 - YCC0MP**2)

100 F '0 INT(J»1)=XC  
POINT(J»2)=YC  
P 0 IN T !J ,3 )= Z C  
J=J+1  
GO TO 110

114 SW=-1 
W R ITE(5f200)J»K NT

200 FORMAT( ' 0 ' » 'SF’ARKER' > I 4 »' IN  R E C . ' , I 3 » '  IN V A L ID ')
115 P 0 IN T ( J » 1 )= 0 .0  

P 0 IN T ( J » 2 )= 0 .0  
P O INT!J>3 ) = 0 . 0  
J=J+1
IF(SW .EQ. -1 ) G 0  TO 110 
WRITE(5»130)J»KNT  

130 FORMAT!' 0 ' » 'S PA R K E R '» I4» ' IN  R E C . ' , I 3 » '  IS  ZERO') 
110 CONTINUE 

RETURN 
END
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O 
o 

O
PROGRAM IN IT L Z

C
C THIS PROGRAM SPECIFIES THE INITIAL POSITIONING OF THE ARM
C CUFF WITH RESPECT TO THE HUMERUS. IT CALCULATES THE JOINT
C CENTER, LONG BONE AXIS, AND HUMERAL AXIS SYSTEM WITH RESPECT
C TO ALL THE AXIS SYSTEMS WHICH CAN BE OBTAINED BY THE VARIOUS
C COMBINATIONS OF THREE CUFF EMITTERS. IT ALSO ESTABLISHES A
C CRITERION FOR THE CHOICE OF THE THREE POINTS BY MEANS OF
C INTER-EMITTER DISTANCES AND AXIS SYSTEM SKEW ANGLES.
C LOGICAL*1 RECDAT(198,5),TEMP (198)

LOGICAL*l F1NAME(13)
DIMENSION RECRD(45) »F‘QINT(9,3) »F'TAVG(9»3) »DEV(9»3)
DIMENSION AVGPT < 9,3),VECMAG<15),COSMAT(60,3)
DIMENSION DRCOS( 3 » 3 > , NVEC(20  * 4 ) » LBVEC < 3 ) , JNTVEC( 2 0 , 3 )
DIMENSION JTVEC(5,3),H1(3),H2(3),H3(3)»HUMAX(3,3),HUMDRC(60>3) 
DIMENSION TEMP2(3»3)»F1(3)»G1(3)»V<5»4>
REAL LBVEC,JTVEC,JNTVEC,LBMAG,LI,L2
INTEGER IF'ARAM(6,5) »DSW,I0ST(2) »I0SB(2),PRLA< 6),CMDA(2)
DATA I R E C / l / C M D A / % P '/N/O/KDIV/l/PTAVG/27*0.0/
DATA AVGF*T/27*0.0/JTVEC/15*0.0/DATA NVEC/1,1,1,1,2,2,2,3,3,4,6,6,6,7,7,8,10,10,11,13,6,7,8,9 
S,10,11,12,13,14,15,10,11,12,13,14,15,13,14,15,15,2,3,4,5,3,4,5, 
S4,5,5,7,8,9,8,9,9,11,12,12,14,2,2,2,2,3,3,3,4,4,5,3,3,3,4,4,5,4
8,4,5,5/
COMMON /AC/ VEC(15,3)

C
C CREATE 8 OPEN OUTPUT FILE
C

WRITE(5,5)
READ(5»10) (FINAME(I),1=1,13)
CALL ASSIGN (1,F1NAME,13)
DEFINE FILE 1 (876,2,U,IREC)
GET THE BUFFER ADDRESSES
CALL GETADR(IPARAM(1,1),RECDAT(1,1))
CALL GETADR(IPARAM(1,2),RECDAT(1,2))
CALL GETADR(IPARAM(1,3),RECDAT(1,3))
CALL GETADR(IPARAM(1,4),RECDAT(1,4))CALL GETADR(IPARAM(1,5),RECDAT(1,5))
IPARAM(2,1)-198 
IPARAN<2»2)=198 
IPARAM(2,3)=198 
IPARAM(2,4)=198 
IPARAM(2,5)=198

C ATTACH IEEE BUS 
C

CALL WTQIO (*1420,2,1,,IOST,,DSW)
IF(DSW.NE.1)TYPE IEEE BUS IS NOT ATTACHED!'

136



IF(DSW.NE.l) GO TO 2000
I F d O S T d ) . N E . D T Y P E  IEEE BUS IS NOT ATTACHED!'
IFdOSTd)*NE«l) GO TO 2000 
CALL GETADR ( P R L A d ) » C M D A d ))
PRLA(2)=4

C
C SET UP DIGITIZER AS TALKER
C

CALL UTGIO ('420,2,1,*IOST*PRLA»DSW)
IF(DSW.NE.1)TYPE *,' DIGITIZER IS NOT TALKING!'
IF(DSU.NEd) GO TO 2000
I F d O S T d ) *NE» 1 )TYF‘E DIGITIZER IS NOT TALKING!'
IF(IOSfd)»NE*l) GO TO 2000

C
C READ FIVE SETS OF NINE POINT VALUES
C K0UNT=1 

GO TO 30 
20 CALL WAITFRdO)
30 CALL GI0<alO00'2'10"IOSBd>'IFARAHdfK0UNT)rDSU>

K0UNT=K0UNT+1 
IF(K0UNT*EQ*6) GO TO 50 
GO TO 20 

50 CALL WAITFRdO)
CALL WTQIO< *2000,2,1, ,IOST, ,DSW)
CALL CLREFdO)

C
C CALCULATE THE AVERAGE VALUES FOR THE NINE POINTS
C
55 DO 100 KNT=1,5

KDIV=KNT-N 
DO 60 11=1f198 
TEMP(II)=RECDAT(Ilf KNT)

60 CONTINUEDECODE (198»300»TEMP) (RECRD(KK)*KK=1145)
URIlE(5>1003) KNT»(RECRD<KK)»KK=1>20)
WRITE(5»1004)(RECRD(KK)>KK=21»45)
CALL COORD(RECRD»POINT»SW>KNT)
DO 70 JK=1»9IF (POINT(JKd).NE*0*0) GO TO 70
URITE(5*560) KNT
N=N+1
IF(N*EG*2)TYPE *»' TWO SWEEPS CONTAIN ZERO VALUES* JOB FAILED!' 
IF(N*EQ.2) GO TO 2000 
GO TO 100 

70 CONTINUE 
DO 90 J=l*9 
DO 80 1=1,3PTAVG(J»I)=PTAV6(J»I)+P0INT(J,I)
AVGPT(J ,I)=PTAVG(J ,I)/KDIV
DEV(J ,I)=ABS(AVGPT(J ,I)-POINT(J, I))
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IF(DEV<JjD . L T . 0.25) GO TO 80 
WRITE(5*540)

80 CONTINUE 
90 CONTINUE
100 CONTINUE 

URITE<5*3)
3 FORMAT('0')

TYPE *»' AVERAGE COORDINATES W.R.T. SENSOR BOARDJ'
TYPE **' X Y Z'
TYPE **' '
DO 101 1=1*9
TYPE **' SPARKER *'*1*(AVGPTtl*J>* J=l*3>

101 CONTINUE
DO iOOl 1=1*3
V < 1 * I >=AVGPT(2*1)-AVGPT(1»I)
V (2 * I)=AVGPT(4 >I)-AVGPT(3*1)
V (3 * I) =AVGF'T (6*1) - AVGPT (5*1)
V (4 * I)=AVGPT(8*1)-AVGPT (7*1)
V (5 * I) =AVGF‘T (9*1) -AVGPT (8*1)

1001 CONTINUE
DO 1002 1=1*5
V(I*4)=SQRT(V(I»1)**2+V(I*2)**2+V(I*3)**2)

1002 CONTINUE 
WRITE(5*800)
WRITE(5*S01)V(1*4)*V(2*4)*V(3*4)*V(4*4)*V(5*4)

C
C CALCULATE THE 20 POSSIBLE VECTOR TRIADS FOR THE
C VARIOUS COMBINATIONS OF 3 CUFF EHITTERS
C 1ST* CALCULATE ALL THE VECTORS
C

KK=1
L=1

102 JJ=L+1DO 104 M=JJ»6
VEC(KK*1)=AVGPT(M*1)-AVGPT(L*1)
VEC(KK*2)=AVGPT(M*2)-AVGPT(L*2)
VEC(KK*3)=AVGPT(M*3)-AVGPT(L*3)
KK=KK+1 

104 CONTINUE
L=L+1
IF(L«LT*6)G0 TO 102

C
DO 105 1=1*15
VECMAG<I > =VEC( I  * 1 ) * * 2 + VEC( I  * 2 ) * *2 + V E C ( I  * 3 ) * * 2  
VECNAG( I ) =SQRT( VECMAG(I))

105 CONTINUE
DO 109 1=1*15 
DO 108 J=l*3
VEC( I  * J >=VEC( I  * J ) /VECMAG( I )

108 CONTINUE
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10? CONTINUE
C
C CALCULATE THE POSSIBLE AXIS SYSTEMSC

KK=0
BO 150 M=l*20 
K=NVEC(M*1)
L=NVEC(M*2)
CALL nRCMAT(K*L,BRCOS)
BO 140 J=l*3 
BO 130 N=l*3
COSMAT(KK+J*N)=DRCOS (J , N )

130 CONTINUE 
140 CONTINUE 

KK=KK+3 
150 CONTINUE 
C
C CALCULATE THE JOINT CENTER* WHICH IS LOCATED AT
C THE CENTER OF SPARKER 7 I 8, AND STORE IT IN AVGPT(7*I>
C

DO 145 1=1*3 145 AVGPT(7 * I) = < AVGPT(7*1)+AVGPT(8 * I))/2 * 0 
C
C CALCULATE THE VECTORS FROM THE ORIGINS OF THE VARIOUS
C AXIS SYSTEMS TO THE JOINT CENTER
C

DO 180 1=2,5
JTVEC(I * 1)=AVGPT(7 * 1)-AVGPT(I * 1)
JTVEC(1*2)=AVGPT(7*2)-AVGPT(1*2)
JTVEC(I,3)=AVGPT(7,3)-AVGPT(1*3)

180 CONTINUE 
C
C CALCULATE THE HUMERAL AXIS SYSTEM
C

DO 181 1=1*3
H3(I)=AVGPT(9*1)-AVGPT(7*1)
H2(I)=AVGPT(8*I>-AVGPT(7,I)181 CONTINUE
CALL CR0S(H2,H3»H1)
DO 182 1=1,3 
HUMAX(1*I)=H1(I)
HUMAX(2,I)=H2(I)

182 HUMAX(3*I)=H3(I)
C
C CALCULATE EACH JOINT CENTER AND HUMERAL AXIS SYSTEM IN TERMS 
C OF EACH LOCAL AXIS SYSTEM
C

K=0
CALL MINV(HUMAX»3*D,F1*G1)
DO 190 1=1*20 
DO 185 J=1*3
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DRCOS( J »1 > =COSMAT( K+J»1)
DRCOS(J »2 >=COSMAT(K+J»2)
DRCOS(J > 3 >=COSMAT< K+J»3)

185 CONTINUE 
L=NVEC<I»4)
JNTVEC <I>1)=DRCOS<1»1> *JTVEC(L f1)+DRCOS<112 > *JTVEC(L > 2 H  
&DRCOS(1> 3)#JTVEC(L »3)
JNTVEC(Ii2)=HRC0S<2»l)*JTVEC(L»l)+DRC0S(2f2»|tJTVEC(L»2)+
&DRC0S(2»3)*JTVEC(L»3>
JNTVEC <I> 3) =DRCQS < 3»1) * JT VEC < L f 1) +DRCOS (3 r 2 > # JT VEC < L 12>+ 
&DRC0S<3»3)*JTVEC(L»3)
CALL GMPRD( DRCOS»HUHAX»TEMP2»3»3»3)
DO 187 J=l>3
HUMDRC(K+l»J )=TEMP2(J »1)
HUHDRC(K+2»J )=TEMP2< J »2)

187 HUMDRC < K+3 > J)=TEMP2 < J »3)
K=K+3 

190 CONTINUE 
C
C WRITE DATA TO DATA FILE
C DO 750 1=1 >6 

DO 749 J=1 »3 
W RI TE d 'I R EO AV G PT df  J)

749 CONTINUE
750 CONTINUE

DO 760 1=1>60
DO 759 J=l»3
WRITE(I'IREC)COSMAT<I»J )

759 CONTINUE
760 CONTINUE

DO 780 1=1>20 
DO 779 J=l»3
WRITE(1 -IREC)JNTVEC(I»J )

779 CONTINUE
780 CONTINUE

DO 790 1=1»60
DO 789 J=l»3
WRITE(1'IREC)HUMDRC(I»J )

789 CONTINUE
790 CONTINUE 
C
c

CLOSE (UNIT=1)
C
C
C CALL CLREF(IO)5 FORMAT('♦'»'Enter the name to be sfiven to the date

♦file CS-13K')
10 F0RMAT(13A1)
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300 F0RMAT(9(F1.0»4F5.2»1X))
540 FORMAT<'0'»'INACCURATE COORDINATE— DEV. EXCEEDS .25CM')
560 FORMAT('O'»'RECORD NUMBER! 'fI5>' CONTAINED ZERO VALUES AND 

* HAS BEEN DELETED*')
800 FORMAT('O'»'DIMENSIONAL CHECK— LGTH(l-2)=9.48cm'»T50»'LGTH

S(3-4)=9.58cm'»T80»'LGTH(5-6)=9. 52cm'»T110,'LGTH < 7-8)=21,92CM'> 
&T 1401* 'LGTH(8-9)=15.10CM')801 FORMAT('O'»T5»'CALCULATED LENGTHS!='»T30?F5.2»T59»F5.2»TB9» 
SF5*2»T120»F5*2>T150»F5«2)

1003 FORMAT< '0'»'RECORD(SWEEP) NO.'»I2/1X»4(F3.0»4F7.2»2X))
1004 FORMAT(' 'f5(F3.0»4F7.2f2X>)
2000 STOP

ENDC
C

SUBROUTINE COORD(RC2DAT»POINT»SW>KOUNT)
C
C THIS SUBROUTINE COMPUTES THE X fY»Z COORDINATES FOR THE SPARK
C GAPS IN THE BOARD REFERENCE SYSTEM BY PERFORMING CALCULATIONS
C ON THE SLANT RANGE DATA FROM THE FOUR CORNER MICROPHONES
C

DIMENSION RC2DAT(45)»P0INT(9f3)
INTEGER CASE»KOUNT»SW 
REAL L1»L2»K1
DATA Ll/167.75/, L2/111.80/, Kl/3.90/
CASE=0
J=1
DO 110 1=1»41»5
SW=1
KK=1
IF(RC2DAT(I+1) .EQ. 0.0) KK=KK+1 
IF(RC2DAT(I+2) .EQ. 0.0) KK=KK+1 
IF(RC2DAT(1+3) .EQ. 0.0) KK=KK+1 
IF(RC2DAT(1+4) »EQ» 0.0) KK=KK+1 
IF<KK.GT»2) GO TO 115 
PA=RC2DAT(I+1)
PB=RC2DAT(I+2)
PC=RC2DAT(I+3)
PD=RC2DAT(1+4)
I F  ( PD. GE. PA. AND. PD. GE. F‘B. AND. PD. GE. PC) CASE=1 
IF (P C .G E.PA.AN D.PC .G E.PB.AN D.PC.G E.PD) CASE=2 
IF  <PB. GE, PA. AND. PB. GE. PC. AND. PB. GE. PD) CASE=3 
IF  ( PA, GE. F'B, AND. PA»GE»PC♦ AND♦ PA. GE. PD) CASE=4 
I F ( PD .EQ. 0 . 0 )  CASE=1 
I F <PC .EQ. 0 . 0 )  CASE=2 
IF (P B  .EQ. 0 . 0 )  CASE=3 
IF (P A  .EQ. 0 . 0 )  CASE=4 
GO TO (6 0 » 7 0 > 8 0 > 9 0 ) iCASE 

60 XC=( ( PA+K1) * * 2 - ( ( PB+K1) * * 2 ) + L 1 * * 2 ) / ( 2 . 0 * L 1 )
IF(ABS(XC)»GT.ABS(PA+K1)) GO TO 114
YC=((PA+K1)#*2-((PC+K1)**2)+L2**2)/(2.0*L2)
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PP=SQRT < (F A+K1) **2-XC**2 >
IF(ABS(YC),GT.PP) GO TO 114 
ZC=SQRT<<PP)**2-YC**2>
GO TO 100

70 XC=((PA+K1)**2-< < PB+K1)**2)+L1*#2)/(2.0*L1)
IF(ABS(XC)*GT.ABS(PA+K1)) GO TO 114 
YC=((PB+K1>**2-< <PD+K1)*#2)+L2**2)/<2.0*L2)
PP=SQRT<<PA+K1)**2-XC**2)
IF(ABS<YC).GT.PP) GO TO 114 
ZC=SQRT(<PP)**2-YC*#2>
60 TO 100

80 XC=<(PC+K1)**2-((PD+K1)**2)+L1**2)/(2.0*L1)
IF(ABS(XC)*GT*ABS<PC+K1)) GO TO 114 
YC=((PA+K1)*#2-((PC+K1)**2)+L2**2)/(2.0*L2)
PP=SQRT((PC+K1)**2-XC**2)
YCC0MP=L2-YC
IF(ABS(YCCOMP)*GT*PP) GO TO 114 
ZC=SQRT((PP)**2-YCC0MP**2 >
GO TO 100

90 XC= < <PC+K1)**2-< <PD+K1)**2)+Li**2)/< 2.0*L1)
IF(ABS<XC).GT*ABS(PC+K1)> GO TO 114
YC=((PB+K1)**2-((PD+K1)#*2)+L2**2)/(2.0*L2)
PP=SGRT<<PC+K1)**2-XC**2)
YCC0MP=L2-YC
IF<ABS(YCCOMP)*GT*PP) GO TO 114 
ZC=SQRT((PP)**2-YCC0MP**2)

100 POINT(J>1)=XC 
POINT(J>2)=YC 
POINT(J»3)=ZC 
GO TO 117

114 SU=-1
WRITE < 5 >200)RC2DAT< I > >KOUNT 

200 FORMAT ('0'» 'SPARKER'»F3.0»' IN REC.',I3»' INVALID')
115 P0INT(J»1)=0*0 

P0INT(J>2)=0f0 
POINT<Jr3>=0«0
IF (8W  »EQ. -1 )G 0  TO 117 
WRITE(5  * 1 3 0 )R C 2D A T(I) >KOUNT 

130 FORMAT('OS'SPARKER' *  F 3 . 0 » '  IN  R E C . ' , I 3 r '  IS  ZERO')
117 J=J+1
110 CONTINUE 

RETURN 
END

C
SUBROUTINE CROS(AfBrC)

CC THIS SUBROUTINE CALCULATES A UNIT VECTOR <C) WHICH IS PERPEN- 
C DICULAR TO THE PLANE CONTAINING THE VECTORS A AND B» NOTE 
C THAT THE VECTORS A AND B ARE RETURNED AS UNIT VECTORS!
C DIMENSION A(3)»B<3)»C(3)
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AMAG=SQRT(A (1)**2+A ( 2)*#2+A(3)**2)
BMAG=SQRT(B (1)*#2+B(2)**2+B(3)**2)
A(1>=A(1)/AMAG 
A(2)=A(2)/AMAG 
A(3)=A(3)/AMAG 
B(1)=B(1)/BMAG 
B(2>=B(2)/BMAG 
B(3)=B(3)/BMAG 
C(1>=<A(2)*B<3)>-(B<2)*A(3)>
C(2>=<A(3)*B(1))-(B(3)*A<1))
C(3)=(A<1)*B(2))-(B(1)*A(2))
RETURN
END

C
SUBROUTINE DRCMAT(KfL fC)

C
C THIS SUBROUTINE CALCULATES THE DIRECTION COSINE MATRIX 
C FOR AN AXIS SYSTEM BASED ON TWO COPLANAR VECTORS (SPECIFIED
C BY K and L). THE RESULTING MATRIXf C f IS ORTHOGONAL AND
C UNITARY.
C

DIMENSION A(3)fB(3)fC(3f3)
INTEGER K fL 

COMMON /AC/ VEC(15f3)
C

DO 2 1=1f3 
A(I)=VEC(KfI)
B(I)=VEC(LfI)

2 CONTINUE
AMAG=SQRT(A (1)#*2+A (2)**2+A(3)**2)
BMAG=SQRT< B <1> * * 2 + B (2  > * * 2 + B (3  > * * 2  >
C(1f1)=A(1)/AMAG 
C(1f2)=A(2)/AMAG 
C(1f3)=A(3)/AMAG 
C(2f1)=B(1)/BMAG 
C(2f2>=B<2)A.MAG 
C(2f3)=B(3)/BMAG
C(3f1)=(C<1f2>#C(2f3))-(C(2f2)*C(1f3>>
C(3 f2)=(C(1f3)*C(2f1))-(C(2f3)*C(1f1))
C(3f3) = (C(1f1)iKC(2f2))-(C(2f1)*C(1f2)) 
C<2f1)=<C<3f2)*C<1f3))-(C<1f2)*C(3f3)) 
C<2f2>=<C<3f3)*C<1f1))-(C(3f1)*C(1f3)> 
C<2f3)=(C(3f1)*C(1f2))-(C(1f1)*C(3f2))
DO 10 J=1f3
CMAG=SORT(C(J f 1)**2+C(J f 2)**2+C(J f 3)**2)
DO 5 1=1f3 
C(JfI)=C(JfI)/CMAG 

