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A class of rigid component, chained system
models h2s been developed to predict relative limb
and whole body motiorn of humaus during vehicle
crashes and airerafit ejcection situations. Members
of this class include the 3-D Crash Victim Simu-
lator and the Articulated Total Body Model. Both
have similar input data requircments, including
individual segment inertial properties, joint lo-
cations and their biomechanical characteristics,
and contact surface definitions. Currently, the
only body class for which a significant amount of
such data exist is the adult male. In this paper
state-of-the-art techniques are presented for gen—
erating ATB Model input data sets for two other
body classes, the three- and six-year-old child,
from anthropometric data. The anthropometric data
on these two classes are unique because dental
sloue manining wave Lecun doveloped froam them that
provide various direct irertia and dimensional
data for comparison with the corresponding values
developed using these techniques.

1. INTRODUCTION AND SUMHARY
} Protection of passengers from injury during
vehicle znd aircraft crashes and the preotection of
a crew from injury during afrcraft ejection situa-
tions is one of the important design objectives of
velicle aud aircraft design engincers. An increas-
ingly juportant tool in evaluating the safety as-
pects of different designs is computer software
sinmulation. Calspan Corporation has developed a
particuluarly sophisticated class of these programs.
The class includes the 3-D Crash Victim Sinulator
(Cvs) odel, developed under DOT sponsorship
(Fleck, et al, 1374), and the Avticulated Total
Bodly (A1BL) Model, develeped from the (VS Model un-
der the sponsorship of the U.5. Air Force Aero-
.space Mcedical Rescarch Lavoratories (AMBL) speci-
fically for application to acrospace-type problems
(Fleck and Butler, 1975). These programs model
the humin (or laboratory anfwmal) bedy as a wulti-
scpment chained system. Cuvrently 15 segments are
defined: head, neck, upper arm (left and right),
Jower arm (left and right; iancludes the hand),
upper torso (thoracic region), middle torso (vis-
cera), lower torso (pelvice regiovn), upper leg
(left and rjrht), 1ower leg (left and right), and
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“frare:

- dinertia properties (mass, center of mass,
principal moments, principal axes orienta-—
tion)
ellipsoid dimensions, axes origin with re-
spect to the center of mass, and axes
orientation with respect to the principal
axes
joint locations with respect to the center
of mass, and joint axes orientation (Each
joint has two scts of axes, one for each
seguent associated with the joint. These
axes arce used to define torques at the
Joint.) :
various joint stiffness and friction con-
stants {

In addition, data must be supplied to define
the initia) orientation ol tire body witn respect tu
an external reference coordinate system. The en-
vironment (contact plancs, restraint systems) must
also be defined, as well as remaining initial con-
ditions and the external stimuli to be applied to
the system. :

The program simulates the dynamics of body
motion using a unique method that has been shown to
be equivalent to the Lagrange method. Motion pic-
ture films of the dynamics can be produced through
the use of plot packages supplied with the simula-
tion program. |

The University of Dayton Rescarch Institute
(UDRT), under the sponsorship of AMRI, is currently
involved in a research program to develop icput
data sets for the ATB Model program. This paper
surveys techniques recently developed by the UDRI
for obtaining the segment inertia, joint Jocation,
and contact ellipsoid data and the initial body
orientation. The most direct measurement techini-
ques available for chtaining the segment data fn-
volve the use of anthropowmetric data to define the
dimensions of geometric models approximating body
segment peometry. The geometric solids, in appro-
priate combination, have been incorporated into
computer programs that generate the required data.

This paper is nrgnniind into threc parts,
Teconiques uvsed to generate ATB Model input data
sets for 3-year-old and G-yecar-old childrea from
anthropometric data are discussed in Section 2.
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(bue to their volume, the actual input data sets
are not published here. They can be obtained from
the author or AMRL.) Some more advanced techni-
ques and programs, still in the developuent stage,
are described in Section 3. The last section
discusses directions future efforts are likely to
follow.

