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SUMMARY

This report outlines work done by the University of Dayton
Research Institute (UDRI) under Contract No. F33615-78~C-0504 to
analyze s ereophotometric data sets. These data sets were prepared
by the Texas Institute for Rehabilitation and Research, and consist
of stereophotometric data describing the body surfaces of 46 differ-
ent female subjects.

The first step in the analysis of this data was to sort data
points for each subject into 19 groups. Each of these groups then
consisted of data points describing the surface of one of the body
segments illustrated in Figure 3 of this report.

The data sets resulting from this sorting or segmentation were
then used as input to program IMPED, a FORTRAN coded computer pro-
gram written jointly by the UDRI and the Mathematics and Analysis
Branch of the Air Force Aerospace Medical Research Laboratory. A
sample listing of all analyses performed on the segmented data by
program IMPED is given in Appendix I. The portions of IMPED written
by the UDRI include subroutines to compute inertial properties for
specified combinations of body segments, location and direction
cosines of the segment principal axis systems from the directions
associated with the principal moment vectors, and tabulation of
percent height versus percent volume from the floor to specified
heights for each subjéct's data set.

The results of these analyses provide information describing
inertial and geometric properties for each of the 46 subjects.
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tions of two UDRI employees: Mr. Dart G. Peterson who performed
technical editing of this report, and Ms. Charlene Thompson who did
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GLOSSARY OF TERMS

Acromiale (right and left): The most lateral point on the lateral
margin of the acromial process of each scapula.

Anatomica} Axis System: A right-handed, three dimensional axis system,
defined by anthropometric landmarks. One such axis system is
defined for each body segment.

The inferior point of

Anterior Superior Iliac Cpine (right and left):
each anterior superior iliac spine.

Anthropometry: Study of the physical dimensions of the human body.

Articulated Total Body Model: Computer/mathematical model used to
simulate the motion of the human body in a dynamic environment.

Bustpoint (right and left): The maximum anterior protrusion of a bra
Cup . ’

Cervicale: The superior tip of the spine of the seventh cervical ver-
tebra. (The protrusion of the spinal column at the base of the

neck.)

Clavicale (right and left): The point on the most imminent prominence
of the superior aspect of the medial end of each clavical.

Cross Section: The collection of data points describing the contour
around a subject's body at some horizontal level.

Crotch Sensor: The subject stands, feet slightly apart and a spring
loaded pole, with a cross bar forming a T at the top, is placed
in the apex of the crotch. The anterior point on the cross bar

is located photometrically.
The tip of digit III of each hand.

Dactylion (right and left):

Direction Cosine Matrix: A three by three matrix used to relate the
orientation of one axis system to another. If D=(dj4) is the :
cosine matrix of axis system A with respect to axis System B, 2
then 4 4 is the cosine of the angle between ith axis (1=x, 2=y, ]
3=2) of the A system and the jth axis of the B system (assuming :
the axis systems have been translated so that their origins

coincide).

Femoral Epicondyle,.nateral (right and left): The lateral point on
the lateral epicondyle of each femur.

ey

The medial point on the

Femoral Epicondyle, Medial (right and left):
medial epicondyle of each femur.
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Fibulare (right and left): The proximal tip of each fibula.

Fiducial: A marker attached to a subject's body in order to locate a
landmark during the digitization process.

FLAPS: The second program in the set of segmentation programs. It @s
used to separate out data points describing the shoulder and hip
flayps.

Global Axis System: A right handed axis system. The X-Y plane of !
this axis system corresponds to the standing surface of the sub-
ject, and the Y-axis is defined by the projection of the line
segment connecting the left and right anterior superior iliac
spines onto the X-Y plane. The origin is the mid-point of this

line segment. Positive Y is to the subject's left and positive
2 upward.

Gluteal Fold (right and left): The lowest point on each gluteal fold.

Gonion (right and left): The lateral and inferior point an the back
of the mandible at the intersection of the vertical and horizon-
tal portions of each side of the jaw.

Head Circumference: A point in the midsagittal line of the forehead
just above the brow ridges.

Humeral Epicondyle, Lateral (right and left): The lateral point on the ‘
lateral epicondyle of each humerus with the arms in the anatom- ]
ical position.

Humeral Epicondyle, Medial (right and left): The medial point on the
medial epicondyle of each humerus with the arm in the anatomical
position.