5 CONTINUE 
10 CONTINUE 

RETURN 
END
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PROGRAM IEEKIN
THIS PROGRAM COLLECTS THE SLANT RANGE VALUES FROM THE SONIC DIGITIZER FOR SIX EMITTERS USING THE IEE-488 INTERFACE. THIS 
DATA IS USED FOR KINEMATIC ANALYSIS OF THE MOVING BODY SEGMENT.
DIMENSION OUTPUT<5 » 3 0 ) »RECORD(24)
DIMENSION 0NEREC(30)
VIRTUAL BIGBUF(1000»24)
L0GICAL*1 TRANS(660)
L0GICAL*1 RECDAT(660»2)
L0GICAL*1 FNAME(13)
INTEGER IPARAM(6>2)»IOSB(2>2)»PRLA(6) iCHECK2 
INTEGER IPARM(6)»IOSTOP(2)t DSW»CMDA(2)
INTEGER COLUMN > TEST(1).CHECK * SU»KOUNT»IOST(2)
DATA TEST/-1/CHECK/O/COLUMN/l/KOUNT/O/
DATA CMDA/'-TS'ZP'/
DATA MODE/1/LMODE/2/KREC/1/
INPUT DATA FILENAME AND # OF RECORDS
WRITE(5»4)
WRITE(5>5)
READ(5»10) (FNAME(I)»1=1»13)
W R IT E (5 f15)
READ (5»20) NREC 
NDIV=NREC/5
OPEN TEMPORARY DATA FILE FOR INCOMING SLANT RANGE DATA 
OPEN (UNIT=1»TYPE='SCRATCH'»FORM= ' UNFORMATTED')
GET THE BUFFER ADDRESSES

CALL GETADR(IPARAM(1»1)»RECDAT(1>1))
CALL GETADR(IPARAM(112)>RECDAT(1»2))
IPARAM(2,1)=660 
IPARAM(2»2)=660 
CALL GETADR(IPARM(1)»TEST(1))IPARM(2)=1

C ATTACH IEEE BUS 
C

CALL WTGIO ('1420»2»1>iIOSTt »DSW)
IF(DSW.NE.l) TYPE *t ' IEEE BUS WILL NOT PICK YOU UP TODAY! ' 
IF(DSU.NE.l) GO TO 2000
IF(I0ST(1).NE,1) TYPE * t '  IEEE BUS WILL NOT PICK YOU UP TODAY! ' 
IF(IOSTd).NE.l) GO TO 2000 
CALL GETADR (PRLA(1)»CMDA(1))
PRLA(2)=4
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C SET UP DIGITIZER AS TALKER
C

CALL WTQIO C420f2f1ffI0STfPRLAfDSW>
IF(DSU.NE.l) I'YPE * f ' IEEE BUS IS NOT TALKING TODAY! ' 
IF(DSW.NE.l) GO TO 2000
IF(I0ST(1).NE.l) TYPE IEEE BUS IS NOT TALKING TODAY! ' 
IF(I0ST(1).NE.l) GO TO 2000

C
C QUEUE THE FIRST I/O
C

CALL QIO( * 1000f2 f10f f I OS Bd  f 1 > f 1 PARAM d  f 1) f DSU)
C
C INITIALIZE THE NUMBER OF RECORDS TRANSFERRED
C
100 NMODE=MODE

MODE=LMODE 
LMODE=NMODE

C
C WAIT FOR THE BUFFER TO FILL
C

CALL WAITFRdO)CALL QI0(* 1000 f 2 f10f fIOSB(1f MODE)fIPARAM(1f MODE)f DSW)
IF(CHECK .EQ. NDIV)GO TO 1200 
W R I T E d ) (RECDAT (I f LMODE) f 1=1 f 660)

C
C INCREMENT THE NUMBER OF RECORDS
C

C0LUMN=C0LUMN+1 CHECK=C0LUMN-1 
GOTO 100 

1200 CHECK2=CHECK*5 
WRITE(5f45)CHECK2

C
C READ SLANT RANGE DATA FROM DISK AND CONVERT TO
C X fY fZ COORDINATESc

REWIND 1
C

DO 980 K=ifCHECKR E A D d ) (TRANS< I) f 1=1 f660)
DECODE (660f 530f TRANS)((OUTPUT(J f KK)f KK=1f 30)f J=1f 5)
IF(K.NE.CHECK) GO TO 901
TYPE * f 'SLANT RANGE DATA FOR FINAL RECORD5'
WRITE(5f1010)(0UTPUT(5fLL)fLL=1f15)
WRITE(5f1015)(OUTPUT(5 fLL)fLL=16f 30)

901 IF(K.GT.l) GO TO 902
TYPE * f 'SLANT RANGE DATA FOR FIRST RECORD}'
WRITE(5f1010)(OUTPUTd fLL)fLL=1f15)
WRITE(5f1015) (OUTF'UTd fLL) fLL=16f30)

902 DO 960 11=1f 5 
DO 910 JJ=1f30
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ONEREC (J J ) =OUTPUT < 11 > J J )
910 CONTINUE

CALL COORD(ONEREC»RECORD » SW > KOUNT)
IF(KOUNT *GT. 0) GOTO 920 
WRITE(5»535) (FNAME(I)»I=1>13)
WRITE(5»540) (REC0RD(I)>I=1»20)
WRITE ( 5 f545) (RECORD<I),I=21> 24)

920 DO 930 J=l»24
BI6BUF((KOUNT+1)>J)=RECORD(J)

930 CONTINUE
DO 940 1=1»30

0NEREC(I)=0.0 
940 CONTINUE

DO 950 1=1»24 
REC0RD(I)=0*0 

950 CONTINUE
K0UNT=K0UNT+1 

960 CONTINUE
DO 970 1=1,660 

TRANS(I)=/ '
970 CONTINUE980 CONTINUE 
1500 CLOSE (UNIT=1)
C
C OPEN DATA FILE FOR CONVERTED DATA AND WRITE
C EMITTER COORDINATE DATA TO DISK
C CALL ASSIGN (1,FNAME,13>

DEFINE FILE 1 <NREC,48»U»KREC>
DO 1550 I=1»NREC
WRITE( 1'KREC) (BIGBUFd, J)»J=l,24)

1550 CONTINUE
CLOSE <UNIT=1)
CALL WTQIO(*2000,2,1,»IOST,,DSW)
WRITE(5,555) (FNAME(I),1=1,13),KOUNT 
CALL CLREF(IO)4 FORMAT('O'i'NOTEJ Maximum allowable * of records is 1000!
I (approx* 108 seconds)'»/>' Records must be allocated in 
& increments of 5!',//)

5 FORMAT('$'»'Enter the name to be given to the data file CS-133* ') 
10 FORMAT(13A1)
15 FORMAT('$'»'Enter the number of records (digitizer sweeps) to b 

$e allocated to the data file CN-5]* ')
20 F0RMAT(I5)
45 F0RMAT('O','SUCCESS*',16,' SWEEPS RECORDED IN TEMPORARY FILE.')
530 F0RMAT(30(F1.0,4F5.2,1X))
535 FORMAT('0','PROCESSED DATA FOR FILE! '»13A1)
540 FORMAT('0'»5(F3.0,3F7*2))
545 F0RMAT('0',1(F3.0,3F7.2))
555 FORMAT<'0','DATA WRITTEN TO DISK. ',13A1, 'CONTAINS',15,' RECORD 

*S.')
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560 FORMAT (' 0'.'RECORD NUMBERJ SIS*' CONTAINED ZERO VALUES AND
$ HAS BEEN DELETED.')

1010 FORMAT('0'.3<F3.0»4F7.2.4X))
1015 FORMAT(' '.3(F3.0»4F7.2.4X))
2000 STOP 

END
SUBROUTINE COORD< RC2DAT. RC3DAT * SW . KOUNT)C

C THIS SUBROUTINE COMPUTES THE X.Y.Z COORDINATES FOR THE SPARK
C GAPS IN THE BOARD REFERENCE SYSTEM BY PERFORMING CALCULATIONS
C ON THE SLANT RANGE DATA FROM THE FOUR CORNER MICROPHONES
C

DIMENSION RC2DAT(30).RC3DAT < 24)
INTEGER CASE.KOUNT»SU 
REAL L1.L2.K1
DATA Ll/167.75/. L2/111.80/. Kl/3.90/
CASE=0
K=0
DO 110 1=1.26.5
SW=1
KK=1IF(RC2DAT(1+1) .EQ. 0.0) KK=KK+1 
IF(RC2DAT(I+2) .EQ. 0.0) KK=KK+1 
IF(RC2DAT<1+3) .EQ. 0.0) KK=KK+1 
IF(RC2DAT(I+4) .EQ. 0.0) KK=KK+1 
IF(KK«GT«2) GO TO 115 
PA=RC2BAT(I+1>
PB=RC2DAT(I+2)
PC=RC2DAT(1+3)
PD=RC2DAT(H4>
IF  < F'D. GE. F‘A. AND. PD. GE. F‘B. AND. PD«GE. PC) CASE=1 
IF (PC .G E.PA.AN D.PC .G E.PB.AN D.PC.G E.PD) CASE=2 
IF (PB .G E.PA.AN D.PB .G E.PC.AN D.PB.G E.PD) CASE=3 
IF (P A .G E.PB.AN D.PA .G E.PC.AN D.PA.G E.PD) CASE=4 
IF (P D  .EQ. 0 . 0 )  CASE=1 
I F <PC .EQ. 0 . 0 )  CASE=2 
IF (P B  .EQ. 0 . 0 )  CASE=3 
IF (P A  .EQ. 0 . 0 )  CASE=4 
GO TO ( 6 0 . 7 0 . 80»90)»CASE  

60 XC=( ( PA+K1) U 2 - ( ( PB+K1) * * 2 ) + L 1 * * 2 ) / ( 2 . 0 * L 1 ) 
IF (A B S (X C ).G T .A B S (P A +K 1))  GO TO 114 
YC=( ( PA+K1 ) * * 2 - ( ( PC+K1) * # 2 ) + L 2 * * 2 ) / ( 2 . 0 * L 2 )
F‘F‘=SQRT ((PA+K1) *#2-XC**2)
IF(ABS(YC).GT.PP) GO TO 114 
ZC=SQRT((PF)##2-YC##2)
GO TO 10070 XC= ((PA+K1) **2- ((F'B+Kl) **2) +L1 **2) / (2. 0*L 1)
IF(ABS(XC)»6T»ABS(PAPK1)) GO TO 114
YC=( (PB+K1) **2- ((F'D+Kl) **2)+L2##2) / (2. 0#L2)
PP=SQRT((PA+K1)#*2-XC**2)
IF(ABS(YC).GT.PP) GO TO 114
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ZC=SQRT((PP)**2-YC**2)
GO TO 100

80 XC= ((FC+K1) **2- ((FD+K1) **2) +L1**2> / < 2, 0*L 1)
IF(ABS(XC).GT.ABS(PC+K1)) GO TO 114 
YC=(< PA+K1)**2-< <PC+K1)**2)+L2**2)/< 2.0*L2)
PP=SQRT((PC+K1)**2-XC**2)
YCC0MP=L2-YC
IF(ABS(YCCOMP).GT.F'P) GO TO 114 
ZC=SQRT((PP)**2-YCC0MP**2)
60 TO 10090 XC=<(PC+K1)**2-(< PD+K1)**2)+L1**2)/(2.0*L1)
IF(ABS(XC).GT.ABS(PC+K1)) GO TO 114
YC=( (F'B+Kl)**2-((F'D+Kl)**2)+L2**2) / < 2,0*L2)
PP=SQRT((PC+K1)**2-XC**2 >
YCC0MP=L2-YC
IF(ABS(YCCOMP).GT.PP) GO TO 114 
ZC=SQRTUPP)**2-YCC0MP##2)

100 RC3DAT(I—K )=RC2DAT(I)
RC3BAT(I-K+l)=XC 
RC3IIAT (I-K+2)=YC 
RC3BAT(I-K+3)=ZC 
GO TO 117

114 SW=-1
WRITE < 5 f 200)RC2DAT <I)fKOUNT 

200 FORMAT ('O' t 'SPARKER'fF3.0t' IN REC.'rI3f' INVALID')
115 RC3DAT(I-K)=RC2DAT(I)

RC3DAT(I-K+1)=0.0 
RC3DAT(I-K+2)=0.0 
RC3DAT(I-K+3)=0.0 
IF(SW .EQ. -1)G0 TO 117
WRITE < 5 * 130)RC3DAT(I-K)> KOUNT 130 FORMAT<'O'f'SPARKER'fF3.Of' IN REC.'fI3f' IS ZERO') 

117 K=K+1 
110 CONTINUE 

RETURN 
END
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PROGRAM FORCIO
C

THIS PROGRAM COLLECTS THE SLANT RANGE VALUES FROM THE SONIC 
DIGITIZER AND SIX CHANNELS FROM THE A-TO-D BOARD AND USES 

THE IEEE-488 INTERFACE. THIS DATA IS USED FOR FORCED 
KINEMATIC ANALYSIS OF THE MOVING BODY SEGMENT.

C
DIMENSION OUTPUT<45) fRECORD<33)
VIRTUAL BIGBUF(198f15&)fATDDAT(6f156)
LOGICAL*l BIGBUFfTRANS(198)
LOGICAL*l RECDAT(198f2)
LOGICAL*l FNAME(13)INTEGER IPARAM(6f2)fI0SB(2f2)fPRLA(6)fCHKMNI 
INTEGER IPARM(6 > f IOSTOP(2) f DSW f CMDA(2 >
DIMENSION SUM(6f2) fATDOUT(<S)
INTEGER COLUMN f TEST < 1 ) fCHECK fSWfKOUNTf IOST( 2 )
DATA TEST/-1/CHECK/0/C0LUMN/1/K0UNT/0/
DATA IREC/1/CMDA/'_?'f 'ZP'/
DATA M0DE/1/LM0DE/2/

C
C CREATE & OPEN OUTPUT FILE 
C

TYPE #j'NOTE. The maximum number of records allowable is 155.' 
TYPE This is approx. 19.5 seconds.'
WRITE(5f5)
READ(5f10) (FNAME(I)fI=1f13)
WRITE(3f15)
READ (5f20) NREC 
MREC=NREC*2
CALL ASSIGN (1»FNAME»13)
DEFINE FILE 1 (MREC»66fU,IREC)

C
C GET THE BUFFER ADDRESSES
C

CALL GETADR(IPARAM(1»1)»RECDAT(1»1))
CALL GETADR(IPARAM(1»2> fRECDAT(1f2))
IPARAM(2f1)=198 
IPARAM(2f2)=198 
CALL GETADR(IPARM(1)f TEST(1))
IPARM(2)=1

C
C ATTACH IEEE BUS
C CALL WTQIO (*1420f2 f1 f fIOSTf fDSW)

IF(DSU.NE.l) TYPE * f ' IEEE BUS WILL NOT PICK YOU UP TODAY! ' 
IF(DSW.NE.l) GO TO 2000
IF(IOST(1).NE.l) TYPE * f ' IEEE BUS WILL NOT PICK YOU UP TODAY! ' 
IF(IOSTd) .NE.l) GO TO 2000 
CALL GETADR (PR LA U ) fCMDA(D)
PRLA(2)=4

C
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C SET UP DIGITIZER AS TALKER
C

CALL WTQIO (*420p2 p1 p pIOSTpPRLApDSW)
IF(DSW.NE.l) TYPE IEEE BUS IS NOT TALKING TODAY! '
IF(DSW.NE.l) GO TO 2000
IF<IOST(l).NE.l) TYPE *»' IEEE BUS IS NOT TALKING TODAY! ' 
IF(I0ST<1).NE.l) GO TO 2000

C
C QUEUE THE FIRST I/O
C

CALL QIO(11000.2.10..IOSB(1p1>.IPARAM(1p1)pDSW)
DO 25 1=1p12 
DO 25 J=32p37 

K=J-31
CALL OSUATD(JpO pIDATApISTAT)
DATA=IDATA*0,00030571578 
SUM(Kp1)=SUN<Kp1)+DATA 

25 CONTINUE 
C
C INITIALIZE THE NUMBER OF RECORDS TRANSFERRED
C100 NMODE=MODE MODE=LMODE 

LMODE=NMODE
C
C WAIT FOR THE BUFFER TO FILL
C

CALL WAITFRdO)CALL Q10 (’ 1000.2.10.. IOSB (1. MODE). IPARAM (1. MODE). DSW)
1 DO 90 1=1p198

BIGBUF(Ip COLUMN)=RECDAT(Ip LMODE)
90 CONTINUE

DO 30 1=1p12 
DO 30 J=32p37 

K=J-31
CALL OSUATD(JpO pIDATApISTAT)
DATA=IDATA*0.00030571578 
SUM(K p MODE)=SUM(K p MODE)+DATA 

30 CONTINUE
2 DO 35 1=1p6

ATDDAT d  p COLUMN)=SUM(Ip LMODE)
SUM(IpLM0DE)=0.0 

35 CONTINUE
IF1CHECK .EQ. NREC+DGOTO 1200

C
C INCREMENT THE NUMBER OF RECORDS
C

C0LUNN=C0LUMN+1 
CHECK=C0LUMN-1 
GOTO 100 

1200 CHKMN1=CHECK-1
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WRITE<5»45)CHKMN1 
DO 999 K=1,CHECK 

DO 998 1=1,198
TRANS(I)=BIGBUF(I»K )

993 CONTINUE 
CC DELETE 1ST RECORD FOR SETTLING FURPOSES
C

IF(K.EQ.l)GO TO 3
C
C

DECODE (198,530,TRANS) (OUTPUT(J)»J=1»45)
DO 997 1=1,6

ATDOUT(I)=ATDDAT(I»K)
RECORD(27+1>=ATDOUT(I)*0.083333 

997 CONTINUECALL COORD(OUTPUT,RECORD,SW,KOUNT)
IF(KOUNT .GT. 0) GOTO 993

994 WRITE(5,535) (FNAME(I),1=1,13)
WRITE(5,540) (RECORD(I),1=1,15)
WRITE(5,545) (RECORIKI),1=16,27)WRITE(5,550) (RECORD(I),I=28,33)

993 WRITE(l'IREC) (REC0RD(I),I=1,33)
DO 899 1=1,45

OUTPUT!I)=0.0 
899 CONTINUE

DO 888 1=1,6
ATDOUT!I>=0.0 

888 CONTINUE
DO 300 1=1,33 
RECQRD(I)=0*0 

300 CONTINUE
DO 887 1=1,198 

TRANS(I)=' '
887 CONTINUE

K0UNT=K0UNT+1 
3 CONTINUE
999 CONTINUE 
1500 CLOSE (UNIT=1)

CALL WTQI0C2000,2,1,,IOST,DSW)
WRITE(5,555) (FNAME(I),1=1,13),KOUNT 
CALL CLREF(IO)

5 FORMAT('$'»'Enter the name to be diven to the data file CS-133J ')
10 FORMAT!13A1)
15 F O R M A T ( ,'Enter the number of records (digitizer sweeps) to b 

$e allocated to the data file CN-51! ' )
20 FORMAT!15)
45 FORMAT('O','SUCCESS.',16,' SWEEPS RECORDED.')
530 F0RMAT(9(F1.0,4F5»2,1X>)
535 FORMAT('0','PROCESSED DATA FOR FILES ',13A1)
540 F0RMAT('0',5(3F7.2))
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545 FORMAT('O'»4(3F7.2))
550 FORMAT('O'>6F17.9)
555 FORMAT('O'*'DATA WRITTEN TO DISK. '*13A1>'CONTAINS'»I5»' RECORD 

$S.')
560 FORMAT<' '»'RECORD NUMBER} '>15.' CONTAINED ZERO VALUES AND 

$ HAS BEEN DELETED.')
2000 STOP 

END
SUBROUTINE COORD(RC2DAT»RC3DAT»SW»KOUNT)

CC THIS SUBROUTINE COMPUTES THE X,Y»Z COORDINATES FOR THE SPARK 
C GAPS IN THE BOARD REFERENCE SYSTEM BY PERFORMING CALCULATIONS 
C ON THE SLANT RANGE DATA FROM THE FOUR CORNER MICROPHONES
C