'2. TECHNIQUES USED TO GENERATE ATB MODEL

INPUT DATA SETS FOR THE THREE- AND
SIX-YEAR-OLD CHILD

The Available Anthropometric Data

The developuent of ATB Model input data set
preparation techniques has emphasized the prepara-
tion of data sets for the average three- and six-
year-old-child. There are two reasons for empha-
sing these body classes. The first reason is that
these data are needed by the Department of Trans-—
portation for auto crash air bag studies. The sec~
ond is that two anthropometric studics have recent-
ly been published that provide detailed anthropo-
metrice, inertial and joint location data that can
be used to evaluate the data set preparation tech-
niques being developed. One of these studies, per-
formed by Snyder, et al (1977) at the Highway Safe-
ty Research Institute (HSRI) under the sponsorship
of the Consumer Product Safety Commission, used the
latest in automated equipment to obtain and statis-
tically analyze a large sample of standard anthro-
pometric measurements for infants, children, and
youths up to age 19. The data are organized by
age, are up-to-date, accurate to the state-of-the~
art, and copiouz. The other study was performed by
Young, et al (1976) at the Civil Aeromedical Insti-
tute under the sponsorship of the Office of Avia-
tion Medicine. 1In this study, two full-scale den-
tal stone manikins of the average three-year-old
and six-ycar-old were constructed. A number of
standard anthroponetric measurements available in
the literature, along with somne nonstandard mea-
surements, were used to construct the manikins.
They were constructed in a standard sitting posi-
tion (to be described later in this paper) and
front, side, and rear photographs taken with a
ruler scale in view to allow direct determination
of dimensions from the photographs. The manikins
were segmented and estimates of the centers of mass
and some principal moments were made for the seg-
ments. Data were also obtained on joints and other
landmark locations and specified with respect to
each segment's center of mass.

Techniques Used to Cenerate the Tnertia Data

Previous body serment geometric models have
been approximated as homogencous ellipsoids, cylin~
ders, or frustrums of circular cones. The geomet=-
ric model chosen for our initial wmodeling effort
was a more general shape, a homnogencous right el-

» liptical solid, which has these characteristics:

= It has two parallel elliptical end-plancs,
A z-axis 1s defined through the centroids
of these end-planes and is normal to both:
planes.
= The end-planes and any other croas-a(ction

parallel to them are cllipses with centers
on the z-axis . ond semfaxes in the xz- or
yz-plancs. ; St |

For our purposes, the shapes of the right ellipti-
cal solids to be considered arce further restricted
to those that esn be defined by supplying the semi-
axis values of the end-planes and a single cross-
scction somewhere between the end-planes. Although
the other geometric models mentioned have the ad-
vantage of having existing closcd form expressions
for their inertia properties, they are relatively
poor approximations to the actual body shape when
compared to the right C]llleCdl solids described
here. . s Y i

A very fast interactive FCRTRAN program call-
ed MISEC2 has been written to compute the inertia
properties of the homogeneous right elliptical
s0lid described (Leet, 1978a). The program approx-
imates the solid as a stack of elliptical cylinders
of varying semiaxis values, couputes the inertia
properties of cach cylinder, computes the center of
mass of the solid as a whole, and then used the
parallel axis theorem to shift the individual cyl-
inder's center of rotation to the solid's center of
mass, where they are appropriciely summed to pro-
vide the solid's moments of inertia about its cen-
ter of mass. I

The Young data were uscd to obtain right el-
liptical solid models of 211 the body segments ex-
cept the head. A detailed description of the an-
thropometric measurements used and the approxina-
tions and manipulations performed on them to obtain
thr required model dimensions can be found in Leet
(1978b). Even though some redeflining cut-plancs
approximations were mudu] except for the nec 4
the MISFC2 results were wath an acceptable ]O/ of
those inertia data measuvred by Young and his col-
leagues on the manikins.

The geometric model used for the head is ei-
ther a homogencous sphere or an cllipsoid. Anthro-
pomctric measurcments are usually made of the
head's length, width, and depth, and an approximate
ellipsoid defined., The principal moments are then
computed from the closed-forw expressions. The
princinal axes are naturally coincident with the
geometric axes.