Iliocristale Points (right and left): The highest point on the crest
of each ilia in the midaxillary line.

IMPED: Computer program written jointly by the AFAMRL/BBM and the
UDRI to perform analyses of the stereophotometric data.

Inertial Properties: Properties computed by Program IMPED for each
body segment including mass, center of gravity, and magnitude
and direction of principal moments of inertia.

Infraorbitale (right and left): The lowest point on the inferior mar-
gin of each orbit.

Landmark: Easily identified locations on the human body.

Malleoli, Lateral (right and left): The most lateral point on each
lateral malleolus.




Metacarpale II (right and left): The most laterally prominent point
on the lateral surface of the head of the second metacarpal,
with the hand in the anatomical position.

Metacarpale III (right and left): The distal point in the midline on
the head of the third metacarpal with the hand rotated 180° from
the anatomical position.

Metacarpale V (right and left): 1In the anatomical position, the most
medially prominent point on the medial surface of the head of
the fifth metacarpal.

Metatarsal I (right and left): The medial point on the head of each
metatarsus I.

Metatarsal V (right and left): The lateral point on the head of each
metatarsus V.

Mid-thyroid Cartilage: The anterior point in the midsagittal plane
of the thyroid cartilage.

Nuchale: The lowest point in the midsagittal plane of the occiput that
can be palpated among the muscles in the posterior-superior part
of the neck. This point will usually be obscured by hair.

Olecranon (right and left): The superior point on the olecranon pro-
cess of the ulna with each arm in the anatomical position.

POLISH: The third of the three segmentation routines. This computer
program produces a header for the stereophotometric data, com-
bines the shoulder flaps with their respective upper arms, and
creates a cross-section between the thorax and abdomen, and an-
other one between the abdomen and pelvis.

Posterior Calcanecus Point (right'and left): The posterior point on
each heel. ‘

Posterior Superior Iliac Midspine: The point on the midspine made at
the level of the posterior-superior iliac spines. (A dimple
often indicates the site of this iliac spine.)

Principal Axis System: A right-handed axis system, one of which is
defined for each body segment. The orientation and location of
these axis systems depends upon the mass distribution of its
associated segment.

Radial Styloid (right and left): The point at the distal tip of the
radius.

Radiale (right and left): The highest palpable point on the head of
each radius with the arm in the anatomical position.




Scye Points (right and left): These are a series of marks drawn at
the axillary folds formed by the juncture of the arms and trunk.
Subject stands and initially abducts slightly her right arm; a
straight edge is placed horizontally under the armpit so that
the top of the straight edge touches, without compressing the
tissue, the inferior point of the axillary fold. The subject
then relaxes the arm and short horizontal lines are drawn at the
level of the top of the straight edge on the anterior and poste-
rior surfaces of the arms and torso. The process is repeated on
the left side of the body. The intersections of the horizontal
marks and the vertical lines following the axillary folds in the
direction of the acromion are the scye point landmarks.

Segmentation: Separation of stereophotometric data points into groups,
each group then describing the surface of one body segment.

Segmenting Plane: Planes used to define the separation between body
segments.

Sellion: The point in the midsagittal plane of the deepest depression
of the nasal root.

SGMNTS: The first of the three segmentation routines. This computer
program groups data points so that a total of 17 body segments
are defined at its completion.

sphyrion (right and left): The distal end of each tibia.

Stereophotometrics: A process used to obtain data points describing
the body surface of a subject. Simultaneous photographs are
taken of the subject from different angles. . These photograpns
are then computer digitized yielding the location of data points
on the surface of the subject's body.

Suprasternale: The lowest point of the jugular notch on the superior
margin of the sternum.

Symphysion: The anterior point in the midsagittal plane on the notch
of the superior border of the pubic symphysis.

Tenth Rib (right, left, and midspine): A series of marks in the mid-
spine, in the midaxillary line, made at the level of the lowest
point on the inferior margin of the lowest of the two tenth ribs.

Tibiale (right and left): The superior point on the medial margin of
the head of each tibia.

Toe II (right and left): The tip of digit II of each foot.

Tragion (right and left): The deepest point of the notch just above
the tragus of each ear.




Trochanterion (right and left): The proximal point of the greater
trochanter of each femur.

Ulnar Styloid (right'and left): The distal point of each ulna.