DIMENSION RC2DAT< 45)> RC3DAT < 33)
INTEGER CASE>KOUNT>SW 
REAL L1»L2»K1
DATA Ll/167.75/> L2/111.80A Kl/3.90/
CASE=0
J=0
DO 110 1=1»41 s. 5
SW=1
KK=1
IF(RC2DAT(I+1) .EQ. 0,0) KK=KK+1 
IF(RC2DAT(1+2) .EQ. 0,0) KK=KK+1 
IF(RC2DAT(I+3) .EQ, 0.0) KK=KK+1 
IF(RC2DAT(1+4) .EQ. 0.0) KK=KK+1 
IF(KK.GT,2) GO TO 115 
PA=RC2BAT(I+1)
PB=RC2DAT(I+2)
PC=RC2DAT(1+3)
PD=RC2DAT(I+4)
I F ( PD. GE. PA. AND, PD. GE. PB. AND. PD. GE. PC) CASE=1 
IF (PC.G E.PA.AND.PC.G E.PB.AND.PC.GE.PD) CASE=2 
I F ( PB. GE. PA. AND. PB. GE. PC. AND. PB. GE. PD) CASE=3 
I F ( PA. GE, PB»AND♦PA♦GE. PC♦AND»PA♦GE, PD) CASE=4 
IF (P D  .EQ. 0 . 0 )  CASE=1 
IF (F ’C .EQ. 0 . 0 )  CASE=2 
IF (P B  .EQ. 0 . 0 )  CASE=3 
IF (P A  .EQ. 0 . 0 )  CASE=4 
GO TO <60»70»80»90)»CASE  

60 XC=(< PA+K1) %%2-( ( PB+K1) * * 2 ) + L 1 * * 2 ) / <  2 , 0 * L 1 )
IF(ABS(XC),GT,ABS(PA+K1)) GO TO 114
YC=((PA+K1)**2-<(PC+K1)**2)+L2**2)/(2.0*L2)
PP=SQRT((PA+Kl)**2-XC**2)
IF(ABS(YC).GT.PP) GO TO 114 
ZC=SQRT((PP)**2-YC#*2)
GO TO 100

70 XC=<<PA+Kim2-((PB+Kl)**2)+Ll**2)/<2.0*L1)
IF(ABS(XC),GT»ABS(PA+K1)) GO TO 114
YC= <(PB+K1)**2-< < PD+K1)**2)+L2**2)/(2.0*L2)
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PP=SORT<(PA+K1)**2-XC**2)
IF(ABS(YC) .GT.F'P) GO TO 114 
ZC=SQRT<(PP)**2-YC**2>
GO TO 100

80 XC=(< PC+K1)**2-(<PD+K1> **2)+L1**2)/(2.0*L1)
IF(ABS(XC)»GT*ABS(PC+K1)) GO TO 114 
YC=(< PA+K1)**2-((PC+K1)U 2 )+L2**2)/< 2.0*L2) 
PP=SQRT<(PC+K1)**2-XC*#2)
YCC0MP=L2-YC
IF(ABS<YCCOMP).GT.PF‘) GO TO 114 
ZC=SORT((PP)**2-YCC0MP**2)
GO TO 100

90 XC= < (PC+K1) **2- <(F’D+Ki) **2) +L1 **2) / (2. 0*L 1)
IF(ABS(XC)»GT.ABS(PC+K1)) GO TO 114 
YC= ( C F'B+Kl) **2- ((PD+K 1) **2)+L2**2 >/(2.0*L2)
PP=SQRT((PC+K1)**2-XC**2)
YCC0MP=L2-YC
IF(ABS(YCCOMP).GT.PF') GO TO 114 
ZC=SQRT< < PP)**2-YCC0HP**2)

100 RC3DAT(J+l)=XC 
RC3DAT(J+2)=YC 
RC3DAT(J+3)=ZC 
GO TO 117

114 SW=-1
WRITE < 5»200)RC2DAT(I)rKOUNT 

200 FORMAT('0'r'SPARKER'»F3.0»' IN REC.'»I3»' INVALID')
115 RC3DAT(J+1)=0.0 

RC3DAT(J+2)=0*0 
RC3DAT(J+3)=0.0
IF(SW .EQ. -1 )G 0  TO 117  
WRITE < 5»130 >R C 2 D A T (I )»KOUNT 

130 FORMAT( '  0 '  r ' SPARKER' » F 3 ♦0 r '  IN R E C . ' » I 3 f '  IS  ZERO') 
117 J=J+3  
110 CONTINUE 

RETURN 
END
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PROGRAM KINF4P
C
C THIS PROGRAM ANALIZES THE KINEMATICS OF A MOVING BODY RELATIVEC TO A FIXED BODY* IT REQUIRES THE INPUT OF A LOCATOR FILE (FOR
C THE FIXED BODY), AN INITIALING FILE (FOR THE MOVING BODY) AND
C A KINEMATIC DATA FILE.CC DECLARE & TYPE VARIABLES. DIMENSION ARRAYS. INITIALIZE CONSTANTS
C

DIMENSION SHLJNT(4),EBOWJT(4).ANGOUT(4)
DIMENSION CTL0C(3>,RC2DAT(24),PNTN(6,3)
DIMENSION RC1DAT(24).VEC1(3).VEC2(3)»VEC3(3)
DIMENSION FI(3).ERRTOT(20.3).ELBJNT(3)»ELBCNT(3).CSMAT(3.3) 
DIMENSION G1(3>,TMAT<3»3>,CVEC(3),HUMDRC(60»3),HUM(3,3)
DIMENSION LBVEC(3),CN)VEC(3).T2(3»3>»T1(3.3).T2K3.3).FBCNT(3)
DIMENSION LOCOGN(3)»JTCNT(3)»ANGS(3).LGBVEC(3).JNTCNT(3)
DIMENSION I.BVEC1(3).LBMEC2(3).LGVEC1(3)»LGVEC2(3)
LOGICALHtl JTNAME(9),SNAME(25).MESS(80)»F1NAME(13).F2NAME(13) 
LUGICAL*1 F3NAME(13).DAY(9).H0UR(8)>F4NAME(13).F5NAMEU3)
L0GICAL*1 F6NAME<13)
INTEGER ANS. Y ,N »I P T ( 2 0 ) . TRIAD,CASE.ANS2 
REAL JNTVEC, LBVEC, LOCOGN»JTCNT, LGBVEC 
REAL JNTCNT, LBVEC1, LBVEC2, LGVECi, LGVEC2
COMMON /AC/ PNTK6.3)»CQSMAT(60»3)»C0STRN(60»3)»DRC0S(60»3)» 
♦DRCTRN(60,3),TRIAD(20,3),JNTVEC(20,3)
DATA IREC/l/JREC/l/KREC/l/Y/'Y'/N/'N'/KOUNT/l/
DATA LMREC/l/I.REC/l/MREC/1/

C
C PROMPT FOR DIMENSIONS, DATA FILES AND OUTPUT INFORMATION
C
505 WRITE(5,5)

READ(5,10,ERR-505) (JTNAME(I),1=1,9)
510 WRITE(5,15)

READ(5,20,ERR=510) (SNAME(I)»1=1,25)
515 WRITE(5»25)

READ (5»30,ERR=515) (MESS(I),1=1,80)
520 URITE(5»35)READ (5,40»ERR=520) (F1NAME(I),I=1,13)
525 WRITE(5,45)

READ (5,50»ERR=525) NREC 
527 URITE(5,51)

READ(5,40,ERR-527)(F2NAME(I),1=1,13)
555 WRITE(5,85)

READ(5,40,ERR-555)(F3NAME(I),1=1,13)
534 WRITE(5,431)

READ(5,432,ERR=534)NANS 
530 WRITE<5,55)
535 WRITE<5,60)

READ(5,65,ERR=535)CTLOC(1)
540 URITE(5»70>

READ(5,65,ERR=540)CTLOC(2)
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545 WRITE(5*75)
READ < 5 * 65 * ERR=545 > CTLOC < 3 >

550 WRITE<5*80)
DO 601 1=1*3 
DO 602 J=1*3 

603 WRITE(5*604)I*J
READ(5*66* ERR=603)T2(I * J )

602 CONTINUE 
601 CONTINUE 
557 URITE<5*885>

READ(5*40* ERR=557)(F5NAME(I)* 1=1 * 13)
568 URITE(5*896)

READ(5 * 40 * ERR=568)(F6NAHE(I)* 1=1 * 13)
C
C LOCATE* IDENTIFY AND ACCESS THE LOCATOR DATA FILE
C CALL ASSIGN (1*F2NAHE*13)

DEFINE FILE 1 (1*48*U*IREC)
C
C READ LOCATOR DATA FILE
C READ (17IREC * ERR=3000)(RC2DAT(I)* 1=1 * 24)
C
C ASSIGN DATA TO VARIABLES
C

DO 87 1=1*3
T1(1 * I)=RC2DAT(3+1)
T1(2 * I)=RC2BAT(12+1)
T1(3*I)=RC2DAT(18+I)
LOCOGN(I)=RC2DAT(6+I)

87 CONTINUE
CLOSE (UNIT=1)

C
C LOCATE* IDENTIFY AND ACCESS THE INITIALIZING DATA FILE
C

CALL ASSIGN (1*F3NAHE*13)
DEFINE FILE 1 (876*2*U*JREC)
DO 90 1=1*6 
DO 89 J=1*3
READ (17 JREC * ERR=3500) F'NTI (I > J )

89 CONTINUE
90 CONTINUE

DO 93 1=1*60 
DO 92 J=l*3
READ(17 JREC * ERR=3500)COSMAT(I * J )

92 CONTINUE
93 CONTINUE

DO 96 1=1*20 
DO 94 J=1*3
READ(17JREC * ERR-3500)(JNTVEC(I * J ))

94 CONTINUE
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96 CONTINUE
DO 98 1=1f60 
no 97 J=l*3
REAH(1'JREC f ERR=3500)(HUMDRC(I * J ))

97 CONTINUE
98 CONTINUE 

CLOSE (UNIT=1)
C
C CALCULATE THE TRANSPOSES FOR THE VARIOUS AXIS SYSTEM DIRECTION
C COSINE MATRICES.
C

DO i52 N=1f20 
M=(N-1)*3 
DO 151 J=1f3
COSTRN(M+Jf1)=COSMAT(M+1 f J )
COSTRN(M+Jf2)=COSMAT(H+2 f J )
COSTRN(M+J13)=COSMAT(M+3 f J )

151 CONTINUE
152 CONTINUE 
C
C CALCULATE THE LOCATION OF THE FIXED BODY CENTER M.R.T. THEC BOARD.

CALL GMPRD(T2fT1fT21f3 f3 f3)
CALL MINV(T1f3fDfF1fG1)
CALL GMPRD(T1 f CTLOC f FBCNT f 3 f 3 f1>
DO 920 1=1 f 3
FBCNT(I)=FBCNT(I)+LOCOGN(I)

920 CONTINUE
C
C OUTPUT HEADER INFORMATIONC
2000 CALL DATE(DAY)

CALL TIME(HOUR)
WRITE (5f200)
WRITE(5f100) (JTNAME(I)iI=1f9)
WRITE(5»205)
WRITE(5 f105) DAY f HOUR f (SNAME(I)fI=1 f 25)
WRITE(SfIIO) (FINAME(I)fI=1f13)fNRECf (MESS(I)fI=1»80) 
WRITE(5f205)C

C LOCATEf i d e n t i f y  and  a c c e s s  t h e  m a i n  d a t a  f i l ec
CALL ASSIGN (1fF1NAMEf13)
DEFINE FILE 1 (NRECf48 fU fKREC)
CALL ASSIGN (3fF5NAMEf13)
DEFINE FILE 3 (NRECfS fU fMREC)
CALL ASSIGN (4fF6NAMEf13)
DEFINE FILE 4 (NRECf8 fU fLMREC)

C
C READ ONE RECORD
C
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500 READ <1'KREC»ERR=4000) <RC1DAT(I),I=1,24>
C
C ASSIGN DATA TO VARIABLES 
C DO 499 1=1,3

PNTK(1,I)=RC1DAT(I+1)
PNTK(2,I)=RC1DAT(1+5)
PNTK(3,I)=RC1DAT(1+9)
PNTK<4»I)=RC1DAT(I+13)
PNTK<5,I)=RC1DAT(I+17)
F'NTK (6,1)=RC1DAT <1+21)

499 CONTINUE 
501 KK=0

DO 805 1=1,6
IF(PNTK(I,1).NE.0»0) GO TO 805 
KK=KK+1 805 CONTINUE
IF<KK.GE.4) GO TO 3700 
N=1DO 840 J=1,4 
DO 830 K=J+1,5 
DO 820 L=K+1,6 
TRIAD(N,1)=J 
TRIAIKN,2)=K 
TRIAD(N,3)=L
IF<PNTK<K»l).NE.O.O.AND.PNTK<J,i>.NE.O.O.AND.PNTK<L,i>.NE. 
*0.0) GO TO 850 
11=(< N—1>#3 
DO 845 JJ=1,3 
DRCOS(II,JJ)=0,0 
DRC0S(II+1,JJ)=0.0 
DRCOS<II+2»JJ)=0.0 
DRCTRN(11,JJ > =0»0 
DRCTRN(11+1»JJ)=0.0 
DRCTRN(II+2,JJ)=0,0 

845 CONTINUE 
IPT(N)=K 
N=N+1 
GO TO 820 

850 DO 800 M=l,3
VEC1(M)=PNTK<K»M)-PNTK<J»M)
VEC2(M)=PNTK(L,M)-PNTK(K,M)

800 CONTINUE 
IPT(N)=K
CALL DRCHAT(VEC1,VEC2,CSMAT)
I=(<N-1>*3>
DO 810 JJ=1,3
DRCOS<1+1,JJ)=CSMAT< 1, J J >
DRCOS(I+2,JJ)=GSMAT(2,JJ)DRCOS <I+3,JJ)=CSMAT < 3/JJ)
DRCTRN(1+JJ,1)=CSMAT(1,JJ)
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DRCTRN<IFJJ f 2 > =CSMAT(21JJ >
BRCTRN(I+JJf3)=CSMAT(3fJJ>

810 CONTINUE 
N=N+1 

820 CONTINUE 
830 CONTINUE 
840 CONTINUE

CALL LOCAXS (F’NTKfCASE»ERRTOT)
C
C CALCULATE THE JOINT CENTER W.R.T. THE FIXED BODY CENTER
C

I=((CASE-1)*3)+l
DO 900 J=1f3
THAT(1»J )=DRCTRN(I f J )
TMAT(2fJ)=DRCTRN<I+1fJ>
TMAT(3fJ)=DRCTRN(I+2fJ)
HUM(1»J )=HUMDRC(I f J )
HUM(2fJ)=HUMDRC(I+1fJ)HUM(3fJ)=HUMDRC(I+2fJ)
CVEC < J )=JNTVEC(CASE»J )

900 CONTINUE
DO 339 J=1f3 
LBVEC(J)=HUM(3fJ)
LBVEC1(J)=HUM(1fJ>
LBVEC2(J)=HUM(2 f J )

339 CONTINUE
CALL GMF'RB (TMAT»CVEC»CNTVEC»3»3»1)
CALL GMPRD(TMAT»LBVEC,LGBVEC f 3»3»1)
CALL GMPRD(TMAT f LBVEC1f LGVEC1f 3 f 3 f1)
CALL GMPRD(TMAT f LBVEC2 f LGVEC2 f 3 f 3 f1)
CALL UNITVR(LGBVEC)
CALL UNITVR(LGVECl)
CALL UNITVR(LGVEC2)
K=IPT(CASE)
DO 910 1=1f3
ELBJNT(I)=PNTK(K fI)+CNTVEC(I)

910 CONTINUE
DO 930 1=1f3
ELBJNT(I)=ELBJNT(I)-FBCNT(I)

930 CONTINUE
CALL GMPRD(T21f ELBJNTf ELBCNT f 3 f 3 f1)
DO 931 1=1f3 
EBOUJT(1+1)=ELBCNT(I)

931 CONTINUE
CALL GMPRD(T21f LGBVEC f LBVEC f 3 f 3 f1)
CALL GMPRD(T21f LGVEC1f LBVEC1f 3 f 3 f1)
CALL GMPRD(T21 f LGVEC2 f LBVEC2 f 3 f 3 f1)

CC CALCULATE THE THETA AND PHI ANGLES OF THE LONG BONE AXIS
C W» R f T. THE FIXED BODY AXIS SYSTEM
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THETA=0.00
PHI=0»00
CALL UNITVR(LBVEC)
CALL UNITVR(LBVECl)
CALL UNITVR(LBVEC2)
CALL SPHERE(LBVEC»THETA»PHI)
DO 338 J=1,3HUM <1,J)=LBVEC1(J)
HUM(2»J)=LBVEC2(J)
HUM(3,J)=LBVEC(J)

338 CONTINUE
IF(NANS«EQ»2) GO TO 399 
CALL EULER(HUM,ANGS)
ANGOUT(2)=ANGS(1)
ANGOUT(3)=ANGS(2)
ANGOUT(4)=ANGS(3)
GO TO 699 

399 CALL EULER2(HUM »ANGS)
ANGOUT(2)=ANGS(1)
ANGOUT(3)=ANGS(2)
ANGOUT(4)=ANGS(3)

CC WRITE DISTAL JOINT CENTER COORD,'S AND EULER ANGLES W, R. T.
C THE FIXED BODY AXIS SYSTEM TO DISK FOR THE MOVING BODY
C
699 CONTINUE

EBOUJT(l)=FLOAT<KOUNT)
URITE(3'MREC)(EB0WJT(J),J=1,4)
ANGOUT<1)=FLOAT(KOUNT)
URITE(4'LMREC)<ANGOUT <J)»J=l»4)

C
C URITE OUT THE DATA
C

IF(K0UNT»6T,1)G0 TO 710 
URITE(5,700)

710 URITE < 5,720)KOUNT,THETA,PHI
$,ANGOUT(2)>ANG0UT(3)»ANGOUT(4),TRIAD(CASE >1)»TRIAD(CASE , 2), 
$TRIAD(CASE,3),ERRTOT(CASE,1),ERRTOT(CASE, 2),ELBCNT(1), 
tELBCNT(2),ELBCNT(3)
IF(ERRT0T(CASE»1)»NE*9»999) GO TO 318 
I=TRIAD(CASE>1)
J=TRIAD(CASE,2)
K=TRIAD(CASE , 3 )
DKMG1=SQRT <(PNTK(1,1)-PNTK(J ,1))**2+(PNTK (1,2) -PNTK (J , 2)) **2+ 
%(PNTK(Ii3)-PNTK(J ,3))**2)
DKM62=SGRT((PNTK(J ,1)-PNTK(K ,1))#*2+(PNTK(J ,2)-PNTK(K ,2))*#2+ 
&(PNTK(J,3)-PNTK(K,3))**2)
DKMG3=S0RT((PNTK(K ,1)-PNTK(I,1))**2+(PNTK(K ,2)-PNTK(1,2))**2+ 
%(PNTK(K ,3)-PNTK(1,3))##2)DI MG 1=SQRT ((F‘NT I < 1,1) -PNTI (J, 1) > **2+ (PNTI (I * 2 > -PNTI (J »2)) **2+ 
&(PNTI(I,3)-PNTI(J»3))**2)
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DIMG2=SGRT <(PNTI(J f1) -PNTI < K f 1)) **2+ (PNTI(J f2 ) -PNTI (K f 2)) #*2+ 
&<PNTI(Jf3)-PNTI(Kf3))**2)
IiIMG3=SQRT (< PNTI(K f1)-PNTI<If1))**2+ < PNTI< K f 2)-PNTI(If 2)) **2+ 
&<PNTI(Kf3)-PNTI<If3>)**2)
WRITE(5f926>
WRITE(5f927)IfJ fDIMG1fJ fK fDIMG2fK fI fDIMG3fI fJ fDKMG1fJ fK fDKMG2 8 f K f I f DKHG3

C
C IF THERE ARE ANY MORE RECORDSf GO GET THEN!
C
318 KQUNT=KOUNT+l

IF(KQUNT*LE*NREC) GO TO 500
C
C FORMAT STATEMENTS FOR PROMPTS AND RESULTS
C5 FORMAT<'$'»'Enter name of Joint tested ES-93? ')
10 FORMAT(9A1)
15 FORMAT( ' $ ' t 'Enter subject name or number CS-253• ')
20 FORMAT(25A1)
25 FORMAT('O'»'Enter s description of the test CS-803 ')
30 FORMAT(80A1)35 FORMATS*','Enter data file name CS-133? ')
40 F0RMAT(13A1)
45 FORMAT('$'f 'Enter number of records to be read CN-53? ')
50 FORMAT(15)
51 F0RMAT('$'»'Enter the corresponding fixed bods locator file na 

8me Cs-133J ')
55 F0RMAT('0'»'Enter the distances in centimeters along the loca 

Jtor axes to the desired fixed bods center ?')
60 FORMAT('$'»T15»'Enter the X-COORDINATE CN-83? ')
65 FORMAT(FIO.S)
66 FORMAT(F8.4)
70 FORMAT('$'fT15f 'Enter the Y-COORDINATE CN-83} ')
75 F0RMAT('*'fT15f 'Enter the Z-COORDINATE EN-83? ')
80 F0RMAT('O'f'Input a 3x3 matrix (bs rows) that defines the bods 

% axis ssstem w.r.t. the locator axis ssstem ? ')
85 F0RMAT<' $ ' t 'Enter the corresponding initializing file name E 

&S—133? ')
100 FORMAT('0'fT78f9A1»'JOINT')
105 F0RMAT('0'fT5f 'DATE* 'f9A1f/ fT5 f'TIME? ' f8A1f/ fT5f 'SUBJECT 

8NAME AND NUMBER? S25A1)
110 FORMAT(' 'fT5f 'DATA FILE NAME? 'f13A1f/ fT5f 'NUMBER OF RECORDS?