We have developed a more novel procedure to
obtain the head's principal woments of inertia and
principal axes. This procedurc is outlined in the
following steps: 1

lihe end-planes of nost of the manikin body seg-
ments are not perpendicular to the z-axis. Fur-
thermore, some data were not available, requiring
measurenents to be made from the available photo-
graphs. |

zThc neck sepment fs a complex geometric shape that
will be described later. PR SIS EeR




1. Determine these head measurements:

a. Head length. (measured from the mid-

[ dle of the forchead3d, just above the
‘ cyebrows, to the widdle of the back
. of the head)

b. Head breadth.
- of the head)
Head height. (the distance from the

chin to the top of Lhe head, in a

vertical direction)

d. Mass., (Homogenecity is still assum-
ed.)

2. Obtain a direction cosine matrix defin-
ing the principal axes orientation with respect to
a standard local axis system, and the coefficients

~ of the lincar equations relating the principal
) moments computed from the ellipsoid model to the
"V % true principal moment values.

(the maximum breadth

n
.

3. Use the program "Mcments of Inertia of a
- Rotated Ellipsoid" to compute the principal moments
of the head.

The mass in Step 1 can bé determined by cb-
taining the volume value obtzined by emersion’ and
multiplying it by a denzity representative of the
class of humans being modeled. For example, Chand-
ler, et al (1975) have determine that the average
density for the head segments of six adult nale
cadavers was 1.056 (Sb = .020).

The direction cosine matrix mentioned in Step
~ 2, which defines the arieatation of the principal
axes, has been determined for the adult male from
the Chandier data (Leet, 1978c). This matrix is

0.6484 0.0000 -0.7613
> - 0.0000 1.0000 0.0000
0.7613 0.0000 0.6484

The standard local reference system used has its
origin at the head's center of mass, with the posi-
tive x-axis in the forward direction (It exits the
head at about a point midway between the eyes at
the level of the eyebrows.), positive y-axis to the
right, and positive z-axis straight down, all with
the head level and eyes straight ahead. (The tech-
nical terminology is "head oriented in the Frank-
fort plane.") The direction cousine matrix speci-

-~ fies that the principal x-axis is rotated 49.6°
counterclockwise about the local reference y-axis:
this axis exits the head at about the top of the

- forehead. (The temptation was to say at the hair-
Jine, but that, unfortunately, can be too mislcad~

~ 3ng.) The positive principal z-axis, therefore,
exits the head approximately through the mouth.

Precise anthropometric terminology exists for all
Jocations mentioned; it can be obtained from the
3 suthor. 1t is felt that more common, albeit less
precise, terminology is more appropriate for this
paper.

41‘hc cut-planes between the head and neck defining
the head segment are specified in Chandler, et al
(1975). ; g

FAOEAL SIZE 8% X 1Y

The "Mowents of Inertia of a Rotated Ellip-
soid" program uses the three specified head dimen-
sfons to define an ellipsofd whose axes are orfent~
ed parallel to the local reference axes and center=
ed at the geometric center of the head. 1t then
uses the direction cosine matrix to define a new
ellipsoid whose axes are centered at the geumetric
center, but oriented parallel to the principal -
axes. The semiaxis lengths for this ellipsoid are
taken as the distances from the origin to the in-
tersection of the principal axzes with the first el-
lipsoid. The principal moments of the new ellip- -
soid are the calculated. ‘

The principal moments obtained by applying
this procedure to the six cadaver heads of the
Chandler data were linearly correlated with the
empirically determined principal moments. There E
was a high degree of correlation, with the equa-
tions being:

2 i

L 3 ' - o =
Iaxx 1.98 Ixx 82.99 (r 0.99) %
2 )
= 1. I1' - 77.66 = 0.99 !
Iayy 1.52 vy (r ) i
I = 1.6 I' - 24.22 (r2 = 0.92) '
azz zz !