LIST OF ABBREVIATIONS, ACRONYMS, AND SYMBOLS

AFAMRL/BBM - Mathematics and Analysis Branch of the Air Force Aero-~
space Medical Research Laboratory

ASIS - Anterior Superior Iliac Spine
ATB Model - Articulated Total Body Model
TIRR - Texas Institute for Rehabilitation and Research
UDRI - University of Dayton Research Institute

. - dot or scalar product of two vectors

x - cross product of two vectors

11
E— N ———— ottt - PO S~




SECTION 1
INTRODUCTION

The development of mathematical/computer models capable of pre-
dicting the motion of'the human body in a dynamic environment has
created a need for extensive data describing human geometry and fner-
tial properties. These models have been used to predict body motion
during events such as automobile crashes and aircraft cockpit ejections,
and are capable of pointing out potentially hazardous designs of these
two environments. One such model is the Articulated Total Body (ATB)
Model (Fleck and Butler, 1975) developed under sponsorship of the
Mathematics and Analysis Branch of the Air Force Aerospace Medical
Research Laboratory (AFAMRL/BBM). The ATB Model models the human body
as a series of connected rigid bodies, referred to as body segments.
The ATB Model is flexible as to how many segments are used to define
the human body. There is, however, a standard configuration, consist-
ing of 15 segments, which is illustrated in Figure 1.

Body description data required by the ATB Model for each body
segment include: center of gravity of the segment, segment mass,
principal moments of inertia, and the directions associated with these
moments. In the past, cadaver studies, such as those performed by
Chandler, et al. (1975) and Walker, et al. (1973), have been used as
a source for the body description data. An alternative approach has
been to construct geometric models approximating body segments. These
models are such that the needed data items are known functions of the
model's dimensions, and these dimensions may be computed from standard
anthropometric measurements. This is the method used by Reynolds
(1976) . This approach was also undertaken during the early months of
this contract (F33615-78-C-0504), using more elaborate geometric models
than gthers had previoﬁsly in order to better approximate body segments.
The details of this study may be found in Leet (1978).

e’
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1. Head

2. Neck
3. Thorax
4. Abdomen

5. Pelvis

6. Right Upper Arm
7. Right Lower Arm
8. Left Upper Arm k
9. Left Lower Arm
10. Right Thigh
11. Right Ccalf
12. Right Foot 3
13. Left Thigh '
14. Left calf
15. Left Foot

Figure 1. Fifteen Segment Configuration Commonly Used
With Articulated Total Body (ATB) Model.
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A technique, referred to as stereophotometry, has been developed
(Herron et al., 1974) to obtain three dimensional body description
data. This technique involves the taking of simultaneous pairs of
photographs of a subject from the front and rear by spatially sepa-
rated cameras. Data from these stereophotographs are then computer
digitized in a systematic fashion which provides coordinates of
points on the surface of the subject's body. The digitization pro-
cess is performed in such a way that the data points it yields are
arranged in horizontal body cross sections. Assuming homogeneity
of the body, numerical integration may then be applied to this data
as a means of obtaining inertial data for that subject. The Texas
Institute for Rehabilitation and Research (TIRR) recently applied
the stereophotometric technique to a group of 46 female subjects
producing a body surface description data set for each subject. For
some of the subjects the method was applied more than once, as a
check on the reproducibility of all results, giving a total of 59
data sets. These were handled as data sets describing 59 unique
subjects throughout the work described in this report.

Each data set prepared by Texas Institute for Rehabilitation
and Research (TIRR) has data points sorted into five groups: one
group of data points describes the surface of the head and trunk
regions of the body, two describe the arms, and two describe the
legs. These five sections of the body will be referred to as TIRR
segments and are illustrated in Figure 2. 1In order for the results
of analyzing these data to be usable in terms of the ATB Model, the
results must be configured in terms of, at least, the 15 body seg-
ments shown in Figure 1. Thus, prior to analyzing the data, the
data points must be regrouped according to a larger set of body
segments. The procedures used to regroup the data, referred to as
segmentation routines, are outlined in Section 2.