$' f15 f// f T5 f 'DESCRIPTION? 'f 80A1)
200 FORMAT('0'f165('-')/)
205 F0RMAT('0'f165('-')//)
206 FORMATS 'f165('-'))
207 FORMAT('0'f165('♦'))
275 FORMAT('O'f 'ERROR ON ATTEMPT TO READ LOCATOR FILE ')
280 F0RMAT('O'f 'ERROR ON ATTEMPT TO READ INITIALIZING FILE ')
285 F0RMAT('O'f'FOUR EMITTERS ON CUFF READ ZERO-PROCEEDING TO NEXT 

I RECORD ')
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300 FORMAT('0'»T30»'ERROR ON ATTEMPT TO READ NEXT RECORD')
311 FORMAT<'O'»T20*'NOMINAL JOINT CENTER AS INITIALIZED'/)
340 FORMATS'0'>/'$'»'Are there other files to be processed?

$CY/N3♦ ')
345 FORMAT(A4)
420 FORMAT('$'»'Do you want to print out the euler angles for the 

& humerus? CY/N35')
431 F0RMAT('$'»'Do you wish type 1 (z-x-z)> or type 2 (z-y-z)

& euler angle output? Cl or 215')
432 FORMAT(12)433 F0RMAT('O',T18»'EULER ANGLES FOR HUMERUS'»//»T5»'REC# *'»T18,

&'PRECESSION'»T34,'NUTATION'»T51,'SPIN ',/, T20,' (PHI)',T34 f '(THETA 
8)'»T50»'(PSI)')

436 FORMAT(' ',T6»I3,T19,F7.2,T34,F7.2,T49,F7.2)
604 F0RMAT('$',T15»'T2('»I1,'»'»I1»')•CN—83* ')
700 FORMAT('0',T2,'REC.*',T13,'THETA'»T23»'PHI'»T32,

8'EULER ANGLES FOR MOVING BODY',T63,'TRIAD USED'»T78,'SKEU-DEV' 
8»T93>'DIST-0EV'»T110»'DISTAL JOINT CENTER',/»T35,'PREC.',4X*
8'NUT♦'»4X»'SPIN'»/)

720 FORMAT(' ',I5,T11»F7.2,T20,F7.2,T33,3F8.2,T62, 
83I3,T78,F7*3,T92,F7»3»T105»3F9»3)

881 FORMAT(4F8,3)
885 , FORMAT('$'» 'Enter the output date filename for '»

8 'THE DISTAL JOINT CENTER COORDINATES ! CS-133:')
896 F0RMAT('$'»'Enter the output data filename for EULER 

8 ANGLES OF THE MOVING BODY CS-133{ ')
926 FORMAT(' ',T5»'INITIALIZED DISTANCES}'»T63,'DISTANCES! CURRENT 

8 RECORD}')
927 FORMAT(' ',3(11,'-',11,'=',F5.2»' '),T60»3(I1,'-',II,'=',

8F5.2,' '))
C
C CLOSE UP DATA FILE 8 THAT'S ALL FOLKS!
C
2001 CLOSE (UNIT=1)

CLOSE (UNIT=3)
CLOSE (UNIT=4)
WRITE<5,207)
WRITE(5»340)
READ(5,345)ANS
IF(ANS ,EQ. 'N')G0 TO 5000WRITE(5»35)
READ(5»40) (FINAME(I),1=1,13)
WRITE(5,45)
READ(5,50) NREC 
WRITE(5»25)
READ(5,30) (MESS(I)>1=1,80)
KREG=1
K0UNT=1
LREC=1
MREC=1
LMREC=1
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559 WRITE<5,885>
READ < 5,40,ERR=559)(F5NAME(I>,1=1,13)

560 WRITE(5,896)
READ < 5,40,ERR-560)(F6NAME(I),1=1,13)60 TO 2000 

3000 WRITE(5,205)
WRITE<5,275>
GO TO 5000 

3500 WRITE<5,205)
URITE(5'280>
GO TO 5000 

3700 WRITE(5»285)
K0UNT=K0UNT+1
IF(KQUNT.GT.NREC) GO TO 2001 
GO TO 500 

4000 WRITE(5,205)
URITE(5,300)
GOTO 2001 

5000 URITE<5»205)
STOP
END
SUBROUTINE SPHERE(VEC»THETA,PHI)

C
C SUBROUTINE TO CALCULATE THE SPHERICAL COORDINATES (THETA,PHI)
C OF THE VECTOR 'VEC',
C

DIMENSION B<3)>VEC(3)DATA PI/3.141592654/
VECMAG=SQRT(VEC(1)**2+VEC(2)**2+VEC(3)**2)
IF(VECMAG.LT.1.001) GO TO 10 
B (1)=VEC <1)/VECMAG 
B(2)=VEC(2)/VECMAG 
B < 3)=VEC(3)/VECMAG 
GO TO 15 10 B(1)=VEC(1)
B(2)=VEC(2)
B(3)=VEC(3)

15 A1=SQRT(B(1)**2+B(2)**2)
THETA=(ATAN2(A1,B(3)))#180.O/PI IF(THETA.LT.179.99.OR.THETA.GT.0.01) GO TO 20 
PHI=0.0 
GO TO 30

20 PHI=(ATAN2(B(2),B(1))>*180.O/PI
30 RETURN 

END
C

SUBROUTINE UNITVR(VEC)
CC SUBROUTINE CALCULATES A UNIT VECTOR FOR ANY GIVEN VECTOR 
C

DIMENSION VEC(3)
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O
C
J
O
O
 

CJ 
O 

CJ 
O

O
C

J

VECMAG=(VECd)**2) + (VEC(2)#*2) + (VEC(3)**2)
VECMAG=SQRT(VECMAG)
IF(VECMAG.EG.0.0) VECMAG=1.0 
DO 10 1=1,3 
VEC(I)=VEC (I)/VECMAG 

10 CONTINUE 
RETURN 
END
SUBROUT INE LOCAXS (F'NTK * CASE * ERRTOT)
THIS SUBROUTINE SELECTS THE 'MOST ACCURATE' LOCAL AXIS SYSTEM 
BASED ON INTRA-AXIS SYSTEM DISTANCES AND RELATIVE SKEW ANGLES.
DIMENSION PNTK(6,3),TIS(3,3),TISK(3,3),TJS(3,3)»TJSK<3,3) 
DIMENSION TIJ(3,3>,TIJK<3,3),GEN<3,3),VECI<3),VECK(3)
DIMENSION ERRT0T(20,3),F1(3),G1(3)
INTEGER TRIAD,CASE 
REAL JNTVEC,JTDSMGCOMMON /AC/ F'NTI<6»3) ,C0SMAT(60»3) »C0STRN(£0»3),DRC0S(60,3), 
SDRCTRN(60»3),TRIAD(20 , 3),JNTVEC(20,3 >
ERRSK=0.0 ERRDLT=0.0
DO 20 MM=1»20
I1=TRIAD(MM>1)
J1=TRIAD(MM,2)
K1=TRIAD(MM»3)
IF(F'NTK(II, 1).EQ»O.O.OR.F'NTK(Jl,1).EG.0.0.QR.PNTK(K1,1).EQ.O.O) 

% GO TO 19
KK=(MM-1)#3

DO 3 J=1,3TISd, J)=COSMAT (KK+1, J) 
TIS(2,J)=C0SMAT(KK+2,J> 
TIS(3,J)=C0SMAT(KK+3,J)

C TISKd, J)=DRC0S(KK+1» J) 
TISK(2,J)=DRC0S(KK+2,J) 
TISK(3»J)=DRCQS(KK+3»J) 

3 CONTINUE 
C

MKNT1=0
MKNT2=0

C DO 10 N=1,20 
I2=TRIAD(N,1) 
J2=TRIAD(N,2)
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K 2 = T R I A B ( N » 3 )

I F < P N T K < I 2 » 1 ) . E Q . 0 . 0 . 0 R . P N T K ( J 2 , 1 ) . E Q . 0 . 0 . 0 R . P N T K < K 2 > 1 ) .  E Q . O . O )  

$  G O  T O  1 0  

M = ( N - 1 ) * 3

I F ( N . E Q . M M )  G O  T O  1 0

C

I i O  5  J = l > 3

T J S ( 1 » J ) = C 0 S T R N ( M + 1 » J )

T J S ( 2 » J ) = C Q S T R N ( M + 2 » J )

T J S < 3 » J ) = C Q S T R N ( M + 3 » J )

C

T J S K ( 1 » J ) = D R C T R N ( M + 1 » J )

T J S K ( 2 , J ) = D R C T R N ( M + 2 » J )

T  J S K ( 3 » J ) = B R C T R N ( M + 3 » J )

C O N T I N U E

C A L L  G M P R D ( T I S » T J S > T I J » 3 » 3 > 3 )

C A L L  G M P R D ( T I S K f T J S K r T I J K » 3 f 3 f 3 )

C A L L  M I N V ( T I J K » 3 » D » F 1 » G 1 )

C A L L  G M P R D ( T I J f T I J K » G E N f 3 f 3 r 3 )

T R A C E = < G E N  d  > 1 ) * * 2 + G E N ( 2 , 2 ) * * 2 + G E N ( 3 , 3  > * * 2 )

G A M = . 5 * ( T R A C E - 1 . 0 )

I F ( G A M . G T . 1 . 0 . A N D . G A M . L T , 1 . 0 5 )  G A M = 1 . 0  

G A M = A C O S ( G A M )

J T I i S M G = S Q R T  < ( J N T V E C  < N » 1 ) * * 2 )  +  (  J N T V E C  ( N » 2 ) * * 2 )  +  ( J N T V E C  ( N » 3 )  

8**2))
G A M S I N = S I N ( G A M )

D E L  T  A S = J T D S M G * G A M S I N

D E L T A S = D E L T A S * * 2

E R R S K = E R R S K + O E L T A S

M K N T 1 = M K N T 1 + 1

I I I = T R I A D ( M H » 2 )

J J J = T R I A D ( N » 2 )

I F ( I I I . E Q . J J J )  G O  T O  1 0

C

D O  7  L = 1 > 3

V E C I  ( L ) = P N T I ( J J J » L ) - F ' N T I (  I I I ,  L )

V E C K ( L ) = P N T K ( J J J » L ) - P N T K  < I I I r  L  >

7  C O N T I N U E

C

V £ C I M G = S Q R T ( ( V E C I ( 1 ) * * 2 ) + ( V E C I ( 2 ) * * 2 ) + ( V E C I ( 3 ) # * 2 ) )  

V E C K M G = S Q R T ( ( V E C K ( 1 ) * * 2 ) + ( V E C K ( 2 ) * * 2 ) + ( V E C K ( 3 ) * * 2 ) )

B E L T A D = A B S ( V E C K M G - V E C I M G )

D E L T A D = 0 E L T A D * * 2  

E R R D L T = E R R B L T + D E L T  A D  

M K N T 2 = M K N T 2 + 1  

1 0  C O N T I N U E  

C

R M K N T 1 = F L 0 A T ( M K N T 1 )

R M K N T 2 = F L 0 A T ( M K N T 2 )
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D I V 1 = R M K N T 1 * 1 . 0  

B I V 2 = R M K N T 2 * 1 , 0  

I F ( M K N T l . N E . O )  G O  T O  1 1  

S K E R R = 9 . 9 9 9  

G O  T O  1 2

1 1  S K E R R = S G R T ( E R R S K / D I V 1 )

1 2  I F ( M K N T 2 . N E . O )  G O  T O  1 3  

D E R R = 9 . 9 9 9

6 0  T O  1 4

1 3  D E R R = S Q R T ( E R R D L T / D I V 2 )

1 4  E R R T O T < M M » 1 ) = S K E R R  

E R R T O T  < M M » 2 ) = D E R R

E R R T O T < M M » 3 > = S G R T ( ( S K E R R * * 2 + D E R R * * 2 ) / 2 . 0 )

C

E R R S K = 0 . 0  

E R R D L T = 0 » 0  

G O  T O  2 0

1 9  E R R T O T ( M M » 1 ) = 2 5 . 0  

£ R R T 0 T ( M M » 2 ) = 2 5 . 0  

E R R T O T ( M M » 3 ) = 5 0 . 0  

E R R S K = 0 . 0  

E R R D L T = 0 » 0

2 0  C O N T I N U E  

C

C A S E = 1

E R T O T L = E R R T O T ( 1  > 3 )

D O  2 5  1 = 1 t1 9

I F ( E R T 0 T L . L E . E R R T 0 T ( I + 1 » 3 ) )  G O  T O  2 5  

C A S E = I + 1

E R T  O T L = E R R T O T ( 1 + 1 * 3 )

2 5  C O N T I N U E  

R E T U R N  

E N D

C

C

S U B R O U T I N E  E U L E R ( D » A N G S )

C

C  T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  E U L E R  A N G L E S  ( Z - X - Z )  W H I C H  

C  D E S C R I B E  T H E  H U M E R A L  A X I S  S Y S T E M  R E L A T I V E  T O  T H E  F I X E D  B O D Y

C  S Y S T E M .

C

D I M E N S I O N  D ( 3 * 3 ) » A N G S ( 3 )

D A T A  P I / 3 . 1 4 1 5 9 2 6 5 4 /

C

A N G S ( 2 ) = < A C 0 S ( B ( 3 * 3 ) ) > * 1 8 0 . O / P I  

I F ( A N G S ( 2 ) . L T . 0 . 0 1 )  G O  T O  2 0  

I F ( A N G S ( 2 ) . G T . 1 7 9 , 9 9 )  G O  T O  3 0  

A N G S ( 3 ) = ( A T A N 2 ( D ( 1 * 3 ) * D ( 2 * 3 > > ) * 1 8 0 . O / P I  

A N G S ( 1 ) = ( A T A N 2 ( D < 3 * 1 ) * - D ( 3 * 2 ) ) ) # 1 8 0 . 0 / P I  

G O  T O  4 0

2 0  P S I P H I = ( A T A N 2 (  ( I i ( l * 2 ) - D ( 2 * l ) ) * ( D ( 1 * 1 ) + D ( 2 * 2 ) ) ) ) # 1 8 0 , O / P I
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A N G S ( 1 ) = P S I P H I  

A N G S ( 3 ) = 0 « 0  

G O  T O  4 0

3 0  P S I P H I = ( A T A N 2 < ( D < 1 , 2 ) + D ( 2 , 1 ) ) > < B ( 1 > 1 ) - D ( 2 » 2 ) ) ) ) * 1 8 0 . 0 / P I

A N G S ( 1 ) = P S I P H I  

A N G S ( 3 > = 0 . 0  

4 0  R E T U R N  

E N D

C

C

S U B R O U T I N E  E U L E R 2 ( D » A N G S )

C

C  T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  E U L E R  A N G L E S  < Z - Y - Z )  W H I C H  

C  D E S C R I B E  T H E  H U M E R A L  A X I S  S Y S T E M  R E L A T I V E  T O  T H E  F I X E D  B O D Y

C  S Y S T E M .

C

D I M E N S I O N  D ( 3 ' 3 ) r A N G S < 3 )

D A T A  P I / 3 . 1 4 1 5 9 2 6 5 4 /

C

A N G S ( 2 ) = ( A C 0 S ( D ( 3 * 3 ) ) ) * 1 8 0 . 0 / P I  

I F ( A N G S < 2 ) . L T . 0 . 0 1 > G O  T O  2 0  

I F ( A N G S ( 2 ) . G T . 1 7 9 . 9 9 )  G O  T O  3 0  

A N G S ( 3 ) = ( A T A N 2 ( D ( 2 » 3 ) » - D ( 1 » 3 > ) > * 1 8 0 . O / P I  

A N G S ( 1 > = ( A T A N 2 ( D ( 3 » 2 > » D ( 3 » 1 > > > * 1 8 0 . O / P I  

G O  T O  4 0

2 0  P S I P H I = ( A T A N ? ( ( D ( l > 2 ) - D < 2 > 1 ) ) » ( D ( 1 » 1 ) + D ( 2 » 2 > ) ) > * 1 8 0 . O / P I

A N G S ( 1 ) = P S I P H I  

A N G S ( 3 ) = 0 . 0  

G O  T O  4 0

3 0  P S I P H I = ( A T A N 2 ( ( D ( l , 2 ) + D ( 2 » l ) ) f ( D ( l » l ) - D ( 2 » 2 ) > > > * 1 8 0 . O / P I

A N G S d  ) = P S I P H I  

A N G S ( 3 ) = 0 . 0  

4 0  R E T U R N

E N D

C

C

S U B R O U T I N E  D R C M A T ( A » B » C )C
C  T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  D I R E C T I O N  C O S I N E  M A T R I X

C  F O R  A N  A X I S  S Y S T E M  B A S E D  O N  T W O  C O P L A N A R  V E C T O R S  ( A  a n d  B > .

C  T H E  R E S U L T I N G  M A T R I X » C »  I S  O R T H O G O N A L  A N D  U N I T A R Y .

C

D I M E N S I O N  A ( 3 ) ' B ( 3 ) ' C ( 3 ' 3 >

A M A G = S Q R T ( A ( 1 ) * * 2 + A  < 2  > * * 2 + A ( 3 ) * * 2 )

B M A G = S Q R T ( B ( 1 >  * * 2 + B ( 2 ) * * 2 + B ( 3 ) * * 2  >

C ( 1 » 1 ) = A ( 1 ) / A M A G

C ( 1 » 2 ) = A ( 2 ) / A M A G

C ( 1 » 3 > = A ( 3 > / A M A G

C ( 2 » 1 ) = B ( 1 ) / B M A G

C ( 2 » 2 ) = B ( 2 ) / B M A G

C ( 2 » 3 ) = B ( 3 ) / B M A G
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C ( 3 > 1 ) = ( C ( 1 » 2 ) * C ( 2 » 3 ) ) - ( C ( 2 » 2 ) # C ( 1 » 3 ) )  

C ( 3 . 2 ) = < C < 1 » 3 ) * C ( 2 » 1 > > - < C < 2 . 3 ) * C ( 1 » 1 ) )  

C < 3 . 3 ) = ( C a » l ) * C < 2 » 2 ) > - ( C < 2 » l ) # C < l » 2 ) )  

C ( 2 » 1 ) = ( C < 3 . 2 > * C < 1 . 3 > ) - C C < 1 . 2 > * C < 3 » 3 > >  

C < 2 » 2 ) = < C < 3 » 3 > # C ( 1 » 1 ) ) - < C ( 3 . 1 > * C < 1 » 3 > >  

C C 2 » 3 ) = < C < 3 » 1 ) # C < 1 , 2 ) ) - ( C < 1 . 1 > * C < 3 » 2 > >  

H O  1 0  J = l » 3

C H A G = S Q R T < C ( J » 1 ) * * 2 + C ( J » 2 ) * * 2 + C < J * 3 ) # * 2 )  

D O  5  1 = 1 . 3  

C (  J » I ) = C <  J . D / C M A G  

5  C O N T I N U E  

1 0  C O N T I N U E  

R E T U R N  

E N D
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P R O G R A M  F O R C M O

C
C  T H I S  P R O G R A M  A N A L I Z E S  T H E  K I N E M A T I C S  O F  A  M O V I N G  B O D Y  R E L A T I V E

C  T O  A  F I X E D  B O D Y  F O R  S I T U A T I O N S  W I T H  A P P L I E D  L O A D I N G .

C  T H I S  P R O G R A M  R E Q U I R E S  T H E  I N P U T  O F  A  L O C A T O R  F I L E  ( F O R

C  T H E  F I X E D  B O D Y ) f  A N  I N I T I A L I Z N G  F I L E  ( F O R  T H E  M O V I N G  B O D Y )  A N D

C  A  K I N E M A T I C  D A T A  F I L E .