(The experimentally determincd moments are I, and
the computed moments are I'.) It is the coeffi-
cients of these equations that are referred to in
Step 2. The "Moments of Inmertia of a Fotated LCl-
lipsoid" program has the capability of perforwing
these linear transformations. A detailed develop-
ment. of this procedure can be found in Leet
(1978¢c).

There is a question about whether or not the
specific direction cosine and lincar coefficient
values can be used for determining the inertia
propertics of children. However, it seems prob-
able, although not yet proven conclusively, that
the mass distribution of the human head is pretty
much fixed by the third year. This is the assump-
tion that was made for the three- and six-year-old-
child data sets that we gencrated. i

The only inertia property of the head not yet
discussed is the center of mass. At present we
know of no technique for determining the center of
mass of the head from anthropometric data. The
values used for the three- and six-year-old-child
data scts were the ones determined by Youny for the
manikins. Edward Becker (1973), at the Naval Aero-
space Medical Research Laboratory, has shown that
for adult male cadavers, at least, there is oniy a
relatively small variability in the location of the
head's center of wass about & mean value of 13
in the 4x-direction and 21 mm in the -z-dircction
from the ear hole and midway between the ears.

ations

Techniques Used to Estimate Joint L

The body segments in the ATB Model ave con-
nected at joints to form the total body. The loca- .
tion of cach segment's joints must be defined with
respect to the segment's principle axes coordinate
system. In general, the segment's cut-plancs are

RINEERESS



80 defined that their centrolds are the joint
loci.® Therefore, the inertia computation process

~=outlined above provides the necessary in-

formation to determine the joint locations. How-
ever, there are some exceptions. The head-neck
Joint is located at the mid-point of the line con-
necting the mastoids (the bone behind the ear).

To locate this point with respect to the head's
center of mass, anthropometric data must be avail-
able relating the center of mass to the mastoids.
The nceck modeling procedure provided information
on the joint's location in the neck.

The neck has a second joint, the upper torso-
neck joint. Assuming that it is located the same
distance from the back of the neck as the head-neck
joint, the coordinates of this joint in the neck
can be obtained fron the neck modeling procedure.
The coordinates of the joint with respect to the
centroid of the cut-plane between the neck and up-
per torso can also be determined. These coordi-
nates can be transferred to the upper torso to preo-
vide the joint's location in the upper torso.

The shoulder joints are located using values
from the uvpper arm and upper torso models. The
joint is assumed to be one-third of the distance
from the top of the shoulder (aciomion) to the arm
pit (axilla), measured form the acromion. (This
fraction is the subject of some controversy.) De-
tails for Jocating the joint given the anthropo-
metric data on the upper arm and upper torso are
provided in Leet (1978b).

The upper torso-mid torso and mid torso-lower
torso ioint locations are eomputed using a formula
developed by Liu and Wickstrom (1973). With the
standard local refercnce axis system having the
positive x-axis forward, the positive y-axis Lo the
right, and the positive z-~axis’down, the distance
in the -x-direction from the center of mass is
given by ag + ay (W / H*Y)), uhere ag and ay are
regression coefficients computed by the authors for
cach vertebral level, W is the body weight, H is
the body height, and Y is the width of the body at
the joint location.

The upper torso-mid torso joint is located at
about the level of the T7 vertebra. The -x-dis-
tance can be computed by averaging the values ob-
tained from the Liu and Wickstrom formula for the
T6, T7, and T8 vertcbrae. The mid torso-lower tor-
60 joint is located at about the level of the L3
vertebra. The -x-distance can be computed by aver-
aging the values obtained from the Liu and Wick-
strom formula for the L3, L3, and L4 vertebrae. To
couplete the coordinate definitions: the y-coordi-
nates for both oints ~re zero; the z-coordinates
can be obtained from the geometric models of the
segments.,

5

It 1s recognized that there is a continuing con-
troversy over rules that locate joints from cx-
ternal landmarks. This issue can not be addressed
in thls short summary; the results in this paper
reflect the latest thinking. i«