To be consistent with the work that has been performed by
McConville et al. (1980) the data points for each subject were re-
grouped into 19 groups. Each of these 19 groups contains data points
describing one of the body segments shown in Figure 3. The differ-
ence between these 19 segments and the 15 defined for the ATB Model

14




Head-Trunk

Right Arm
3. Left Arm
4. Right Leg

Left Leg

-

Figure 2. Five Segment Configuration of Texas Institute for
Research and Rehabilitation (TIRR) Data.
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l. Head

2. Neck A
3. Thorax
4. Abdomen

5. Pelvis

6. Right Upper Arm

7. Right Forearm

8. Right Hand

9. Left Upper Arm

10. Left Forearm

11. Left Hand

2. Right Hip Flap
13. Right Thigh Minus Flap
14. Right Calf

15. Right Foot

l6. Left Hip Flap

17. Left Thigh Minus Flap
18. Left Calf

19. Left Foot

TP A s -, o it e pvec 4t P .

Figure 3. Nineteen Segment Data Configuration as Produced
by Segmentation Routines.
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(see Figure 1) is that each ATB Model lower arm has been separated
into a forearm and hand, and each ATB Model thigh has been separated
into a hip flap and thigh minus flap. Inertial properties calculated
for the 19 segment model, are applicable to the 15 segment model,
since it is a simple process to combine the inertial properties of
two or more segments into one segment.

The segmentation routines, after sorting data points by seg-
ment, distinguish between segment representing groups in the data in
the same manner as did TIRR in the preparation of its data set. All
cross sections containing data points belonging to the first segment
are listed first, followed by those with data points belonging to
the second segment, etc. The numbers associated with the TIRR seg- |
ments and the 19 segments after segmentation are the same as in '
Figures 2 and 3, respectively. Cross sections belonging to the same
segment are listed in order of decreasing Z (vertical axis) coordi-
nate. The data for a cross section are presented in a format (see
Appendix G) that gives first the cross section number, number of data
points in the cross section, and the 2 coordinate cormmon to all of the
points in the cross section. This is followed by a list of the X,Y
coordinates of the data points in that cross section. Cross sections
are numbered in the order that they are listed within a segment re-
presenting group. Thus the cross section in each segment with the
largest Z coordinate has a cross section number of one, and each cross
section numbered one signals the beginning of the next segment re-
presenting group.

After the segmentation of the stereophotometric data numerous
analyses were performed on the segmented data by a FORTRAN coded
computer program, IMPED. Appendix I is a complete listing of the
results of these analyses for one subject's data set. The writing
of IMPED was performed jointly by members of the AFAMRL/BBM and the i
UDRI. Portions of IMPED which calculate principal moments of inertia
and their associated directions, volume, and center of gravity for
each of tie 19 segments were written by members of the AFAMRL/BBM.
Portions of IMPED written by the UDRI determine the principal moments
of inertia for certain specified combinations of the 19 segments

17




(including those combination segments used in the ATB Model) and
tabulate partial body volume as a function of distance from the
standing surface. Additionally, portions of IMPED written by the
UDRI determine the location and orientation of segment principal

and anatomical axis systems, and the location of certain landmark

and other points relative to these two axis systems. These analyses
carried out by portions of IMPED written by the UDRI are discussed in
more detail in Section 3.

18
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SECTION 2
SEGMENTATION ROUTINES

The division between two adjacent body segments is defined by
one or more planes (see Table 1), referred to as segmenting planes.
For each segmenting plane a normal vector and a point on the plane
are specified. As an initial approach, consider the problem of sepa-~
rating the data points between two segments.

By taking a vector from a point on the segmenting plane (the
point used in defining the segmenting plane is used in practice) to
any point in question, and dotting this vector with the specified
normal to the segmenting plane, the segment the point in question
belongs to is determined. If the dot product is positive the point
lies in one segment, if negative it lies in the other segment. Some
of the segments are separated by more than one segmenting plane.
Points are separated between such segments by specified combinations
of positive and negative dot products (see Table 2).

To the extent possible, the separation of data points into
groups corresponding to the 19 segments shown in Figure 3 is reduced
to the problem of separating data points between two segments, as has
just been described. The actual work of separating data points is
performed by three computer programs: program SGMNTS, program FLAPS,
and program POLISH. SGMNTS is run first, segmenting the data pre-
pared by TIRR into the 17 segments shown in Figure 4a. These 17
segments leave the right and left shoulder flaps part of the thorax
and the right and left hip flaps part of the pelvis. FLAPS is then
run twice. On its first run it separates out data points belonging
to the left shoulder flap and left hip flap (see Figure 4b), and on
its second run it separates out the right shoulder and hip flaps
(see Figure 4c). Lastly POLISH is run. It combines the shoulder
flap data points with their respective upper arm segments, adds a
cross section between the thorax and abdomen and one between the
abdomen and pelvis, and prepares a header for the data set. The data
produced by POLISH is in its final form and ready for analysis by
program IMPED. A listing of these three programs is given in Appen-
dix F.