C

C  D E C L A R E  & T Y P E  V A R I A B L E S ?  D I M E N S I O N  A R R A Y S ?  I N I T I A L I Z E  C O N S T A N T S

C

D I M E N S I O N  S H L J N T ( 4 ) f E B O W J T ( 4 ) f A N G O U T ( 4 ) f C A L ( 6 f 6 ) f F 2 ( 6 ) f G 2 ( 6 )  

D I M E N S I O N  C T L 0 C ( 3 ) f R ( 3 ) f R C 2 D A T ( 2 4 ) f P N T K ( 6 f 3 ) f F X J T C T ( 3 ) f R C N T R ( 3 )  

D I M E N S I O N  R C 1 D A T ( 3 3 ) f V E C I ( 3 )  f O U T P U T ( 2 2 ) f V E C 2 < 3 ) f V E C 3 ( 3 )

D I M E N S I O N  F l ( 3 ) f E R R T 0 T ( 2 0 f 3 ) f E L B J N T ( 3 > f E L B C N T ( 3 ) f C S M A T ( 3 f 3 )  

D I M E N S I O N  G K 3 ) f T M A T ( 3 f 3 ) f C V E C ( 3 ) f H U M D R C ( 6 0 f 3 > f H U M ( 3 f 3 )

D I M E N S I O N  L B V E C ( 3 ) f C N T V E C ( 3 ) f T 2 ( 3 f 3 ) f T 1 ( 3 f 3 ) f T 2 1 ( 3 f 3 ) f F B C N T ( 3 )  

D I M E N S I O N  L 0 C 0 G N ( 3 ) f J T C N T ( 3 ) f A N G S ( 3 ) f L G B V E C ( 3 ) f J N T C N T ( 3 )

D I M E N S I O N  L B V E C K 3 ) f P N T G ( 3 f 3 ) f L B V E C 2 ( 3 ) f L G V E C I ( 3 ) f L G V E C 2 ( 3 >

D I M E N S I O N  P T A X T P  ( 3  f 3 )  f P T A P P  ( 3 )  f P T A X I S ( 3  f 3 )  f P T A P B ( 3 )  f 0 U T P T 2 ( 1 2 )  

D I M E N S I O N  T R N A X T ( 3 f 3 ) f X ( 6 ) f U J T ( 3 f 3 )

L O G I C A L * !  J T N A M E ( 9 ) f S N A M E ( 2 5 ) f M E S S ( 8 0 ) f F 1 N A M E ( 1 3 ) f F 2 N A M E ( 1 3 )

L O G I C A L * 1  F 3 N A M E ( 2 5 ) f D A Y ( 9 ) f  H O U R ( 8 ) f  F 4 N A M E ( 1 3 )

I N T E G E R  A N S f Y f N f I P T ( 2 0 ) f T R I A D f C A S E f A N S 2 f G U N S D  

R E A L  J N T V E C f L B V E C  f L O C O G N  f J T C N T  f L G B V E C  

R E A L  J N T C N T f L B V E C I f L B V E C 2 f L G V E C 1 f L G V E C 2

C O M M O N  / A C /  P N T I ( 6 f 3 ) f C 0 S M A T ( 6 0 f 3 ) f C 0 S T R N ( 6 0 f 3 ) f D R C 0 S ( 6 0 f 3 ) f 

$ D R C T R N < 6 0  f 3 ) f T R I A D ( 2 0  f 3 ) f J N T V E C ( 2 0  f 3 )

C O M M O N  / B C /  F R C T R N ( 6 ) f T R N A X ( 3 f 3 )

D A T A  I R E C / 1 / J R E C / 1 / K R E C / l / Y / ' Y ' / N / ' N ' / K O U N T / 1 /

D A T A  A / / A ' / B / ' B ' / P I / 3 . 1 4 1 5 9 2 6 9 4 / L R E C / 1 /

C
C  P R O M P T  F O R  D I M E N S I O N S F  D A T A  F I L E S  A N D  O U T P U T  I N F O R M A T I O N

C

5 0 5  W R I T E ( 5 f 5 )

R E A D ( 5  f 1 0  f E R R = 5 0 5 )  ( J T N A M E ( I ) f 1 = 1 f 9 )

5 1 0  W R I T E ( 5 f 1 5 )

R E A D ( 5  f 2 0 f E R R - 5 1 0 )  ( S N A M E ( I ) f 1 = 1 f 2 5 )

5 1 5  W R I T E ( 5 f 2 5 >

R E A D  ( 5 f 3 0 f E R R = 5 1 5 )  ( M E S S ( I ) f I = 1 f 8 0 )

5 2 0  U R I T E ( 5 f 3 5 )

R E A D  ( 5 f 4 0 f E R R = 5 2 0 )  ( F I N A M E d ) f 1 = 1 f 1 3 >

5 2 5  W R I T E ( 5 f 4 5 )

R E A D  ( 5 f 5 0 f E R R = 5 2 5 )  N R E C  

5 2 7  W R I T E ( 5 f 5 1 )

R E A D ( 5  f 4 0  f E R R = 5 2 7 ) ( F 2 N A M E ( I ) f 1 = 1 f 1 3 )

5 5 5  W R I T E ( 5 f 8 5 )

R E A D ( 5  f 2 0  f E R R = 5 5 5 ) ( F 3 N A M E ( I ) f I = 1 f 2 5 )

5 3 7  W R I T E ( 5 f 8 8 )

R E A D ( 5  f 3 4 5  f E R R = 5 3 7 ) G U N S D  

5 3 0  W R I T E ( 5 f 5 5 )

535 WRITE(5f60)
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R E A D < 5 » 6 5 * E R R = 5 3 5 ) C T L O C  < 1 )

5 4 0  W R I T E ( 5 * 7 0 )

R E A D  < 5  * 6 5  > E R R = 5 4 0 ) C T L O C ( 2 )

5 4 5  W R I T E ( 5 * 7 5 )

R E A D ( 5  * 6 5  * E R R = 5 4 5 ) C T L O C  < 3 )

U R I T E < 5 * 7 6 )

5 4 6  W R I T E ( 5 * 7 7 )

R E A D < 5 » 6 5  * E R R = 5 4 6 ) F X J T C T  < 1 )

5 4 7  W R I T E ( 5 * 7 8 )

R E A D ( 5  * 6 5  * E R R - 5 4 7 ) F X J T C T ( 2 )

5 4 8  W R I T E ( 5 * 7 9 )

R E A D ( 5 » 6 5 » E R R = 5 4 8 ) F X J T C T ( 3  >

7 2 1  U R I T E ( 5 * 7 3 1 >

W R I T E ( 5 * 7 3 4 )

R E A D ( 5  * 6 5  * E R R = 7 2 1 ) T H A T O

7 2 2  W R I T E < 5 * 7 3 2 >

R E A D ( 5 » 6 5  * E R R = 7 2 2 ) P H I O  

5 5 0  W R I T E ( 5 * 8 0 )

D O  6 0 1  1 = 1 * 3  

D O  6 0 2  J = l » 3  

6 0 3  U R I T E ( 5 * 6 0 4 ) I * J

R E A D  < 5  * 6 6  * E R R = 6 0 3 ) T 2 ( I  * J )

6 0 2  C O N T I N U E  

6 0 1  C O N T I N U E  

6 2 5  U R I T E ( 5 f 6 2 6 )

R E A D ( 5 » 6 5  r  E R R = 6 2 5 ) H H D I S  

6 3 0  W R I T E ( 5 » 6 3 1 >

R E A D ( 5 » 6 5 » E R R = 6 3 0 ) H Y D I S  

6 2 7  W R I T E < 5 » 6 2 8 >

R E A D ( 5 » 6 5 » E R R = 6 2 7 ) E J D I S  

5 5 6  W R I T E ( 5 > 8 8 4 )

R E A D ( 5 » 4 0 » E R R = 5 5 6 ) ( F 4 N A M E ( I ) , 1 = 1 » 1 3 )

C

C  L O C A T E *  I D E N T I F Y  A N D  A C C E S S  T H E  I N I T I A L I Z I N G  D A T A  F I L E

C

C A L L  A S S I G N  ( l f F 3 N A M E * 2 5 )

D E F I N E  F I L E  1  < 8 7 6 » 2 * U , J R E C >

D O  9 0  1 = 1 * 6  

D O  8 9  J = 1 * 3

R E A D ( 1 ' J R E C  * E R R = 3 5 0 0 ) P N T I ( I  * J )

8 9  C O N T I N U E

9 0  C O N T I N U E

D O  9 3  1 = 1 * 6 0  

D O  9 2  J = l * 3

R E A D  < 1 7 J R E C  * E R R = 3 5 0 0 ) C O S M A T ( I  * J )

9 2  C O N T I N U E

9 3  C O N T I N U E

D O  9 6  1 = 1 * 2 0  

D O  9 4  J = l * 3

R E A D ( 1 ' J R E C  * E R R = 3 5 0 0 ) ( J N T V E C ( I  * J ) )

9 4  C O N T I N U E
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9 6  C O N T I N U E

D O  9 8  1 = 1 i 6 0  

D O  9 7  J = l » 3

R E A D ( 1 ' J R E C  > E R R = 3 5 0 0 ) ( H U M D R C < I , J ) )

9 7  C O N T I N U E

9 8  C O N T I N U E  

C L O S E  ( U N I T = 1 )

C
C  C A L C U L A T E  T H E  T R A N S P O S E S  F O R  T H E  V A R I O U S  A X I S  S Y S T E M  D I R E C T I O N

C  C O S I N E  M A T R I C E S *

C

D O  1 5 2  N = l > 2 0  

M = ( N - 1 > * 3  

D O  1 5 1  J = l » 3

C O S T R N < M + J » 1 ) = C O S M A T ( M + l , J )

C O S T R N ( M + J » 2 ) = C O S M A T ( M + 2 » J  >

C O S T R N ( M + J » 3 ) = C O S M A T ( M + 3 1 J )

1 5 1  C O N T I N U E

1 5 2  C O N T I N U E  

C

C F I L L  T H E  T R A N S D U C E R  C A L I B R A T I O N  M A T R I X

C

C A L L  A S S I G N  < 1 » ' C 7 f 1 3 C A L . D A T ' )

D E F I N E  F I L E  1  < 2 » 7 2 » U » L R E C )

R E A D ( 1 ' L R E C  > E R R = 3 8 0 0 ) ( ( C A L ( I » J ) >  J = 1 » 6 ) » I = 1 » 6 )

C L O S E  < U N I T = 1 )

C A L L  M I N V ( C A L » 6 » D > F 2 » G 2 )

C
C  L O C A T E » I D E N T I F Y  A N D  A C C E S S  T H E  L O C A T O R  D A T A  F I L E

C

2 0 0 0  C A L L  A S S I G N  ( 1 ? F 2 N A M E » 1 3 )

D E F I N E  F I L E  1  ( 1 , 4 8 > U > I R E C )

C  '

C  R E A D  L O C A T O R  D A T A  F I L E

C

R E A D  ( 1 ' I R E C » E R R - 3 0 0 0 ) ( R C 2 D A T ( I ) , I = 1 » 2 4 )

C

C A S S I G N  D A T A  T O  V A R I A B L E S

C

D O  8 7  1 = 1 » 3

T 1 < 1 f I ) = R C 2 D A T ( 3 + 1 >

T 1 ( 2 » I ) = R C 2 D A T < 1 2 + I )

T 1 < 3 f I ) = R C 2 D A T ( 1 8 + 1 >

L O C O G N ( I ) = R C 2 D A T ( 6 + 1 )

8 7  C O N T I N U E

C L O S E  ( U N I T = 1 )

C

C C A L C U L A T E  T H E  L O C A T I O N  O F  T H E  F I X E D  B O D Y  C E N T E R  W . R . T .  T H E

C  B O A R D *

C A L L  G M P R D ( T 2 » T l i T 2 1 f 3 » 3 > 3 )

C A L L  M I N V ( T 1 » 3 » D » F 1 » G 1 )
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oo
oo

cs
o 

o
o
n

C A L L  G M P R D  ( T 1  * C T L O C  * F B C N T * 3  ,  3 , 1 )

D O  9 2 0  1 = 1 * 3

F B C N T ( I ) = F B C N T ( I ) + L 0 C 0 G N ( I )

9 2 0  C O N T I N U E

O U T P U T  H E A D E R  I N F O R M A T I O N

C A L L  D A T E ( D A Y )

C A L L  T I M E ( H O U R )

W R I T E  ( 5 * 2 0 0 )

W R I T E ( 5 * 1 0 0 )  ( J T N A M E ( I ) * 1 = 1 * 9 )

W R I T E ( 5 * 2 0 5 )

W R I T E ( 5 * 1 0 5 )  D A Y  * H O U R  * ( S N A M E ( I ) *  I = 1  * 2 5 )

W R I T E ( 5 * 1 1 0 )  ( F I N A M E ( I ) * 1 = 1 * 1 3 ) , N R E C * ( M E S S ( I ) , 1 = 1 * 8 0 )  

W R I T E ( 5 * 2 0 5 )

W R I T E ( 5 , 7 0 0 )

W R I T E ( 5 » 7 0 1 )

L O C A T E ,  I D E N T I F Y  A N D  A C C E S S  T H E  M A I N  D A T A  F I L E  

O P E N  A N Y  O U T P U T  D A T A  F I L E S

C A L L  A S S I G N  ( 1 * F 1 N A M E * 1 3 )

D E F I N E  F I L E  1  < N R E C * 6 6 * U * K R E C )

C A L L  A S S I G N  ( 2 > F 4 N A M E * 1 3 )

C

C  R E A D  O N E  R E C O R D

C

5 0 0  R E A D  ( 1 ' K R E C * E R R = 4 0 0 0 )  ( R C 1 B A T ( I ) * I = 1 * 3 3 )

C

C  A S S I G N  D A T A  T O  V A R I A B L E S

C

D O  4 9 9  1 = 1 * 3

P N T K ( 1 * I ) = R C 1 D A T ( I )

P N T K ( 2 * I ) = R C l D A T ( I + 3 )

P N T K ( 3  * I ) = R C 1 D A T ( I + 6 )

P N T K ( 4 * I ) = R C l D A T ( I + 9 )

P N T K ( 5 * I ) = R C 1 D A T ( I + 1 2 )

P N T K ( 6 * I ) = R C 1 D A T ( I + 1 5 )

P N T G ( 1  * I ) = R C 1 D A T ( 1 + 1 8 )

P N T G ( 2 , I ) = R C 1 D A T ( I + 2 1 )

P N T G ( 3 * I ) = R C l D A T ( I + 2 4 )

C

C  C O N V E R T  T R A N S D U C E R  F O R C E  A N D  M O M E N T  D A T A  T O

C  N E W T O N S  A N D  N E W T O N - M E T E R S

C

F R C T R N ( 1 ) = R C 1 D A T ( 2 8 ) * 4 . 4 4 8  

F R C T R N ( 2 ) = R C 1 D A T ( 2 9 ) * 4 . 4 4 8  

F R C T R N ( 3 ) = R C 1 D A T ( 3 0 ) * 4 . 4 4 8  

F R C T R N ( 4 ) = R C 1 D A T ( 3 1 ) * 0 . 1 1 2 9 8  

F R C T R N ( 5 ) = R C 1 D A T ( 3 2 ) # 0 . 1 1 2 9 8  

F R C T R N ( 6 ) = R C 1 D A T ( 3 3 ) * 0 . 1 1 2 9 8
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4 9 9  C O N T I N U E

D O  6 8 9  1 = 1 » 3

I F ( P N T G < I > l ) . N E . O . O )  6 0  T O  6 8 9  

G O  T O  3 9 0 0  

6 8 9  C O N T I N U E  

5 0 1  K K = 0

D O  8 0 5  1 = 1  * 6

I F < P N T K ( I , 1 ) . N E . 0 . 0 )  G O  T O  8 0 5  

K K = K K + 1  

8 0 5  C O N T I N U E

I F ( K K . G E , 4 )  G O  T O  3 7 0 0  

N = 1

D O  8 4 0  J = l » 4  

D O  8 3 0  K = J + 1 » 5  

D O  8 2 0  L = K + 1 » 6  

T R I A D ( N » 1 ) = J  

T R I A D < N » 2 ) = K  

T R I A D ( N » 3 ) = L

I F < P N T K < K » 1 ) . N E . 0 . 0 . A N B . P N T K < J , 1 > . N E . 0 . 0 . A N D . P N T K < L > 1 ) . N E .  

& 0 . 0 )  G O  T O  8 5 0  

I I = < ( N - 1 ) * 3 ) + 1  

D O  8 4 5  J J = 1 » 3  

D R C O S ( I I > J J ) = 0 . 0  

D R C O S ( I I + l f J J ) = 0 * 0  

D R C 0 S ( I I + 2 » J J ) = 0 » 0  

D R C T R N ( 1 1 » J J ) = 0  * 0  

D R C T R N ( I I + 1 » J J ) = 0 * 0  

D R C T R N ( I I + 2 » J J > = 0 . 0  

8 4 5  C O N T I N U E  

I P T ( N ) = K  

N = N + 1  

G O  T O  8 2 0  

8 5 0  D O  8 0 0  M = 1 » 3

V E C 1 ( M ) = P N T K ( K » M ) - P N T K ( J » M >

V E C 2 ( M ) = P N T K ( L » M ) - P N T K ( K » M )

8 0 0  C O N T I N U E  

I P T ( N ) = K

C A L L  D R C M A T  < V E C 1 » V E C 2 » C S M A T )

I = ( ( N - 1 ) * 3 >

D O  8 1 0  J J = 1 > 3

D R C O S ( I + 1 >  J J ) = C S M A T  < 1 » J J )

D R C O S ( I + 2  f  J J ) = C S H A T ( 2 » J J )

D R C O S ( 1 + 3 » J J ) = C S M A T ( 3 » J J )

D R C T R N ( 1 + J J  * 1 ) = C S M A T ( 1 » J J )

D R C T R N ( I + J J » 2 ) = C S M A T ( 2 » J J )

D R C T R N ( I + J J » 3 ) = C S M A T  < 3 . J J )

8 1 0  C O N T I N U E  

N = N I 1  

8 2 0  C O N T I N U E  

8 3 0  C O N T I N U E  

8 4 0  C O N T I N U E
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C  S E L E C T  ■ M O S T - A C C U R A T E *  T R I A D  O F  E M I T T E R S

C

C A L L  L O C A X S <  F’N T K  f  C A S E  f E R R T O T )

C

C  M U L T I P L Y  T H E  T R A N S D U C E R  V A L U E S  B Y  T H E  C A L I B R A T I O N  M A T R I X

C  T O  G E T  T H E  F O R C E S .

C

C A L L  G M F ' R D ( C A L f F R C T R N f X f 6 f 6 f 1 )

D O  4 9 2  1 = 1  f 6  

F R C T R N ( I ) = X ( I )

4 9 2  C O N T I N U E  

C

C  C A L C U L A T E  T H E  P O I N T  O F  F O R C E  A P P L I C A T I O N  A N D  T H E  A X I S  S Y S T E M

C  O F  T H E  F O R C E  T R A N S D U C E R  U . R . T ,  T H E  F I X E D  B O D Y  C E N T E R

C  I N  A D D I T I O N f C H E C K  T H E  A C C U R A C Y  O F  T H E  F - A  E M I T T E R S

C

C A L L  F O R P T ( P N T G f G U N S D f P T A P P f P T A X I S )

D O  5 0 3  1 = 1 f 3

P T A P P  ( I )  = F ' T A P F '  ( I )  - F B C N T  ( I )

5 0 3  C O N T I N U E

C A L L  G M F ’R D  ( T 2 1  f F’T  A P P  f F T  A P B  f 3  f 3  f 1 )
D O  5 0 9  1 = 1  f 3  

F’T A X T P ( I f 1 ) = P T A X I S ( 1 f I )

P T A X T P d  f 2 ) = P T A X I S ( 2 f I )

F ' T A X T F ’ (  I  f 3 ) = P T A X I S < 3 f I  )

5 0 9  C O N T I N U E

C A L L  G M F ’R D < T 2 1 f F ' T A X T F ’ f T R N A X T f 3 f 3 f 3 )

D O  5 1 1  1 = 1 f 3  

T R N A X ( I f 1 ) = T R N A X T ( 1 f I )

T R N A X ( I f 2  > = T R N A X T ( 2  f I )

T R N A X ( I f 3 ) = T R N A X T  < 3  f I )

5 1 1  C O N T I N U E

C

C  C A L C U L A T E  T H E  J O I N T  C E N T E R  W . R . T .  T H E  F I X E D  B O D Y  C E N T E R

C

I = ( ( C A S E - 1 ) * 3 ) + 1  

D O  9 0 0  J = 1 f 3  

T M A T ( 1 f J ) = D R C T R N ( I f J )

T M A T ( 2 f J ) = D R C T R N ( 1 + 1 f J )

T M A T ( 3  f J  > = D R C T R N ( 1 + 2  f J )

H U M < 1 f J ) = H U M D R C ( I f J )

H U M ( 2 f J ) = H U M D R C ( I + 1 f J )

H U M (3  f J ) = H U M D R C ( I + 2  f J )
C V E C ( J ' ,  " ! T V E C ( C A S E f J >

9 0 0  C O N T I N U E

D O  3 3 9  J = 1 f 3  

L B V E C ( J ) = H U M ( 3 f J )

L B V E C 1 ( J ) = H U M ( 1 f J )

L B V E C 2 ( J ) = H U M ( 2 f J >

339 CONTINUE
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CALL GMPRD < THATfCVECf CNTVEC f 3 f 3 f1>
CALL GMPRD(TMAT f LBVEC f LGBVEC f 3 f 3 f1)
CALL GMPRD(TMAT f LBVEC1f LGVEC1f 3 f 3 f1)
CALL GMPRD(TMAT f LBVEC2f LGVEC2f3 f3 f1)
CALL UNITVR(LGBVEC)
CALL UNITVR(LGVECl)
CALL UNITVR(LGVEC2)
K=IPT(CASE)
DO 910 1=1f3
JNTCNT(I)=PNTK(K fI)+CNTVEC(I)+HHDIS#LGBVEC(I>-HYDIS*LGVEC2(I) 
ELBJNT(I)=JNTCNT(I)+EJDIS*LGBVEC(I)

910 CONTINUE
DO 930 1=1f3
JNTCNT(I)=JNTCNT(I)-FBCNT(I)
ELBJNT(I)=ELBJNT(I)-FBCNT i I)

930 CONTINUECALL GMPRD(T21f JNTCNT f JTCNTf 3 f3 f1)
CALL GMPRD(T21f ELBJNT f ELBCNT f 3 f 3 f1)
DO 931 1=1f3 
SHLJNT(1+1)=JTCNT(I)
EBOUJT(1+1)=ELBCNT <I)
OUTPUT(1A+I)=JTCNT(I)
OUTPUT(19+1)=ELBCNT(I)