WL ¥
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Specification of the hip joint locations re-
quires the geometric model of the lower torso and
the anthropometric measurcments bispinous breadth
(the point of the hip bone in the lower abdomen),
which is used to compute the y-coordinate (bispi- -
nous breadth/2), the trochanterion height (the hol-
low on the side of the hip), which is used to com~
pute the z-coordinate (In the geometric model cal-
culations, the center of mass is defined with re-
spect to the top end-plane centroid. Knowledge of
the vertical distance from the end-plane, which is
the iliocristale height (the very top of the hip
bone), to the trochanterion is enough to define the
z-coordinate.), and the trochanterion-to-seat-back
distance, which is used to compute the x-coordi-
nate.

Techniques Used to Estimate Segment Contact Ellip-~
soids

The surfaces of the body model are described
by the surfaces of ellipsoidal shapes for individ~
ual body segmerts. The present state-of-the-art
provides no algorithm for generating the dimensions -
of these contact ellipsoids; instead, the following
set of heuristics is offered. But first it should
be pointed out that the segment inertia ellipsoids
are independent of the contact ellipsoids. The
objective of the contact ellipsoid construction is
to provide a surface description for contact force
interactions and to generate a representative body
shape for graphic display.

The technique used is to work from side and
front view photographs of a person representative
of the class of individuals being wodcled. This
person sihould be in this standard sitting positioa:
the head is oriented in the Frankfort plane, the
upper arms are vertical with the palms in, the low-
er arms are horizontal, the back is straight, the
upper legs are horizontal, the lower legs are ver-
tical, and the feet are flat on the floor. The ob-
jective here is to position the axes of the body
segments parallel to the body reference axes. The
outline of the body should be clearly visible in
the photographs, and scales close to the body mid-
planes should be included. The conditions were met
in the Young manikiu data. i

The body outline and scale are traced on
graph paper. The segment cut-planes are drawn on
these figures, along with the segment principal -
axes at the center of mass., At the present time
the contact ellipsoid semiaxes are assumed to be
oriented parallel to the segment principal axes =
(The ATB Model program has the option of reorient-
ing the contact ellipsoid semiaxes, but in the pre-
sent study this reorientation was not required.).

The intersections of the segment principal axes -
with the extreme edfes of the sepment are used,
along with a compass, to locate a {jrst estimate of
the contact ellipsoid origins. The coordinates of
the origins with respect to the segment principal -
axes and the semiaxes lengths are supplied to the
ATE Model program. This program i{s run for zero
simulation time, followed by a body ellipsoid out-
line plot program to obtain plots of the initial
position of the total body in {ts environment. In-
spection of these plots usuvally suggested adjust-
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ments to the contact ellipsoid dimensions or origin
locations.

There is a definite "art" to these heuris-—
tics. Furthermore, the iteractive process con-
sumes a comparatively large amount of computer re-
sources and time. Therefore, contact ellipcoid
determination is a prime candidate for future pro-
cedural improvements.

/

»s Used to Define Body and Joint Axes

The body orientation in the environment is
defined in the ATB Model program by specifying the

-orientation of the segment principal axes with re-

spect to an inertial reference system and the lcca-
tion of the lower torso segment's center of mass.
This is a straightforward procedure and is present-
ed in detail in Leet (1978b).

Two coordinate systems must be defined for
each joint, one in each segment associated with the
joint. Their relative orientations are used to
detcrmine the torque at the joint. A manual proce-
dure used for the three- and six-year-old-child
data sets, one that sets the usual initial condi-
tion of zero joint torque, is described in detail
in Leet (1978b).

3. TECHNIQUES UNDER DEVELOPMENT

Two new geometric models are now under de-
velopment that should significantly increase the
accuracy ot the inertia calculations. One ol these
is a general segment model having up to three
parts. Onc of these parts is the homogeneous right
elliptical solid described earlier. 7The other
parts are homogeneous simply-transected elliptical
cylinders. A simply-transected elliptical cylinder
is an elliptical cylinder that has been cut dia-
gonally from the edge of one end-plane to the oppo-
site edge of the other end-plane. In addition, if
a coordinate system is defined with the z-axis
passing through the centroids of the end-planes,
the cut-plane is parallel to either the x-axis or
the y~axis. There can be one simply-transected
elliptical cylinder at each end of the right ellip-
tical solid.