19
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SEGMENTS SEPARATED

Neck-Thorax

Right Shoulder
Flap-Thorax

Left Shoulder
Flap~Thorax

Left Hip Flap
- Pelvis

*
doti refers to the dot product computed for the ith segmenting plane,

TABLE 2

LOGIC APPLIED FOR SEGMENTS SEPARATED BY
MORE THAN ONE SEGMENTING PLANE

the two segments (see Table 1).

21

APPLIED
IF
*
1_>O or (dot2>0 and dot3>0) Point in neck.
Otherwise Point in thorax.
dotl>0 or dot2>0 Point in thorax.
Otherwise Point in flap.
dotl>0 or dot2>0 Point in thorax.
Otherwise Point in flap.
dot1>0 or dot2>0 Point in pelvis.
Otherwise Point in flap.
separating




2.1 PROGRAM SGMNTS

Program SGMNTS performs the initial grouping of data points into
body segments. It receives the data prepared by TIRR, which is sepa-
rated into five segments, and further separates it into a total of 17
segments. Each data point output by SGMNTS will be grouped into one
of the body segments shown in Figure 4a.

Definition of segmenting planes, necessary to perform this sepa-
ration of data, is accomplished by use cf anthropometric landmarks (see
Table 1). Prior to photographing a subject, TIRR placed a fiducial at
each of the 76 landmarks. In most cases two locations were then re-
corded for each landmark by the digitization process performed on the
photographs. The tip of the fiducial, furthest from the surface of the
skin, is one of the two locations recorded, and is referred to as the
distal point. The other point recorded may be anywhere along the
fiducial, and is referred to as the proximal point. The fiducials
used are three-quarters of an inch long. Thus the actual landmark, on
the surface of the skin, lies on the line defined by the proximal and
distal points, three-quarters of an inch from the distal point in the
direction of the proximal point. In some cases TIRR was able to di-
rectly record the actual location of a landmark. When this was possi-
ble, it was indicated in the data by assigning all three coordinates
of the proximal point a value of zero. The distal point then takes
on the location of the landmark. Program SGMNTS computes the actual
coordinates for all 76 landmarks, and writes these coordinates out in
order that they may be used directly by subsequent programs, as well
as making use of these landmark locations itself.

Additionally SGMNTS determines two Z coordinates. One of these
is computed to be the average of the Z coordinate of the first cross
section of the left TIRR arm segment and the smallest Z coordinate of
any cross section in the TIRR head-trunk segment that is greater
(strictly) than this first Z coordinate of the left arm. This process
is repeated using the right arm. The resulting two 2 coordinates are
written out by SGMNTS as the Z coordinate of a seventy-seventh and
seventy-eighth landmark, each of these having X and Y coordinates of
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zero (simply as a space filler). These two Z coordinates are then
used by pr~gram FLAPS to define two of the segmenting planes it uses.

Prior to writing out the final set of data by program POLISH, these
two landmarks are removed.

Two observations were made on the arrangement of the 17 segments
that program SGMNTS divides data points into (see Figure 4a). These
observations have been used to simplify the algorithm used by SGMNTS.

1. The data points in any one horizontal cross section of one
of the TIRR segments can belong to at most two of the 17
segments.

2. When comparing two segments, which are part of the same
TIRR segment, it is always possible to speak of one as being
above the other. That is, if A and B are two such segments,
and the topmost cross section of A is above the topmost
cross section of B, then the bottom-most cross section of

A will be above the bottom-most section of B; A cannot be
both above and below B.

Program SGMNTS deals with one TIRR segment at a time, working within
each cne from top to bottom.