931 CONTINUE
CALL GMPRD(T21f LGBVECf LBVECf 3 f 3 f1)
CALL GMPRD(T21 f LGVEC1f LBVEC1f 3 f 3 f1)
CALL GMPRD(T21f LGVEC2 f LBVEC2 f 3 f 3 f1)

C
C CALCULATE THE THETA AND PHI ANGLES OF THE LONG BONE AXIS
C

THETA=0.00 PHI=0f00
CALL UNITVR(LBVEC)
CALL UNITVRILBVECl)
CALL UNITVR(LBVEC2)
CALL SPHERE(LBVECfTHETAfPHI)
DO 338 J=1f3 
HUM(1fJ)=LBVEC1(J)
HUM(2fJ)=LBVEC2(J)
HUM(3fJ)=LBVEC(J)
RCNTR(J )=ELBCNT(J )-FXJTCT(J )

338 CONTINUE
CALL SPHERE(RCNTR f THA2f PHI2)
OUTPUT(2)=ERRTOT(CASE fl)
OUTPUT(3)=ERRTOT< CASE f 2)
0UTPUT(4)=THA2 OUTPUT!5)=PHI2

C
C MULTIPLY RxF AND CALCULATE THE FORCES AND MOMENTS AT THE
C JOINT CENTER
C
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R (1) = (PTAPB <1)-FXJTCT<1))/100.0 
R(2)=(PTAPB(2)-FXJTCT(2))/100.0 
R(3)=(PTAPB(3)-FXJTCT<3))/100.0 
CALL RESULT(R>0UTPUT)
OUTPUT(1)=FLOAT < KOUNT)
0UTPT2(1)=FLOAT(KOUNT)

C
C TRANSFORM THETA 8 PHI COORDINATES OF R VECTOR INTO
C JOINT SYSTEM COORDINATES
C V0=THA2#PI/180.0

H0=PHI2*PI/180.0
VC=THAT0*PI/180.0
HC=PHI0s|tPI/180.0
ARG1=(SIN(V0)*SIN(H0-HC>)
AR62=< SIN(VO >*COS(VC)*COS<HO-HC)-COS(VO > *SIN(VC)) 
ARG3=(COS(VO)*COS(VC)+SIN(VO > *SIN < VC >*COS < HO-HC)) 
HT=ATAN2(ARG1»ARG2)
IF(HT.GT.O.O) GO TO 337 
HT=2,0*PI-ABS(HT)

337 VT=AC0S(ARG3)
0UTPT2(2)=VT*<180.00/PI)
0UTPT2 < 3)=HT*(180.00/PI)

C
C PERFORM ANALYSIS OF FORCES AND MOMENTS IN THE JOINT
C AXIS SYSTEM
C

IF(KOUNT.GT.l) GO TO 808
PHIX=PHIO*PI/180.0
THAX=(THAT0+90.0)*PI/180.0
PHIZ=PHI0*PI/180.0
THATZ=THAT0#PI/180.0
UJT(1»1)=COS(PHIX)*SIN(THAX)
UJT(1,2>=SIN(PHIX)#SIN(THAX>
UJT(1>3)=C0S(THAX)
UJT(3fl)=SIN(THATZ)*C0S(PHIZ)
UJT(3f2)=SIN(THATZ)*SIN(PHIZ)
UJT(3»3)=COS(THATZ)
UJT(2»l)=(UJT(3»2)*UJT(l»3)-UJT(l»2)*UJT(3f3))
UJT<2»2>=-<UJT<3,1)*UJT<1,3>-UJT<1»1>*UJT<3>3))
UJT (2»3) = (UJT < 3* 1 > #U JT (1»2) -UJT (1»1) #U JT (3 > 2))

808 CALL MOANAL(OUTPUT,VT>HT»UJT»0UTPT2)
C
C WRITE OUT THE DATA
C WRITE(5»702) (OUTPUTd)»1=1 »16)

WRITE(5»703)(OUTPUT <I)»I=17»22)»(0UTPT2(J)»J=2»12) 
WRITE(2»704) (0UTF'T2( J)»J=l»12)
DO 818 I=l»22 
OUTPUT(I)=0.00 

818 CONTINUE
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no 1010 1=1,11
QUTPT2(I)=0.0 

1010 CONTINUE
HO 819 1=1,33 
RC1DAT <I)=0.00 

819 CONTINUE
IF ( E R R T 0 T * C A S E , 1 ) . N E . 9 . 9 9 9 )  GO TO 318  
I=TRIAO(CASE,1)
J=TRIAIKCASE,2)
K=TRIA0(CASE,3)
HKMG1=SQRT <(F'NTK (1,1) -PNTK (J »1)) **2+ (PNTK ( I »2)-PNTK (J »2)) **2+ 
&(PNTK(I,3)-PNTK*J»3))**2)
riK«G2=SQRT **PNTK * J »1 > -PNTK < K, 1)) **2+ (PNTK < J, 2) -PNTK * K»2))**2+ i*PNTK(J,3)-PNTK*K»3>)**2)
0KMG3=SQRT<(PNTK < K,1 )-PNTK <1,1))*#2+ *PNTK(K,2 )-PNTK( I ,2))**2+ 
X*PNTK*K,3)-PNTK(I,3>)**2>
n i H G l = S S R T ( ( P N T I ( I , l ) - P N T I (  J , l ) ) # i i f 2 + ( P N T I ( I , 2 ) - P N T I ( J » 2 ) ) # # 2 +  
& ( P N T I < I , 3 > - P N T I ( J , 3 > > * * 2 )
MMG2=SGRT < < PNT I  ( J »1 >-PNT I  < K , 1 ) )  * * 2 + <  PNTI < J ,  2 ) -PN TI  ( K , 2 > >*  *2+  
& < P N T I ( J , 3 ) - P N T I ( K » 3 ) ) * * 2 )
nIMG3=SQRT( ( P N T I ( K , 1 ) -PNT 1 ( 1 , 1 ) ) * * 2 + ( P N T I ( K, 2 ) - P N T I ( I , 2 ) ) * * 2 +  
* ( P N T I ( K , 3 ) - P N T I < I » 3 > ) * * 2 )
URI TE(5»926)
W R I T E ( 5 , 9 2 7 ) I , J j D I H G I , J , K , D I I i G 2 , K , I , n i M G 3 , I , J j DKMGI, J,K,DKMG2 
f t fK, I ,DKHG3

C
C I F  THERE ARE ANY MORE RECOROS, GO GET THEM!
C
318 K0UNT=KQUNT+1

IF(KOUNT.LE.NREC) GO TO 500
C
C FORMAT STATEMENTS FOR PROMPTS ANO RESULTS
C5 FORMAT*'$'»'Enter name of Joint tested CS-935 ')
10 FORMAT(9A1)
15 FORMAT*'$'»'Enter subject name or number CS-253 5 ')
20 FORMAT(25A1)
25 FORMAT*'O','Enter 3 description of the test CS-803 ')
30 FORMAT(80A1)35 F O R M A T * ' E n t e r  data file name CS-133J ')
40 FORMAT(13A1)
45 FORMAT*'$'»'Enter number of records to be read CN-53J ')
50 FORMAT*15)
51 F O R M A T * ' E n t e r  the corresponding fixed body locator file na

&me Cs-133: ')
55 FORMAT('O','Enter the distances in centimeters along the loca 

itor axes to the desired fixed body center t')
60 FORMAT *'$'»T15»'Enter the X-COORIHNATE CN-83J ')
65 F0RMAT(F10.5)
66 FORMAT(F8.4)
70 FORMAT('$' »T15> 'Enter the Y-COORMNATE CN-83J ')
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75 FORMAR'$ST15,'Enter the Z-COORDINATE CN-83J ')
76 FORMAR'OS'Enter the coordinates of the fixed Joint center 

& w*r.tt the fixed-body system}')
77 F O R M A R ' E n t e r  the Joint x-coordinate} ')
78 F O R M A R '$'»'Enter the Joint y-coordinate* ')
79 F O R M A R ' E n t e r  the Joint z-coordinate? ')
80 FORMAR'OS'Input a 3x3 matrix (by rows) that defines the body

8 axis system w.r.t, the locator axis system J ')
35 F O R M A R '$'»'Enter the corresponding initializing file name C 

8S-253J ')
88 F O R M A R »'Enter which side of the force applicator 

8 faced the sensor assembly during the test CA or B3J')
100 FORMAR'0ST78,9A1,'JOINT')
1 0 5  F O R M A R ' 0 S T S , ' D A T E ?  ' , 9 A 1 » / , T 5 , ' T I M E }  ' » 8 A 1 , / , T 5 » ' S U B J E C T  

8 N A M E  A N D  N U M B E R :  S 2 5 A 1 )

1 1 0  F O R M A T ( '  S T 5 , ' D A T A  F I L E  N A M E :  S 1 3 A 1 , / , T 5 , ' N U M B E R  O F  R E C O R D S :  

$ ' » I 5 » / / » T 5 , ' D E S C R I P T I O N :  S 8 0 A 1 )

200 FORMAR'O',165('-')/)
205 FORMAT(' O S 165('-')//)
206 FORMAT(' S165('-'>>
2 0 7  F O R M A T  ( ' 0 ' , 1 6 5 ( S ' ) )

275 F0RMAT('OS'ERROR ON ATTEMPT TO READ LOCATOR FILE ')
280 FORMAR'OS'ERROR ON ATTEMPT TO READ INITIALIZING FILE ')
285 FORMAR'OS'FOUR EMITTERS ON CUFF READ ZERO-PROCEEDING TO NEXT 

i RECORD * )
287 FORMAR'OS'ERROR ON ATTEMPT TO READ TRANSDUCER CALIBRATION 

8 MATRIX DATA FILE}')
300 FORMAR'OST30»'ERROR ON ATTEMPT TO READ NEXT RECORD')
311 F O R M A R 'OST20,'NOMINAL JOINT CENTER AS INITIALIZED'/)
340 FORMAR ' O S / ' $ S  'Are there other files to be processed?

$CY/N3:  ' )
345 FORMAR A4)
432 FORMAT(12)
604 FORMAT ( ' $ S T 1 5 » ' T 2 ( S I 1 » S S I 1 » ' ) JEN-811: ')
626 FORHAR'$S'Enter the distance from the acromion-based emitter 

$ to the center of the humeral head CN-8D}')
628 FORMAR'$S'Enter the distance from the center of the humeral 

$ head to the center of the elbow Joint EN—8HJ')
631 FORMAR'$S'Enter the lateral distance to the long bone axis 

8  E N - 8 3 : '  >702 FORHAR1F9.1»4F9.2»11F10.2,/)
7 0 3  F 0 R M A T ( 9 F 9 . 2 r 8 F 1 0 f 2 > / / >

704 FORMAT(12F10«2)731 FORMAR' S'Enter values for the nominal humeral axis orientation}') 
734 FORMAT('US'Theta Nominal} ')
732 FORMAR'*S'Phi Nominal: ')
733 F O R M A R ' i  S'Enter the 'Best-Fit* sphere radius: ')
750 FORMAT('OS'F-A EMITTER IS ZERO, PROCEEDING TO NEXT RECORD!')
8 8 1  F O R M A T ( 4 F 8 . 3 )

884 F O R M A R '$'»'Enter the output data filename for restoring 
8 forces and moments CS-133{ ')
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9 2 6  F O R M A T S  ' , T 5 , ' I N I T I A L I Z E D  D I S T A N C E S ! ' > T 6 3 > ' D I S T A N C E S !  C U R R E N T  

8  R E C O R D ! ' )

927 FORMAT<' '» 3 ( I l r » I 1 » , F 5 . 2 » ' '), T 6 0 , 3 < I 1 » > I 1 > '='»
8F5*2»' '))

C

C  C L O S E  U P  D A T A  F I L E  8  T H A T ' S  A L L  F O L K S !

C

2 0 0 1  C L O S E  ( U N I T = 1 )

C L O S E  < U N I T = 2 )

W R I T E ( 5 , 2 0 7 )

W R I T E < 5 , 3 4 0 )

R E A D ( 5 » 3 4 5 ) A N S

I F ( A N S  . E G »  ' N ' ) G 0  T O  5 0 0 0

W R I T E  ( - 5 ?  3 5 )

R E A D ( 5 » 4 0 )  ( F 1 N A M E < I ) > I = 1 » 1 3 )

W R I T E < 5 , 4 5 )

R E A D < 5 » 5 0 )  N R E C  

U R I T E ( 5 i 2 5 )

R E A D ( 5 » 3 0 )  ( M E S S < I ) > I = 1 » 8 0 )

I R E C = 1

K R E C = 1

K 0 U N T = 1

5 5 7  U R I T E ( 5 » 5 1 )

R E A D ( 5 » 4 0 » E R R = 5 5 7 ) ( F 2 N A M E < I ) » I = 1 » 1 3 )

5 5 8  M R I T E ( 5 » 8 8 4 )

READ < 5 » 40»ERR=558 ) ( F4NAME( I ) » I = 1 » 1 3 )

G O  T O  2 0 0 0  

3 0 0 0  M R I T E ( 5 » 2 0 5 )

W R I T E < 5 , 2 7 5 )

G O  T O  5 0 0 0  

3 5 0 0  U R I T E ( 5 » 2 0 5 )

W R I T E < 5 , 2 8 0 )

G O  T O  5 0 0 0  

3 7 0 0  W R I T E < 5 , 2 8 5 )

K 0 U N T = K 0 U N T + 1

I F ( K O U N T . G T . N R E C )  G O  T O  2 0 0 1  

G O  T O  5 0 0  

3 8 0 0  W R I T E < 5 » 2 8 7 >

G O  T O  5 0 0  

3 9 0 0  W R I T E ( 5 » 7 5 0 )

K 0 U N T = K 0 U N T + 1  

G O  T O  5 0 0  

4 0 0 0  U R I T E < 5 , 2 0 5 )

W R I T E < 5 » 3 0 0 )

G O T O  2 0 0 1  

5 0 0 0  U R I T E ( 5 f 2 0 5 )

S T O P

E N D

Cc
S U B R O U T I N E  S P H E R E ( V E C tT H E T A i P H I )
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cC SUBROUTINE TO CALCULATE THE SPHERICAL COORDINATES (THETA,PHI)
C OF THE VECTOR 'VEC1.
C

DIMENSION B<3),VEC(3)
DATA PI/3,141592654/
V E C M A G = S Q R T ( V E C ( 1 ) * * 2 + V E C ( 2 > * * 2 + V E C < 3 ) * * 2 )

IF(VECMAG,LT.l.OOl) 60 TO 10 
B (1) =VEC (1) /'VECMAG 
B(2)=VEC(2)/VECMAG 
B (3 > =VEC(3)/VECMAG 
GO TO 15 

10 B (1)=VEC(1)
B(2)~V£C(2)
B(3>=VEC(3>

15 Ai=SQRT(B(l)**2+B(2)**2)
THETA=(ATAN2(A1,B<3>)>*180.O/PI
IF(THETA.LT.179.99.OR.THETA,GT.0.01) GO TO 20
F'HI=0.0
GO TO 30

20 PHI=(ATAN2(B<2>,B<1)> >*1S0.0/PI 
30 RETURN 

END
C

SUBROUTINE UNITVR(VEC)
C

C SUBROUTINE CALCULATES A UNIT VECTOR FOR ANY GIVEN VECTOR
C

DIMENSION VEC<3)
VECMA6=(VEC(1)**2)+(VEC(2)**2)+(VEC(3)**2)
VECMAG=SGRT(VECMAG)
IF(VECMAG.EQ.O.O) VECMAG=1.0 
DO 10 1=1,3 
VECi I )=VECa)/VECMAG 

10 CONTINUE 
RETURN 
END

C
SUBROUTINE L O C A X S <P N T K , C A S E , E R R T O T )

CC THIS SUBROUTINE SELECTS THE 'MOST ACCURATE' LOCAL AXIS SYSTEM
C BASED ON INTRA-AXIS SYSTEM DISTANCES AND RELATIVE SKEW ANGLES.
C

DIMENSION PNTK(6»3),TIS(3,3),TISK(3,3)»TJS(3,3),TJSK(3»3> 
DIMENSION TIJ(3,3)»TIJK(3,3)»GEN(3,3), VECI(3),VECK(3>
DIMENSION ERRTOT(20,3 >,FI(3 >,G1< 3)
I N T E G E R  T R I A D i C A S E  

R E A L  J N T V E C , J T D S M G

COMMON /AC/ PNT1(6,3),COSMAT(60,3),COSTRN(60,3),DRCOS(60,3),
$DRCTRN(60,3),TRIAD(20,3),JNTVEC(20,3)
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m 
o 

cj

ERRSK=0.0
ERRDLT=0.0

C
[id 20 MM=1>20

C
11=TRIAD < MM»1)
J1=TRIAD(MMf2)
K1=TRIAD<MMj 3)
IF(PNTK(I1»1).EQ.0.0.OR.PNTK(Ji»i>.EQ.O.O.OR.PNTK(Ki»l>.EQ.O.O)

$ GO TO 19
C

KK=(MM-1)*3
C
l.

DO 3 J=1»3
TIS<1»J)=C0SMAT(KK+1>J)TIS(2,J:.=C0S«AT(KK+2*J)
TIS(3»J )=COSMAT< KK+3»J)

C
TISK(1»J)=DRC0S(KK+1»J)
TISK(2»J)=DRC0S<KK+2fJ)
TISK(3 * J )=DRCOS(KK+3 j J )

3 CONTINUE
C

nKNT1=0 
MKNT2=0

C
DO 10 N=i»20 
I2=TRIAD(N»1)
J2=TfiIA0(N»2>
K2=TRIAD(Nf3)
IF(PNTK(I2»1).EG«0.0.OR,PNTK(J2»1>.EQ.O.O.OR.PNTK(K2»1).EQ.O.O) 
t GO TO 10 
ri=(N-l)*3
IF<N*EQ.MM) GO TO 10

C
DO 5 J=l»3
TJS(lfJ)=COSTRN(M+l»J)
TJS(2»J)=C0STRN(M+2»J)
TJS<3»J)=CQSTRN(M+3»J)C
TJSK i 1»J)=BRCTRN<M+1fJ>
TJSK<2fJ)=DRCTRN(N+2»J>
TJSK(3 j J )=DRCTRN(M+3»J )
CONTINUE

CALL G M P R D < T I S » T J S » T I J » 3 » 3 » 3 )  

CALL G M P R D ( T I S K i T J S K  f T I J K  > 3 » 3  f 3 )  

CALL M I N V ( T I J K f 3 f D f F 1 f G I )
CALL GMPRD( T I J  f TIJK f GEN f 3 f 3 f 3 )
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O
TRACE=(GEN(1»1)**2+GEN(2.2)**2+GEN(3.3>*#2>
GAM=.5*(TRACE-1.0)
IF1 GAM.GT.1.0.AND * GAM.LT * 1 * 05) GAM=1.0 
GAM=AC0S(GAM>
JT BSMG=S0RT ((JNT VEC (N .1) **2) + (JNT VEC (N »2) **2) + (JNT VEC (N.3> 
ft#*?)>
GAMSIN=SIN(GAM>
DELTAS=JTBSMG*GAMSIN
DELTAS=DELTAS#*2
ERRSK=ERRSK+DELTASMKNT1=MKNT1+1
I I I=TRIAD<MM»2>
JJJ=TRIAB(N»2)
IF(III.EQ.JJJ) GO TO 10

C
DO ? L=1.3
VECI(L)=PNTI(JJJ.L)-PNTI(III»L>
VECK<L )=PNTK(JJJ»L )-PNTK(111. L )
CONTINUE
VECIMG=SQRT<<VECI(1>**2)+<VECI<2)**2)+(VECI<3>**2)> 
VECKMG=SGRT((VECK(1)**2)+(VECK(2)**2)+(VECK(3)**2)) 
DELTAD=ABS(VECKMG-VECIMG>
DELTAD=DELTAD**2 ERRBLT=ERRDLT+BELTAD 
MKNT2=MKNT2+1

10 CONTINUE 
C

RMKNT1=FL0AT(MKNT1>
RMKNT2=FL0AT(MKNT2>
IQV1=RMKNT1*1.0 
DIV2=RMKNT2*1.0 
IF(HKNTl.NE.O) GO TO 11 
SKERR=9.999 
GO TO 1211 SKERR=SGRT(ERRSK/BIV1)

12 IF(MKNT2.NE.0) GO TO 13 
DERR=9.999
GO TO 1413 DERR=3GRT(ERRBLT/BIV2>

14 ERRT0T(MM»1)=SKERR 
ERRT0T(MM.2>=BERR
ERRTOT(MM . 3)=SQRT((SKERR**2+BERR**2)/2.0)

C
ERRSK=0.0 
ERRDLT=0.0 
GO TO 20 

19 ERRT0T(MM»1>=25.0ERRTOT(MM.2>=25.0 
ERRTOT(MM.3>=50.0 
ERRSK=0.0
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EREDLT=0.0 
2 0  CONTINUE 
C