The basic procedure for computing the iner-
tial properties of a body segment using this model
is:

1. Select one of the following models:

a. Right elliptical solid

b.. Simply-transected elliptical cylinder

€. Right elliptical solid with a simply-
transected elliptical cylinder at one
end

d. Right elliptical solid with simply-
transected elliptical cylinders at
each end

2. Define the local coordinate system for
each part and a coordinate system for the segment
model as a whole. .

T— - N
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3. - If the model includes a right cllipticnl‘
solid: '

a. Identify the proximal, mid, and dis-
tal planes i
b. Determine the scmiaxes for these
planes and the distances between
them - T
c. Determine the density j

d. Kun MISEC2 ;

4. For cach simply-transected elliptical
cylinder:
a. Determinec ‘he base semiaxes and
height !
b. FKun the program "Simply-Transected
Elliptical Cylinders."

5. Combine the individual segment inertia
properties using the program "Parallel Axis Theo-
rem."

6. Obtain the segment principal moments and -
direction cosine matrix using an available eigen-—
value and ecigenvector program.

Step 2 requires that local coordinate sys-
tems be defined for each part of the segment. It
is helpful to orient the segment to the rest of
the body by defiuning proximal and distal ends for
the segment as a whole and for each of its parts,
with the distal end being furthest from the head.
Assuming each part has a proximal end-plane, the
origins of the local coordinate systems can be lo-
cated at the proximal end-plane centroids; other-
wise, the origin can be located at the distal end-
plane centroid. By convention, the orientation of
a2 segment's posjtive z-axis is along the cylind-
rical axis, from the proximal end to the distal
end. The positive orientation of a segment's y-
axis should be right lateral (out the right side).
It follows that the positive orientation of a sep-
ment's x-axis should be anterior (out the front).

We have developed closed-form expressions
for the inertia properties of the siwply-transcct-
ed elliptical cylinder that form the basis for the
computer program mentioned in Step 4b. The mathe-
matical manipulations involved were not particu-
Jarly difficult, but there were numcrous opportu-
nities for sign and constant manipulation errors.
Therefore, the mathcematical results and program
will not be releascd until sample calculations are
independently verified by a computer program simi-
lar in concept to MISEC2. |

The "Parallel Axis Theorem'" program in Step
5 has been documented in Leet (1978d) and is
available. |

i

The other new geometric model under develop-
ment is a model of the neck segment. The neck seg-
ment is a cowplex shape. There are two cut-planes
between the head and the neck: one is parallel to
the Frankfort plane, passing from the back of the
head along the base of the skull to a point just
behind the ear; the other is parallel to the body
reference y-axis and runs from the point just be-
hind the ear tangent to the upper portion of the
Adam's apple and out the front of the neck. The
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cut-plane between the neck and the upper torso is
parallel to the body reference y~axis and passes
through the vertebra landmark at the lower back of
the neck called the cervicale and a point just
above where the two collar bones meet (the supra-
sternale).

The neck model is comprised of three homoge-
neous parts: two simply-transected elliiptical
semicylindors on top of a right elliptical cylind-
er. A scricylinder is a cylinder that has been
bisected along its long, or z-axis, the cut~plane
being parallel to either the x- or y-axis. "Simply-
transected" means that the semicylinder is tran-
sected by a cut-plane that is parallel to the same
axis as the bisecting cut-plane and runs from the
bisecting cut-plane at one end-plane to the oppo-
site side of the other end-plane in such a way that
all the bisecting cut~plane remains. The two sim-
ply-transected elliptical semicylinders are stacked
on the right elliptical cylinder so that their bi-
secting cut-plaues coincide and their transection
cut-planes form the cut-planes between the head and
neck. The overall geometric shape closely approxi-
mates the neck segment's shape.