Consider, for example, the TIRR head-trunk segment. As program
SGMNTS begins examining this TIRR segment it compares all the points
within the topmost cross section with the segménting plane separating
the head and neck. Comparison need only be made to this one segment-
ing plane since, by Observation 1, all points within this cross sec-
tion must belong to either the head or ;he neck. The individual data
points in this cross section are compared to the segmenting plane by
means of a dot product as previously described (refer also to the be-
ginning of Appendix A). All segmenting planes used by program SGMNTS
are oriented so that their normal vectors point to the segment above
the plane, and thus, for this first cross section of the TIRR head-
trunk segment, all of these dot products should be positive. This,
of course, indicates that all data points in the first cross section
belong to the head segment. Since all of these data points do belong
to the head segment, data for this cross section are simply written
out as read in.
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This process is repeated for each successive cross section, mov-
ing downward through the TIRR head-trunk segment. After some number
of cross sections containing only data points belonging to the head
have been processed, an area of overlap between the head and neck will
be encountered. This will be signaled by a cross section containing
some data points that produce positive dot products, and others that
will produce negative dot products. The negative dot products indicate
that their associated data points do not belong to the head, but rather
to the neck.

Program SGMNTS adds two data points to cross sections of this
type. These points are added along the intersection between the hori-
zontal plane of the cross section and the segmenting plane. The de-
tails of the computations used to locate these two points are listed
in Appendix A. With this accomplished, the coordinates of all data
points with negative dot products are stored by program SGMNTS, along
with the two added points. The data set for this cross section is then
reformed to include only those data points with associated positive
dot products. The two added data points are included here also, since
they belong to both the head and the neck. Data for this cross sec-
tion are then written out with the count for the total number of data
points being the number of data points with positive dot products,
plus two.

This type of processina is repeated for each cross section con-
taining some data points yielding positive dot products and others
yielding negative dot products. After some number of these cross
sections are processed, one cross section will be encountered in
which the dot product for all data points is negative. This indicates
that the segment immediately above the segmenting plane (in the case
of this example, the head segment) has been completely processed.

Note that by Observation 2, it is guaranteed that this will happen;
a return to all positive dot products is not possible.

At this point all data points stored are written out in cross
section form. The numbering of these cross sections begins again with
one, indicating the beginning of a new segment. The data sets written
out are separated into cross sections just as they were stored, with
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an appropriate count for the number of data points. After all stored
data points have been written out, the cross section being processed
is also written out, exactly as read in except that the cross section
number is changed to be the one following the last stored cross sec-
tion.

Encountering a cross section with data points yielding all nega-
tive dot products also changes the segmenting plane(s) that data points
will be compared to. In this example, after processing the cross sec-
tion with all negative dot products, data points read in for succeed-
ing cross sections will not be compared to the segmenting plane sepa-
rating the head and neck, but now the set of three segmenting planes
separating the neck from the thorax will be used for this comparison.
This set of segmenting planes will continue to be used until another
cross section is encountered giving all negative dot products, at
which point the reference will again be switched to the next segment-
ing plane down.

This process outlined for the separation of data points belong-
ing to the head from those belonging to the neck is continued on down-
ward through the TIRR head-trunk segment. When complete, the program
proceeds to process the TIRR arm and leg segments in a similar fashion.
Many of the segmenting planes encountered will be horizontal. There
is no overlap between segments where separation is performed by a
horizontal plane. Because of this, no cross sections will be encoun-
tered with data points yielding both positive and negative dot pro-
ducts for this type of segmentation: in one cross section all data
points will have positive dot products, and in the next cross section
all dot products computed will be negative. 1In these cases no data
points will be stored. The cross section with all negative dot
products will be the first cross section of the next segment, and will
be written out exactly as read in, with a cross section number of one.

One other deviation from the general pattern occurs when the
last segment of any of the TIRR segments is encountered (i.e., the
pelvis, either of the hands, or either of the feet). At this point
there is no longer any segmenting plane to compare data points to.
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All cross sections belonging to one of these last segments are simply
written out as read in, changing only the cross section number.

After this algorithm has passed through all cross sections of
all five TIRR segments, the data set has successfully been divided
into 17 segments. Program SGMNTS at this point also writes out the
total number of cross sections per segment, as an aid to the subse-
quent processing to be performed by program FLAPS.