CASE=1
KRT0TL=ERRT0T<1*3)  
no 25 1=1*19
IF( ER TQT L.L E.ERR TQT( I+1»3) )  GO TO 25 
CASE=I+1
ERTOTL=ERRTOT( 1 + 1 i 3 )

25 CONTINUE 
RETURN 
END

C
C

SUBROUTINE MOANAL( OUTPUT *VT*HT*UJT*0UTPT2)
C

DIMENSION OUTPUT( 2 2 )  * 0UTPT2( 1 2 )  * UJT( 3 * 3 ) * HFB( 3 ) ,MJTT(3) *URJT<3)  
DIMENSION FJTR(3) *MJTR<3)
REAL MFB*MJTT * MJTR* MJTRMG, MURMAG 
DATA P1 / 3 . 1 4 1 5 9 2 6 9 4 /

C
C CALCULATE TOTAL RESTORING MOMENT» TRANSFORM INTO JOINT SYSTEM*
C AND FACTOR OUT COMPONENT ALONG R VECTOR
C

MFB( 1 ) =  OUTPUT( 1 0 ) +OUTPUT <13)
MFB<2>=OUTPUT<11)+OUTPUT(14 >
MFB( 3 ) =OUTPUT( 1 2 ) +OUTPUT( 1 5 )
CALL GMPRD(UJT»MFB»MJTT»3»3fl)
URJT<l>=SIN<VT>*COS<HT)
U R J T ( 2 ) = S I N ( V T ) * S I N ( H T )
URJT(3)=C0S(VT)
CALL UNITVR(URJT)
MURMAG=(MJTTd) *UR J T ( 1 ) +MJTT( 2 ) *URJT( 2 ) +MJTT( 3 ) *URJT( 3 ) )
0UTPT2( 4 ) =MURMAG
MJTR( i )=MJTT( 1 ) - ( MURMAG*URJT( 1 ) )
MJTR( 2 ) =MJTT( 2 ) - ( MURMAG*URJT( 2 ) )
MJTR( 3 ) =MJTT( 3 ) - ( MURMAG*URJT( 3 ) )
MJTRMG=SQRT( MJTR( 1 ) M2 +M JTR ( 2 ) * *2+MJTR( 3 ) * * 2 )
0UTPT2( 9 ) =MJTR( 1 )
0UTPT2(10)=MJTR(2)
OUTPT2(1 1 )=MJTR(3)
0UTPT2( 1 2 ) =MJTRM6 
CALL UNITVR(MJTR)FJTR(1) = (MJTR(2 >*URJT(3)-URJT(2)*MJTR(3))*(MJTRMG/1.0)
FJTR < 3 )  = -  ( MJTR ( 1 )  *URJT ( 3 )  -URJT ( 1 )  *MJTR ( 3 ) )  *  ( MJTRMG/1 . 0 )
FJTR( 3 )  = ( MJTR( 1 ) *URJT < 2 ) -URJT ( 1 ) #MJTR( 2 ) ) * ( MJTRMG/1. 0 )
F J l'RMG=3QRT ( F JTR ( 1 )  M2 +FJTR ( 2 )  * * 2 + F  JTR ( 3 )  * * 2 )
0U TPT2(5 )= FJ TR (1 )
0UTPT2( 6 ) =FJTR( 2 )
0UTPT2(7)=FJTR(3)
0UTPT2(3)=FJTRMG
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RETURN
END

SUBROUTINE DRCMAT<A,B,C)

THIS SUBROUTINE CALCULATES THE DIRECTION COSINE MATRIX 
FOR AN AXIS SYSTEM BASED ON TWO COPLANAR VECTORS (A arid B ) .  
THE RESULTING MATRIX, C,  I S  ORTHOGONAL AND UNITARY.

DIMENSION A(3> jB(3)»C<3»3)
AMAG=SQRT( A ( 1 > * * 2 + A ( 2 ) * * 2 + A ( 3 ) * * 2 )
BMAG=SGRT< B <1> * * 2 + B  < 2 ) * * 2 + B (3  > * * 2 )
C ( 1 , 1 ) =A <1) /AMAG 
C (1 i2 ) = A (2 ) / A M A G  
C<1,3)=A<3) /ANAG  
C<2* I >=Ba) /BMAG  
C (2 ,2 ) = B (2 ) / B M A G  
Oi 2,3'»=BI3)/BMAG
C < 3 , l ) = < C < l i 2 ) * C < 2 » 3 ) ) - < C < 2 » 2 ) * C < l » 3 ) )
C < 3 , 2 > = < C < 1 , 3 > * C < 2 , 1 ) ) - < C < 2 , 3 > * C ( 1 » 1 > )
C < 3 , 3 > = < C < i , l > * C ( 2 , 2 > ) - < C < 2 , l > * C ( l , 2 ) >

C ( 2 , 1 ) = ( C ( 3 » 2 ) * C ( 1 , 3 ) ) - ( C ( 1 , 2 ) * C ( 3 , 3 ) )
CC2,2 )  = < C ( 3 , 3 ) * C < l » l ) ) - - ( C < 3 » l > * C a » 3 ) >  
C ( 2 , 3 ) = ( C ( 3 , 1 ) * C < 1 , 2 > > - ( C < 1 , 1 ) * C ( 3 , 2 > >

Du 10 J = 1 , 3
CMAG=SQRT< C < J »1> * * 2 + C  < J , 2  > * * 2 + C  < J , 3  > * * 2 )
DO 5 1 = 1 , 3
C ( J , I ) = C i J , I ) / C M A G
CONTINUE
CONTINUE
RETURN
END

SUBROUTINE RESULT(R,OUTPUT)

DIMENSION R ( 3 ) , X ( 3 ) » Y ( 3 ) » Z ( 3 ) »MOMXTR( 3 ) »M0MYTR(3),M0MZTR(3)  
DIMENSION FRCBDI3)»PM0MBD(3) ,M0MBD<3),M0MTBD(3) ,0UTPUT<22>  
REAL MOMXTR, MOMYTR, MOMZTR, MOMBD, MOMTBD 
COMMON / B C /  FRCTRN( 6 )  >TRNAX( 3 , 3 )
DO ? J = 1 , 3
X ( J ) =FRCTRN< 1 ) *TRNAX( 1 , J )
Y < J ) =FRCTRN( 2 ) *TRNAX( 2 , J )
Z ( J ) = FRCTRN( 3 ) # TRNAX( 3 , J )
MOMXTR< J ) =FRCTRN( 4 ) *TRNAX( 1 , J )  
M0MYTR<J)=FRCTRN(5)*TRNAX(2,J>
MOMZTR( J ) =FRCTRN < 6 ) KTRNAX( 3 , J )
CONTINUE 
DO 3 1= 1 , 3
F R C B D t I ) = X ( I ) + Y ( I ) + Z < I )
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OUTPUT(5H)=FRCBD<I )
F'MOHBD ( I ) =MOMXTR ( I ) +MOMYTR ( I ) +MOMZTR ( I )
OUTPUT( 9 + 1 ) =PMQMBD( I )

3 CONTINUE
CALL CRSPRD< R»FRCBD»MOMBD)
DO 9 1 = 1 r 3
HONTBD( I ) =PMOMBD( I ) +MOMBD<I >
OUTPUT( 12+I )=MOMBB( I )

9 CONTINUE
OUTPUT( 9 ) =SQRT(< FRCBD< 1 ) * * 2 )  + ( FRCBD < 2 > * * 2 )  + (FRCBD( 3 ) * * 2 ) )  
OUTPUT( 1 o ) =SGRT( ( MOMTBD( 1 ) * * 2 )  + ( MOMTBD< 2 ) * * 2 ) + ( MOMTBD( 3 ) * * 2 ) )  
RETURN 
END

Cc
SIJBROUTINE CRSPRD < R»F »OUT)

C ■
DIMENSION R ( 3 ) * F ( 3 ) fOUT( 3 )
0 U T ( 1 ) = ( R ( 2 ) * F ( 3 ) ) - ( R < 3 ) * F ( 2 > )
0 U T ( 2 > = ( R ( 3 ) * F ( 1 ) > - < R ( 1 ) * F < 3 ) )
0 U T ( 3 > = ( R < 1 > * F < 2 > ) - < R < 2 ) * F ( 1 ) >
RETURN
END

C
C

SUBROUTINE FORF'T(F'NTGjGUNSD»PTAPP»PTAXIS)
C
C SUBROUTINE TO CALCULATE THE POINT OF FORCE APPLICATION
C AND THE AXIS SYSTEM OF THE FORCE APPLICATOR
C

DIMENSION PTAPP<3),NORMAL< 3 >»PT1PT2(3 >»PT2PT3(3)
DIMENSION P T A X I S ( 3 , 3 ) r X ( 3 ) > Y ( 3 ) , P N T G ( 3 > 3 )
REAL NORMALj NORLEN 
INTEGER GUNSD 
DO 10 I =1»3

P T l P T 2 ( I ) = P N T G ( 2 » I ) - P N T G ( l i I >
PT 2PT3<I ) =PNTG(3  > I ) -PNTG( 2 , 1 )

10 CONTINUE 
P 1 2 r t A 6 = S 0 R T ( P T l P T 2 < l ) * * 2 + P T l P T 2 ( 2 ) * * 2 + P T l P T 2 < 3 ) * * 2 )  
P23MAG=SQRT < PT2PT3 ( 1 )  * *2+PT2PT3 <2) * *2+PT2PT3 ( 3 ) * * 2 )  
P12DIF=ABS(P12MAG-12. 9 0 )
P23DIF=ABS(F'23MAG-9.10)
D 0 T1 2 3 = P T I P T 2 ( 1 ) * P T 2 P T 3 ( 1 ) + P T 1 P T 2 ( 2 ) * P T 2 P T 3 ( 2 ) + P T 1 P T 2 ( 3 ) *
&PT2PT3(3)
THA=i ACOS<DOT1 2 3 / < F'12MA6*P23MAG>)> * 5 7 . 2 9 5 8  
THADIF=AB3 < 90-THA)
I F <P12DIF * G T . 0 « 3 0 )  WRITE<5»40)P12DIF  
I F ( P 2 3 B I F . G T * 0 * 3 0 )  WRITE(5»45)P23DIF  
I F ( T H A D I F . 6 T . 5 . 0 )  URITE(5»50)THADIF  
CALL CRSPRD( PT1PT2»PT2PT3»NORMAL)
IF  (GUNSD .EG* 'A'JGOTO 15
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NORMAL! 1 ) = - 1 f 0*NORMAL( 1)
NORMAL( 2 ) = - 1 . 0*NGRMAL( 2 )
NORMAL< 3 ) = - 1 . 0*NORMAL(3> 

i 5 NQRLENsSSRT( PT2PT3( 1 ) * * 2 + P T2 P T 3 ( 2 ) * * 2+P T2P T 3 ( 3 ) M 2 > * 0 . 5
CALL UNITVR(NORMAL)
DO 20 1 = 1 »3

NORMAL( I ) =NORMAL<I ) *NORLEN 
PT2PT3( I ) =PT2PT3<I > * 0 . 5+PNTG( 2 » I )
PTAPR < 1 ) =NORMAL<I ) +PT2PT3<I )
X ( I ) = P N T G ( 2 » I ) - P T A P P ( I )
Y ( I ) =F’NT6< 3 » I  > —PT APP< I )

20 CONTINUE
CALL UNITVR(PT1PT2)
CALL UNITVR(X)
CALL UNITVR(Y)
IF tG U N S D . E Q . ' B ' )  GO TO 25 
IiO 23 1=1 >3 
Y ( I ) = - 1 , 0 * Y ( I )

23 CONTINUE 
25 DO 30 1=1>3

PTAPP <I ) =PTAPP<I ) +PT1PT2( I ) * 3 0 . 0  
P T A X I S ( 1 » I ) = - X ( I )
P T A X I S < 2 » I ) = Y ( I )
P T A X I S < 3 > I ) = - P T 1 P T 2 ( I )

30 CONTINUE
40 FORMAT( 'O '  > 'F'12 d i s c r e p a n c y  i s ! ' » F 6 « 3 )
45 F0 R M A T ( ' 0 ' r  'P23  d is c r e p a n c y  i s ! ' » F 6 . 3 )
50 FORMAT< ' O ' > 'Cros s  p r o d u c t  d is c r e p a n c y  i s ! ' > F 6 * 3 n ' d e c r e e s ' )

RETURN 
END

C
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PROGRAM CALEXP
C
C THIS PROGRAM USES JOINT ENVELOPE DATA TO CALCULATE THE JOINT
C SINUS EXPANSION IN THE SAME FORM AS FOUND IN THE CALSPAN ATB
C MODEL. THE SAME PROCEDURE IS  FOLLOWED AS IN THE BAYLOR BIO-
C STEREOMETRIC LABORATORY REPORT.
C

EXTERNAL FFCT
DIMENSION JTNAME< 9 ) » OUTDAT( 1 2 0 » 2 ) » DATA < 72 f 4 >
DIMENSION F‘TMAT(72f3 ) r U l < 4 >fU 2 < 3 ) fPTS<72»3)»ANG(72f2)  
DIMENSION WORK( 6 6 ) » F'( 1 1 ) jD A T I < 7 2 » 2 ) fCOEF( 1 0 )
INTEGER YES»ANS IfANS2fANS3fANS4>ANS5
L.0GICAL*1 SNAME125) fMESS( 3 0 )  jFNAME<25)»F2NAHE( i3 )»F3NAME<13)  

L0GICAL*1 F4NAME(25)
DOUBLE PRECISION D A T I j WORKfP I fP fWGTfHTRADfVTRADfCOEF
DOUBLE PRECISION DARG1 fDARG2fDARG3fDARG4
DATA I R E C / l / F ‘I / 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3 1 D 0 / C 0 E F / 1 0 * 0 . 0 D 0 /
DATA Y E S / ' Y ’ / N / ' N V J R E C / 1/ P / i 1 * 0 . 0 D 0 /W 0 R K / 6 6 M . ODO/

C
510 U R I T E ( 5 f 15)

REAIK5f2 0 >ERR=510) (S N A M E ( I ) f1 = 1 f25)
515 WRIT E(5 f25)

READI5f3 0 fERR=515) ( M E S S ( I ) f I = 1 f80)
520 WRITE(5 f35)

READ<5f2 0 fERR=520> (FNAME<I) » 1 = 1 »25)
521 WRITE(5»220)

READ(5f221 fERR=521 )EF'S
I F ( E P S . E Q . 0 , 0 )  EF‘S = 0 ,0 005

522 WRITE(5f230)
READ(5f2 2 1 fERR=522)ETA 
IF (E T A . E Q . O .O )  ETA=0.0005  
U R I T E ( 5 f 1)

1 FORMAT (CENTER X-TRANSLATION FOR THE F .  B, C. ! C F 9 . 6 3 D
READ( 5 f221 )  XTRANS
U R I T E ( 5 f2)

2  FORMAT (CENTER Y-TRANSLATION FOR THE F.  B. C, ! C F 9 . 6 3 5 ' )
READ( 5 f221 )  YTRANS
WRITE(5 f3)

3 FORMAT (CENTER Z-TRANSLATION FOR THE F.  B. C. ! C F9 . 6 D 5 ' )
READ(5f2 2 1 ) ZTRANS

523 WRITE(5 f241)
READ(5f242»ERR=523)ANSI

600 WRITE(5»300)
READ(5 f 242»ERR=600) ANS2 
1F(ANS2.NE.YES) GO TO 620  

610 WR IT E( 5 f3 10 )
RE AD (5  f 40 f ERF.-610)  ( F2NAME ( I ) ? I = 1 » 1 3 )

620 WRITE(5f320)
READ < 5 f 242 fERR- 620) ANS3 
IF (A N3 3.N E,YES )  GO TO 640  

630 W R IT E( 5 f330)
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R E A D ( 5 ? 4 0 ? E R ' R = 6 3 0 )  ( F 3 N A M E ( I )  ? I = 1  ? 1 3 )

6 4 0  W R I T E ( 5 ? 3 4 0 )

3 4 0  F O R M A T ( ' $ ' ? ' D O  Y O U  W I S H  T O  C R E A T E  A  D A T A  F I L E  C O N T A I N I N G  E X F ' A N S I O  

+ N  C O E F F I C I E N T S ?  C Y /Nil')

R E A I K 5 ? 2 4 2 ? E R R = 6 4 0 )  A N S 4  

I F ( A N S 4 . N E . Y E S >  G O T O  4 2  

6 5 0  W R I T E < 5 ? 3 5 0 )

3 5 0  F O R M A T ( ' • $ ' ? ' E N T E R  T H E  O U T P U T  F I L E  N A M E  F O R  E X P A N S I O N  C O E F F I C I E N T S  

+ !  [ 3 - 2 5 3 : ' )

R E A D ( 5  ? 2 0  ? E R R = 6 5 0 )  ( F 4 N A M E ( I ) ? I = 1 ?  2 5  >

C

C  L O C A T E ?  I D E N T I F Y ?  A N D  A C C E S S  T H E  D A T A  F I L E

C

4 2  C A L L  A S S I G N Q ? F N A M E ? 2 5 >

K N = 0

D O  5 0  1 = 1 ? 7 2

R E A D  < 1 ?  6 2 0  ? E N D = 5 1 ?  E R R = 5 2 5 ) ( D A T A < I ? J ) ?  J = 1 ?  4 )

I F ( D A T A ( I ? 1 ) . E Q . O . O )  G O  T O  5 0  

K N = K N + 1

F ' T M A T  < K N  ? 1 ) = D A T  A  ( I  ? 2 )  - X T R A N S  

P T M A T ( K N  ? 2  > = D A T A ( I ? 3 ) - Y T R A N S  

P T  M A T ( K N  ? 3 ) = D A T A < I ? 4  5 - Z T R A N S

5 0  C O N T I N U E

5 1  C L O S E  ( U N I T = i >

G O  T O  5 2

5 2 5  W R I T E ( 5 ? 2 0 0 0 )

G O  T O  2 0 0 1

C

C  F I T  T H E  D A T A  T O  A  ' B E S T - F I T ’  S P H E R E  I N  S P A C E .

C

5 2  C A L L  S P H F I T ( P T M A T ? U 1 ? A N G ? P T S ? K N )

C

C  U S E  T H E  J O I N T  S I N U S  O U T L I N E  O N  T H E  S P H E R E  T O  C A L C U L A T E  T H E

C  N O R M A L  ( D E F I N E D  B Y  T H E T A  A N D  P H I )  O F  T H E  ' B E S T - F I T '  P L A N E  T O

C  T H E S E  P O I N T S .

C

C A L L  F ' L A F I T ( P T S ? U 2 ? K N ? T H E T A ? P H I )

C

C  F R O M  T H I S  N O R M A L ?  C A L C U L A T E  R E L A T I V E  T H E T A  A N D  P H I  A N G L E S  F O R

C  T H E  S I N U S  O U T L I N E  P O I N T S .