Twelve anthroponetric measurements, some of
them nonstandard, have been defined that can be
used to obtain the geometric model dimensiones, and
a procedure has been developed for converting these
into the geometric model. Closed-form expressions
for the inertia properties of a simply-transected
elliptical semicylinder are currently being de-
rived. As soon as these are available a computer
program will be written to convert the aathropomet-
ric measurcuents into the inertia properties.

An interactive FORTRAN program called CIDD is
currently being debugped that automates the tedicus
task of specifying the body segment orvientations
and the joint axes orientations for the zero torque
initial condition. The required input data are the
direction asngles of each segment with respect to
the segment's local reference system and the angles
of certain body segments with respect to the in-
ertial reference system. (Generally, only one di-
rection angle per segment §s required.) The pro-
gram leads the user through the required input data
by asking simple, completely unambipuous questions.
It generates an aunotated card deciz that can be
used directly in the AlD Model program input data
deck plus o detailed listing in the same format as
is generated Ly the ATB Model program.

4. CONCLUDIVG REMARKS

The ebvious temptation for any progranmer is
to create enge lavge interactive program that incor-
porates all the techrniques developed so far, plus
techniques that permit ecasy definition of the en~
vironment and contact e¢llipsoids, perhaps under
light-pen or cursor control, Indeed, we are in-
vestigating the cost-effectiveness of such a pro-
grom.

Our research program will have an impact on
the sciences of anthrepomnetry and anatomy in a
couple of ways. First, the geometric models
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already developed require some new anthropometric
measurements.  We have been working closely with
experts in these fields to insure that the desired
measurements are practical and appropriately de-
fined. Sccond, if more accurate geometric models
of body segments are required, Improvement will
most likely be made by defining density distribu-
tions within segments. No such data currently
exist. 1
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ABSTRACT

A class of rigid component, chained system
models has been developed to predict relative limb
and whole body motion of humans during vehicle
crashes and aircraft ejection situations. Members
of this class include the 3-D Crash Victim Simu~
lator and the Articulated Total Body Model. Both
have similar input data requirements, including
individual segment inertial properties, joint lo-
cations and their biomechanical characteristics,
and contact surface definitions. Currently, the
only body class for which a significant amount of
such data exist is the adult male. In this paper
state-of-the-art techniques are presented for gen-
erating ATB Model input data sets for two other
body classes, the three- and six-year-old child,
from anthropometric data. The anthropometric data
on these two classes are unique because dental
stone manikins have been developed from them that
provide various direct inertia and dimensional
data for comparison with the corresponding values
developed using these techniques.

1. INTRODUCTION AND SUMMARY

Protection of passengers from injury during
vehicle and aircraft crashes and the protection of
a crew from injury during aircraft ejection situa-
tions is one of the important design objectives of
vehicle and aircraft design engineers. An increas-
ingly important tool in evaluating the safety as-
pects of different designs is computer software
simulation. Calspan Corporation has developed a
particularly sophisticated class of these programs.
The class includes the 3-D Crash Victim Simulator
(CVS) Model, developed under DOT sponsorship
(Fleck, et al, 1974), and the Articulated Total
Body (ATB) Model, developed from the CVS Model un-
der the sponsorship of the U.S. Air Force Aero-
space Medical Research Laboratories (AMRL) speci-
fically for application to aerospace-type problems
(Fleck and Butler, 1975). These programs model
the human (or laboratory animal) body as a multi-
segment chained system. Currently 15 segments are
defined: head, neck, upper arm (left and right),
lower arm (left and right; includes the hand),
upper torso (thoracic region), middle torso (vis--
cera), lower torso (pelvic region), upper leg
(left and right), lower leg (left and right), and

foot (left and right).

Among the input data required on each segment

are:

- 1inertia properties (mass, center of mass,
principal moments, principal axes orienta-
tion)

- ellipsoid dimensions, axes origin with re-
spect to the center of mass, and axes
orientation with respect to the principal
axes

- joint locations with respect to the center
of mass, and joint axes orientation (Each
joint has two sets of axes, one for each
segment associated with the joint. These
axes are used to define torques at the
joint.)