2.2 PROGRAM FLAPS

Program FLAPS separates out data points describing the surface
of the left shoulder flap, right shoulder flap, left hip flap, and
right hip flap (see Figures 4a, b, and c) from the data output by
program SGMNTS. The data output from program SGMNTS has data points
belonging to the two shoulder flaps combined with the thorax data
points, and those belonging to the hip flaps combined with pelvis
Gata points. Data in the output of program SGMNTS associated with
other segments requires no processing at this point, thus program
FLAPS ignores these portions of the data, reading them in and writing
them back out, unchanged.

Observation 1 made in conjunction with the description of pro-
gram SGMNTS states that any one cross section could contain data
points belonging to at most one segment. The processing to be per-
formed by program FLAPS, however, requires this program to look at
cross sections that are to be separated into three different segments
(i.e., there are cross sections that will be separated intoc left
shoulder flap, thorax, and right shoulder flap, as well as cross sec-
tions to be separated into left hip flap, pelvis, and right hip flap).

In order to solve this problem and still make use of Observa-
tion 1, program FLAPS is run twice. The first time it is run, it
separates out data points belonging to the flaps on the left side
of the body, leaving the right shoulder flap part of the thorax and
the right hip flap part of the pelvis. Program FLAPS is then run a
second time, processing the data output from its first run. On this
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second pass, flaps on the right side of the body are separated from
the thorax and pelvis. The thorax and pelvis being examined in this
second run of FLAPS no longer contain data points belonging to flaps

on the left side of the body; rather, these data points have been list-
ed by the first run of FLAPS as separate segments, and are simply
skipped over on this second run, as are all other segments not requir-
ing processing.

Observation 2 made in the discussion of program SGMNTS was that
no segment could be both above and below another segment (assuming
they were both to be separated out from the same TIRR segment). This
observation can still be made for separating one hip flap at a time
from the pelvis. However, when separating a shoulder flap from the
thorax, this observation does not hold. The resulting thorax (minus
flap) is both above and below the separated flap. Observation 2 is
very useful when separating one segment (such as the TIRR head-trunk
segment) into numerous segments (head, neck, thorax, abdomen, pelvis).
In the case of program FLAPS, however, the thorax data set is only to
be separated into two segments on each run of program FLAPS.

Since the thorax is only to be divided into two segments, the
changes to be made in approach are only minor, even though Observation
2 does not apply. As each cross section of the combined thorax and
shoulder flap is examined (top to bottom), dot products are computed
for each data point, as in program SGMNTS. Cross sections yielding
all positive or combinations of positive and negative dot products are
handled in the same manner as they were in program SGMNTS. The differ-
ence is that a cross section yielding all negative dot products is
never encountered. After some number of cross sections with dot pro-
ducts of mixed signs have passed, cross sections will be again encoun-
tered yielding only positive dot products (i.e., all data points again
belong to the thorax minus shoulder flap segment). These cross sections
continue to be processed, until the last cross section of the combined
thorax-shoulder flap segment is processed. At this point, all stored
data points are written out in cross sections, forming a (left or right,
depending upon which run of program FLAPS) shoulder flap segment.
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After the data set has passed through program FLAPS twice, it
is completely segmented, and consists of 21 segments. As was done
by program SGMNTS, program FLAPS writes out an updated list of the
total number of cross sections per segment as the final process of
each run, making this information available for the second run of
FLAPS as well as for program POLISH.

2.3 PROGRAM POLISH

The data set received by program POLISH has been completely
separated, and thus program POLISH performs no separation of data.
Program POLISH does perform three tasks: it prepares a heading for
the final form of the data, it combines the shoulder flaps with their
respective upper arm segments, and it creates two additional cross
sections of data points. Like program FLAPS, program POLISH leaves
much of the data unchanged. Such data is simply read in and written
back out.

2.3.1 Combining Shoulder Flaps with Upper Arms

The work done previously by McConville et al. (1980) defines
a total of 19 body segments, not the 21 output by FLAPS. The differ-
ence here is that the shoulder flaps are not recognized as distinct
segments by McConville. The set of 19 segments includes the shoulder
flap area of the body as part of the upper arm (see Figure 3), but
not as part of the thorax as they were originally recorded in the
TIRR data. Thus, the separation of the shoulder flap from the thorax
by program FLAPS was necessary so that this data set could be combined
with upper arm data at a later point in time.