C

V C = T H E T A

H C = F ' H I

V C R A D = V C * F ' I / 1 8 0 . 0 0  

H C R A D = H C # F '  I  / 1 8 0 . 0 0  

D O  1 0 0  1 = 1 ? K N  

V O = A N G ( I ? 1 )

H 0 : : A N 6 (  I  ? 2 )

I F ( H O . L I . - 1 7 0 . 0 )  H O = H O + 3 6 0 , 0 0

V 0 R A D = V 0 * P I / 1 8 0 . 0 0

- I O F : A n = H O * P I / 1 8 0 . O O
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ARG1=(SIN(U0RAD)#8IN(H0RAD-HCRAD))
AR62=(SIN(UORAD) *COS (UCRAD) *COS < HORAD-HCRAD) -COS (UORAD) * 
iSIN(UCRAD))
A R 6 3 = < C O S < O G R A D > * C O S ( V C R A D ) + S I N ( O O R A D ) * S I N  < V C R A D ) * C O S < H O R A D  

S - H C R A D ) ;

0ARG1=DBLE(ARG1)DARG2=DRLE (ARG2 )
DARG3=DBLE (AR63)
HTRAD=ATAN2(DAR61* DARG2)
BARG4=DSQRT< DARG1**2+DARG2**2)
VTRAD=ATAN2(DARG4»DARG3)
DATI(I»2)=0TRAD
IF(HTRAD.LT.0.ODO) HTRAD=HTRAD+2.ODO*PI 
DATI(Ifl)=HTRAB 

100 CONTINUE
CC COMPUTE THE EXPANSION COEFFICIENTS FOR THE JOINT SINUS.
C

CALL DAPLL (FFCT t KN > 10»F1 > WORK»DAT I»IER)
CALL DAPFS(WORK,10* IRES>-1, EPS>ETAiIER)

D DO 104 1=1»KN D104 DAT I (I > 1 )=DATI (1,1 >*180 .OO/F'I 
MM=IRES-1 
M=MM*(MM+l)/2 
DO 105 1=1»IRES

105 COEF(I)=W0RK(M+I)
C
C WRITE THE OUTPUT DATA TO DISK
C

IF<ANS2.NE.YES)GO TO 109 
CALL ASSIGN (1,F2NAME,13)
CALL OUTPUT(COEF , OUTDAT , KN)
DO 106 1=1i120
URITE (1y700)OUTDAT(1»1)»OUTDAT(1,2)

D TYPE 'PHI»THETA(CALC.)='fOUTDAT(If 1)rOUTDAT(If 2)
106 CONTINUE 

CLOSE (UNIT=1)
C
C WRITE RHO-GAMMA DATA TO DISK
C
10? IF(ANS3.NE,YES) GOTO 111 

CALL A3SIGN(1fF3NAMEr13)
DO 107 I=1»KN
WF;ITE< 11700) DAT I (I»1) f DATI (112)

107 CONTINUE 
CLOSE (UNIT=i)WRITE(5r146) KNt(F3NAME(IJ)?IJ=1f13)

146 FORMAT('O'»15»' RECORDS OF (PHI»THETA) RAW DATA'i 
t ' WERE OUTPUT TO FILE'»5X»13A1)

111 IF(ANS4.NE.YES) GOTO 10S 
CALL ASSIGN(1»F4NAME>25)
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W R I T E C 1 » 7 0 1 )  < C 0 E F ! J ) * J = 1 * 1 0 )

7 0 1  F O R M A T ( 2 E 2 0 < 1 0 )

C L O S E  ! U N I T = 1 )

C

C  W R I T E  O U T  T H E  D E S I R E D  D A T A

C103 WRITE(5»110 > SNAME URirE!5*115)MESS WRITE!5*118)
1 1 8  F O R M A T < ' 0 '  > '  F .  B .  C .  T R A N S L A T I O N S ! ' )

W R I T E  < 3 » 1 2 5 )  X T R A N S  * Y T R A N S * Z T R A N S  

W R I T E < 5 * 1 2 0 )

W R I T E ( 5 * 1 2 5 J U 1 ( 1 ) * U 1 ( 2 ) * U 1 ( 3 ) > U 1 ! 4 )

W R I T E ( 5 * 1 3 0 ) V C * H C  

W R I T E ( 5 » 1 3 3 ) I E R  

W R I T E < 5 *  1 3 5 )  I R E S  * E F ‘S *  E T A  

W R I T E ! 5 * 1 4 0 ) ( C O E F ( I ) * 1 = 1 * 1 0 )

I F ( A N S l . N E . Y E S )  G O  T O  2 0 0 1  

W R I T E ( 5 » 1 4 5 )

W R I T E ( 5 i  1 5 0 )  ! A N G ( I * 1 ) * A N G ! I * 2 ) * D A T I ! I *  1 )

S , D A T I ( I * 2 > * I = 1 * K N )

C

C  F O R M A T  S T A T E M E N T S  F O R  P R O M P T S  A N D  R E S U L T S

C

5  F O R M A T ! ' $ ' * ' E n t e r  t h e  n a m e  o f  t h e  J o i n t  t e s t e d .  C S - 9 3 J ' )

1 0  F O R M A T < 9 A 1 >

1 5  F O R M A T ! ' $ ' * ' E n t e r  t h e  s u b j e c t  n a m e  o r  n u m b e r .  C S - 2 5 3 ! ' )

2 0  F O R M A T ( 2 5 A 1 )

2 5  F O R M A T ! ' $ ' * ' C o m m e n t s  o n ?  o r  d e s c r i p t i o n  o f  t e s t .  C S - 8 0 3 ! ' )

3 0  F O R M A T ! 8 0 A 1 )

3 5  F O R M A T ! ' * ' » ' E n t e r  t h e  i n p u t  d a t a  f i l e  n a m e .  C S - 2 5 3 , " )

4 0  F O R M A T ( 1 3 A 1 )

2 4 1  F O R M A T ! ' $ ' * ' D o  y o u  w a n t  s i n u s  d a t a  i n  t e r m s  o f  t h e t a - p h i  a n d  

& r h o - s a m m a  c o o r d i n a t e s  i s s u e d  a s  o u t p u t ?  C Y / N 3 ! ' )

2 4 2  F O R M A T ( A 4 )

1 1 0  F O R M A T ! ' 0 ' * ' S h o u l d e r  J o i n t  S i n u s  A n a l y s i s  f o r  S u b j e c t ! ' » 2 5 A 1 ) 

1 1 5  F O R M A T ! '  ' * ' C o m m e n t s ! ' * 8 0 A 1 / / 1 6 5 < ' _ ' ) )

1 2 0  F O R M A T ! ' 0  J o i n t  C e n t e r  C o o r d i n a t e s ! ' * T 5 0 * ' S p h e r e  A v s i .  R a d i u s ' )  

1 2 5  F O R M A T ! 1 X * F 7 . 3 * 2 F 9 . 3 * T 5 4 * F 8 . 3 )

1 3 0  F O R M A T ! ' 0 ' * ' O r i e n t a t i o n  o f  N o r m a l  f o r  ' B e s t - F i t '  F ' l a n e ' / T l o *

& ' T h e t a ' > T 2 7 * ' P h i ' / T 1 4 *  F 7 . 2 » T 2 4 * F 7 . 2 )133 F O R M A T !  ' 0 '  ? '  * I E R '  =  ' >  T 9 * 1 2 )

1 3 5  F O R M A T ! ' 0 ' *  ' E x p a n s i o n  C o e f f i c i e n t s  f o r  ' I r e s ' = ' * T 3 8 * I 3 *

S T  4 8 * ' E P S = ' * T 5 3 * E 9 . 2 * T A 8 * ' E T A = ' *  T 7 3  * E 9 . 2 / T 1 1  * ' A 1 ' >  

£ T 2 8 * ' A 2 ' * T 4 4 * ' A 3 ' * T 6 0 * ' A 4 ' * T 7 6 * ' A 5 ' * T 9 2 > ' A 6 ' * T 1 0 8 * ' A 7 ' * T 1 2 4 * ' A  

S 8  ' * T 1 4 0 * ' A 9 ' * T 1 5 6 j ' A 1 0 ' / )

1 4 0  F O R M A T ! 1 0 E 1 6 . 5 )

1 4 5  F O R M A T ! ' 0 ' *  ' S i n u s  D a t a  i n  t e r m s  o f  T h e t a - P h i  C o o r d i n a t e s  a n d  

% 2 - D  C o o r d i n a t e s ! ' / T l O f ' T h e t a - P h i  U . R . T .  B o d y ' *

& T 6 0 * ' J o i n t  S y s t e m  C o o r d s . ' / )

1 5 0  F O R M A T ( T 1 1 * 2 F 8 . 2  * T 6 0  * 2 F 8 . 2  >
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220  F G R M A K  ' f  d  S e l e c t  E P S  ( b e t w e e n  l . E - 3  a n d  l . E - 6 )  C F 9 . 6 3 J ' )

2 2 1  F O R M A T < F 9 . 4 )

2 3 0  F O R M A T ( ' $ ' i ' S e l e c t  E T A  ( b e t w e e n  l . E O  e n d  l . E - 6 )  C F 9 . 6 3 J ' )  

3 0 0  F O R M A T ( ' $ ' » ' D o  y o u  w i s h  t o  c r e a t e  a n  o u t p u t  d a t e  f i l e  ' »  

t  ' F O R  T H E  B E S T - F I T  F U N C T I O N  V A L U E S ?  C Y / N D i ' )

3 1 0  F O R M A T ( ' $ ' » ' E n t e r  t h e  o u t p u t  d a t a  f i l e  n a m e ! '  C S - 1 3 H 1 ' )

3 2 0  F O R M A T ( ' $ ' » ' D o  y o u  w i s h  t o  c r e a t e  a  d a t a  f i l e  c o n t a i n i n g  

8  r h o - d a m m a  c o o r d i n a t e s ?  C Y / N K ' )

3 3 0  F 0 R M A T ( ' $ ' » ' E n t e r  t h e  o u t p u t  f i l e  n a m e  f o r  r h o - S a m m a  d a t a !

8  C 8 —1 3  3 » ' )

7 0 0  F O R M A T ( F 1 0 . 5 » ' » ' » F 1 0 . 5 >

8 2 0  F O R M A T ( 4 F S . 3 )

2 0 0 0  F O R M A T ( ' * ' » ' E R R O R  O N  A T T E M P T  T O  R E A D  D A T A  F I L E ! ' )

2 0 0 1  U R I T E < 5 » 9 9 )99 F O R M A T ( ' $ A R E  T H E R E  O T H E R  F I L E S  T O  B E  P R O C E S S E D  ! C Y / N 3  5') 
R E A D ( 5 » 2 4 2 )  A N S 5  

I F ( A N S S . E Q . Y E S )  G O  T O  5 1 0  

S T O P  

E N D

C
C
C

S U B R O U T I N E  S F ‘H F I T (  P T M A T  f U » A N G » F ‘T S j K N )

C
C T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  ’ B E S T  F I T ’  S P H E R E  T O  A  S E T  

C O F  D A T A  P O I N T S  A N D  T H E N  O U T P U T S  I N F O R M A T I O N  O N  T H E  S P H E R E  

C A N D  O N  T H E  R E V I S E D  D A T A  S E T .

C
D I M E N S I O N  P T M A T ( ? 2 j 3 ) » F ’ ( 7 2 ) > U ( 4 ) » P T S ( 7 2 j 3 )

D I M E N S I O N  A M G ( 7 2 f 2 ) » P V E C ( 3 ) i G T G ( 4 f 4 ) f F l ( 4 ) f G l ( 4 )

D I M E N S I O N  G ( 7 2 » 4 ) » G T < 4 f 7 2 ) » G G ( 4 » 7 2 ) » M I N ( 3 )

D A T A  P / 7 2 4 1 . 0 /

C
C

X M I N = P T M A T ( 1 » 1 )  

t ' M . I N = P T M A T  (' 1  ? 2 )

Z M I N = P T M A T ( 1 ? 3 )

D O  5 0  1 = 1 p K N

I F ( P T M A T ( I » 1 ) . L T . X M I N )  X M I N = P T M A T ( I > 1 )  

I F ( P T M A T ( I j 2 ) , L T , Y M I N )  Y M I N = P T M A T ( I f 2 )

I F  ( P T M A T  ( I  > 3 )  . L T . Z M I N )  Z M I N = F ' T M A T (  I  > 3 )

5 0  C O N T I N U E

M I N ( 1 ) = A B S ( X M I N ) + 1 . 0  

M I N ( 2 ) = A B S ( Y M I N ) + 1 * 0  

M I N ( 3 ) = A B S ( Z M I N ) + 1 . 0  

D O  7 5  J = 1 tK N

P T S ( J j 1 ) = P T M A T ( J » 1 ) + M I N ( 1 )

P T S ( J » 2 ) = P T M A T ( J f 2 ) + M I N ( 2 )

P T  3 ( J » 3 )  = F '  T H A T  ( J  > 3 )  + M  I N  ( 3 )

DIVl=((PTS(Jfl>**2)+(PTS(J»2)**2)+(PTS(J»3)**2))
G ( J f 1 ) = ( 2 . 0 * P T S ( J » 1 ) ) / D I V 1

190



G<Jf2)=<2»0*PTS(Ji2>>/DIV1 
G-:  J i 3 )  =  < 2 . 0 * P T S ( J » 3 ) ) / D I V l  

G U > 4 )  =  < - i . 0 ) / D I V l  

6 T < 1 » J ) = G ( J » 1 )

G T (2t J) = G  (J t 2  5 
6 T ( 3 ? J ) = 6 ( J » 3 )

GT(4..J)=G(.J>4)
75 continue:

D O  3 0  1 = 1 F 4  

n o  2 0  K = 1  » 4  

G T G < I » K ) = 0 . 0  

GT6N=04 0 
D U  1 0  J = 1 » K N  

G T G N = G T < I » J ) * G ( J » K >

GTG(I»K)=GTG(IfK)+GTGN 
10 C O N T I N U E  

2 0  C O N T I N U E  

30 C O N T I N U E

COLL M I N U < G T 6 » 4 > D » F 1 » G 1 )

H O  1 3 0  1 = 1 » 4

3 0  1 2 0  K = 1 » K N

G G ( I » K ) = 0 » 0

G G N = 0 * 0

D O  1 1 0  J = l » 4

GGN=GTG(I»J)*GT(JfK)
G G ( I » K ) = 3 G ( I > K ) + G 6 N  

1 1 0  C O N T I N U E  

1 2 0  C O N T I N U E  

1 3 0  C O N T I N U E

D O  2 3 0  1 = 1 , 4  

U ■' I )  = 0  * 0  

I J N = 0 » 0

350 220 J = 1 » K N  UN=GG<IfJ)*P(J)
U ( I ) = U ( I ) + U N  

2 2 C  C O N T I N U E  

2 3 0  C O N T I N U E

R = S Q R T ( ( ( U ( 1 ) * * 2 ) + < U < 2 > * * 2 ) + ( U ( 3 ) * * 2 ) ) - U ( 4 ) )

D T Y P E  * » ' R = ' » R  

D O  8 0  1 = 1 , K N  

P T S ( I , 1 ) = P T S < I , 1 ) - U ( 1 >

P T S < I , 2 ) = P T S < I , 2 ) - U < 2 >

P T 3 ( I » 3 ) = P T 3 ( I » 3 ) - U ( 3 )

PTMAG=SGRT((PTS(If1)**2)+(PTS(I»2)**2)+(PTS(I»3)**2>)
P V E C ( 1 ) = P T S ( I » 1 ) / P T M A G

P U E C  < 2 ) = P T  S ( 1 , 2 ) / P T M A G

P V E C < 3 ) = P T S ( I » 3 > / P T M A G

C A L L  S P H E R E < P U E C , T H E T A , P H I )

A N G ( I , 1 ) = T H E T A

A N G a » 2 ) = P H I

P T S ( I » 1 ) = P V E C ( 1 ) # R
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P T S ( I » 2 ) = P V E C ( 2 ) * R  

P T 3 ( I * 3 ) = P V E C ( 3 ) * R  

8 0  C O N T I N U E

D O  3 5  1 = 1 , K N  

0  TYPE x t ■ ■ T H E T A - P H I = ' » A N 6 ( I » l ) i A N G < I » 2 )

3 5  C O N T I N U E

L i t  1  ) = U (  1 )  —f i l N  ( 1 )
U ( 2 ) = l ! < 2 ) - M I N ( 2 )

U ( 3 ) = U < 3 ) - M I N ( 3 >

U < 4 ) = R

D  T Y P E  * »  • U = , » U ( l ) » U ( 2 ) » U ( 3 ) f U < 4 )

R E T U R N

E N D

C

C

C
S U B R O U T I N E  P L A F I T  < P T S » U » K N  > T H E T A  > P H I )

C

C T H I S  S U B R O U T I N E  C A L C U L A T E S  T H E  ' B E S T  F I T 1 P L A N E  T O  A  S E T  O F

C  B A T A  P O I N T S  A N D  T H E N  O U T P U T S  I N F O R M A T I O N  O N  T H E  O U T W A R D

C  N O R M A L  T O  T H A T  P L A N E .

C

D I M E N S I O N  P T S < 7 2 i 2 ) » Q T G < 3 » 3 ) » U ( 3 ) » P ( 7 2 )

D I M E N S I O N  G ( 7 2 f 3 ) » G T ( 3 » 7 2 ) » F l ( 3 ) » G l < 3 ) » G G ( 3 » 7 2 >

D A T A  P / 7 2 * 1 . 0 /

C

X M I N = P T S < 1 » i )

Y M I N = F ' T S (  1 . 2 )

Z M I N = P T S ( 1 > 3 )

D O  1 0 0  1 = 1 . K N

I F I F ' f S d . l )  . L T . X M I N )  X M I N = F ' T S ( I » 1 )

I F ( P T S ( I . 2 ) . L T ♦ Y M I N )  Y M I N = P T 3 ( I . 2 >

I F ( P T S ( I » 3 ) « L T « Z M I N )  Z M I N = P T S < I » 3 >

1 0 0  C O N T I N U E

D O  1 2 5  J = 1 » K N

G U i l ) = P T S ( J » l ) + A B S < X M I N ) + 1 . 0

G(J»2)=PTS(Jf2)+ABS(YMIN)+1.0
G ( J » 3 ) = P T S ( J » 3 ) + A B S ( Z M I N ) + 1 . 0

G T ( 1 i J ) = G ( J . 1 )

G T < 2 » J ) = G t J » 2 >

G T ( 3 . J ) = G ( J . 3 )

1 2 5  C O N T I N U E  

D O  3 0  1 = 1 . 3  

D O  2 0  K = 1 * 3  

G T G (  I  f K )  = (• ' <■ 0  

C i T 6 N = 0 . 0  

D O  1 0  J = 1 ? K N  

6 T G N = G T { I i J ) * G ( J » K )

G T G , I . K ) = 0 T 6 ( I rK ) + G T G N  

1 0  C O N T I N U E  

2 0  C O N T I N U E
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o 
o 

o
30 CONTINUE

CALL MINV<GTG»3»D,F1,G1>
DO 130 1=1,3
DO 120 K=1>KN
GG(I,K )=0 * 0
6GN=0*0no n o  j = i , 3
GGN=GT6(I»J )#GT(J,K)
GG <I,K )=GG(I, K >+6GN 

110 CONTINUE 
•: 20 CONTINUE 
3 30 CONTINUE

HO 230 1=1,3 
IK I>=0.0 
UN=0.0
HO 220 J=1>KN UN=GG<I,J)*F(J) 
lKI>=Ua)+UN 

220 CONTINUE 
230 CONTINUE

DIV2=SQRT((U<1)**2)+(U(2)**2)+<U(3)**2))U(1>=U(1)/DIV2 
U<2)=U(2)/DIV2 
U(3)=U(3)/BIV2 

D TYPE *,'U PLANE NORMAL=',U(1>,U<2),U<3>
CALL SPHERE(U,THETA»PH I)
RETURN
END

C
C
f.

SUBROUTINE FFCT <I,N »IP»P ,DATI»UGT»IER >
CC THIS SUBROUTINE DEFINES THE BASIS FUNCTIONS FOR THE JOINT

SINUS EXPANSION, AND CALCULATES THEIR VALUES FOR GIVEN 
VALUES OF 'GANNA'.
DIMENSION P (11>,DATI(72,2),IER <1)
DOUBLE PRECISION BATI,UGT,P,GAM

C
C CHECK FOR FORMAL ERRORS IN SPECIFIED DIMENSIONS

IF<N>10,10,1
1 IF(N*GT,72) GO TO 10 

IF(IP)10,10,2
2 IF(IP.6T.10) GO TO 10

C I£RU)=0 
UGT=t.DO GAh=DATI<I * 1)
P(1)=1.D0
P\2)=DSIN(GAH)
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F'(3)=DC0S(6AM)
P<4)=<DSIN(GAM))*<DC0S<GAM)>
P(5)=(DC0S(GAM)>**2
P<6)=(D3IN(GAM)>*<(DCOS(GAM))**2)
P<7)=(DC0S(GAM))**3
P-;8) = <DSIN(GAM))*<<DC0S<GAM>>**3)
P<9)=(DC0S(GAM))**4f'U0> = (DSIN<GAM))*<<DC0S<GAM))**4)
P(11)=BATI\1»2)
GO TO 15 

3 0 IER(1)=1 
15 RE 7 URN 

END

SliBROUT I NE SPHERE (B .THETA. PHI)
C
C SUBROUTINE TO CALCULATE THE SPHERICAL COORDINATES (THETA.PHI)
C OF THE UNIT VECTOR B.
C

DIMENSION B(3)
DATA PI/3.141592654/
A1=SQRT< B <1> *#2+B < 2 > *#2)THETA=(ATAN2< A1. B (3) > > *180.0/F' I 
IFITHETA.LT.179.99.OR,THETA.GT.0.01) GO TO 10 
PHI=0.0 
GO TO 20

.10 PHI = <ATAN2(B(2) »B(1)) )* 180.0/PI 
20 RETURN 

END

SUBROUTINE OUTPUT<COEF. OUTDAT»KN)
C

DIMENSION COEF( 1 0 ) .OUTDAT( 1 2 0 . 2 ) . R ( 1 0 )
INTEGFR E X ( 1 0 . 2 )
DOUBLE PRECISION COEF.PI .DEG2.R.GAM.RT.RX.RY  
DATA P I / 3 . 1 4 1 5 9 2 6 5 3 5 8 9 7 9 3 1 D 0 /
DATA E X / 0 . 1 . 0 » 1 . 0 » l » 0 » 1 . 0 . 1 > 0 . 0 . 1 » i . 2 f 2 f 3 . 3 . 4 . 4 /  
D EG 3= 3 .0 DO *(P I /1 80 .0 D O)
GAM=0*0D0 
DO 35 J = 1 .1 20  
0AM=GAM+DEG3 
DO 15 1= 1 .1 0  
N = E X < I . l )M=EX(1.2)
R ( I ) =COEF( I ) * ( DSIN <GAM) **N > *  <DCOS( GAM) * * M )

15 CONTINUERT=R<1 ) + R ( 2 ) + R ( 3 ) + R ( 4 ) + R ( 5 ) + R ( 6 ) + R ( 7 ) + R ( 8 ) + R ( 9 ) + R ( 10)  
OUTDAT( J . 1 ) =SNGL( GAM)
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OUTDAT < J »2)=SNGL < RT)
CONTINUE
RETURN
END
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