The separation between a shoulder flap and its corresponding
upper arm is a horizontal plane, and thus there are no overlapping
cross sections between the two. When program POLISH encounters the
two shoulder flap segments, it reads the data pertaining to these
segments in and stores this data. The data for each shoulder flap
is then written back out immediately preceding the data for the
corresponding upper arm segment. The cross section numbers are
then changed for the cross sections in the upper arm segments, so
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that their numbering is consecutive with that begun in the shoulder
flap areas. This process combines each shoulder flap with its corre-
sponding upper arm segment.

2.3.2 Establishing Additional Cross Sections

The inertial analyses to be performed on the body surface data
require that segments have data points on the extreme parts of each
segment. This was the reason for adding two data points on the inter-
section between a cross section and a segmenting plane for overlap
areas: to define the boundaries of these segments. Analogously, a
cross section is added by program POLISH to the bottom of the thorax,
the top and bottom of the abdomen, and the top of the pelvis, firmly
defining the boundaries of these segments.

Program POLISH actually creates only two new cross sections:
one lies in the plane separating the thorax from the abdomen, and the
other lies in the plane separating the abdomen from the pelvis. The
cross section created between the thorax and the abdomen is construc-
ted to be the weighted average of the bottom-most cross section of
the throax and the topmost cross section of the abdomen. Similarly,
the cross section created between the abdomen and the pelvis is con-
structed to be the weighted average of the bottom-most cross section
of the abdomen and the topmost cross section of the pelvis. The
weight factors used reflect the proximity of the two cross sections
used in the average to the cross section being created. Details of
the computations performed to construct these two cross sections are
given in Appendix B.

After the cross section is created between the thorax and the
abdomen, it is written out immediately following the data for the old
bottom-most cross section of the thorax. 1Its cross section number
being one greater than the old bottom-most cross section, making the
created cross section the new bottom-most cross section of the thorax.
This created cross section is then written out a second time with a
cross section number of one, making it the first cross section of the
abdomen. All original cross sections of the abdomen are then written
out with their cross section numbers increased by one. The cross
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section created between the abdomen and the pelvis is then written out
twice. The first time it serves as bottom-most cross section of the
abdomen, and the second time as first cross section of the pelvis,
with all cross section numbers appropriately adjusted.

2.3.3 Preparing a Heading for the Data

Program POLISH performs one other major task: the creation of a
header for the final form of the data. This header consists of the
identification number of the subject, a list of segment names with the
number of cross sections in each of these segments, and a list of the
names of the 76 anthropometric landmarks along with the coordinates
of these landmarks. The subject number is simply the sequence number
of the data as recorded by TIRR (i.e., data for subjects 1 through 59).

This task (preparation of the header) is actually performed

first, but when it is done consideration must be made of the changes 1
which will be made to the data by the remainder of program POLISH.
That is, the number of cross sections associated with some of the f

segments will be altered by program POLISH. In particular, the num-
ber of cross sections associated with either of the upper arm seg-
ments after POLISH is run is equal to the number of cross sections
in that upper arm prior to processing by POLISH, plus the number.of
cross sections in the shoulder flap that it is combined with. Also,
the number of cross sections associated with both the throax and
pelvis is increased by one, and the number associated with the ab-
domen is increased by two, in order to reflect the cross sections
that are created by POLISH.

Once program POLISH has completed execution the data set for
a subject is in a completed form which is ready for analysis of in-
ertial properties. A heading is available to provide useful informa-
tion to any program performing such analysis. The entire data set
is completely separated into 19 segments, with clear definitions of
the boundaries of all segments.
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2.4 CONCLUSION

Programs SGMNTS, FLAPS, and POLISH were used to prepare the
TIRR data for processing by the analysis routines discussed in Sec-
tion 3. The output of program POLISH was directly usable by the
analysis routines for all but three of the data sets. Special treat-
ment was required for these data sets.

The forty-eighth data set contained one data point in the last
cross section of the left foot, that was erroneocusly recorded by TIRR.
This data point was over 60 cm to the left of any other point in the
cross section. For that reason it was removed.

The entire first cross section of the left upper arm of the
forty-first data set was also removed. This cross section contained
three data points one of which was originally part of the TIRR head-
trunk segment (and later the left shoulder flap). The other two
points were added by program FLAPS (by the method described in Appen-
dix A). The one original point was co-planar with the segmenting
plane separating the left shoulder flap from the thorax. Thus, the
two added points were co-li