- various joint stiffness and friction con-

. stants

In addition, data must be supplied to define
the initial orientation of the body with respect to
an external reference coordinate system. The en-
vironment (contact planes, restraint systems) must
also be defined, as well as remaining initial con-
ditions and the external stimuli to be applied to
the system.

The program simulates the dynamics of body
motion using a unique method that has been shown to
be equivalent to the Lagrange method. Motion pic-
ture films of the dynamics can be produced through
the use of plot packages supplied with the simula-
tion program.

The University of Dayton Research Institute
(UDRI), under the sponsorship of AMRL, is currently
involved in a research program to develop input
data sets for the ATB Model program. This paper
surveys techniques recently developed by the UDRI
for obtaining the segment inertia, joint location,
and contact ellipsoid data and the initial body
orientation. The most direct measurement techni-
ques available for obtaining the segment data in-
volve the use of anthropometric data to define the
dimensions of geometric models approximating body
segment geometry. The geometric solids, in appro-
priate combination, have been incorporated into
computer programs that generate the required data.

This paper is organized into three parts.
Techniques used to generate ATB Model input data
sets for 3-year-old and 6-year-old children from
anthropometric data are discussed in Section 2.
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(Due to their volume, the actual input data sets
are not published here. They can be obtained from
the author or AMRL.) Some more advanced techni-
ques and programs, still in the development stage,
are described in Section 3. The last section
discusses directions future efforts are likely to
follow.

2. TECHNIQUES USED TO GENERATE ATB MODEL
INPUT DATA SETS FOR THE THREE- AND
SIX-YEAR-OLD CHILD

The Available Anthropometric Data

The development of ATB Model input data set
preparation techniques has emphasized the prepara-
tion of data sets for the average three- and six-
year-old-child. There are two reasons for empha-
sing these body classes. The first reason is that
these data are needed by the Department of Trans-
portation for auto crash air bag studies. The sec-
ond is that two anthropometric studies have recent-
ly been published that provide detailed anthropo-
metric, inertial and joint location data that can
be used to evaluate the data set preparation tech-
niques being developed. One of these studies, per-
formed by Snyder, et al (1977) at the Highway Safe-
ty Research Institute (HSRI) under the sponsorship
of the Consumer Product Safety Commission, used the
latest in automated equipment to obtain and statis-
tically analyze a large sample of standard anthro-
pometric measurements for infants, children, and
youths up to age 19. The data are organized by
age, are up-to-date, accurate to the state-of-the-
art, and copious. The other study was performecd by
Young, et al (1976) at the Civil Aeromedical Insti-
tute under the sponsorship of the Office of Avia-
tion Medicine. In this study, two full-scale den-
tal stone manikins of the average three-year-old
and six-year-old were constructed. A number of
standard anthropometric measurements available in
the literature, along with some nonstandard mea-
surements, were used to construct the manikins.
They were constructed in a standard sitting posi-
tion (to be described later in this paper) and
front, side, and rear photographs taken with a
ruler scale in view to allow direct determination
of dimensions from the photographs. The manikins
were segmented and estimates of the centers of mass
and some principal moments were made for the seg-
ments. Data were also obtained on joints and other
landmark locations and specified with respect to
each segment's center of mass.

Techniques Used to Generate the Inertia Data

Previous body segment geometric models have
been approximated as homogeneous ellipsoids, cylin-
ders, or frustrums of circular cones. The geomet-
ric model chosen for our initial modeling effort
was a more general shape, a homogenecous right el-
liptical solid, which has these characteristics:

- It has two parallel elliptical end-planes.
A z-axis is defined through the centroids
of these end-planes and is normal to both
planes.

- The end-planes and any other cross-section

parallel to them are ellipses with centers
on the z-axis and semiaxes in the xz- or
yz-planes.

For our purposes, the shapes of the right ellipti-
cal solids to be considered are further restricted
to those that can be defined by supplying the semi-
axis values of the end-planes and a single cross-
section somewhere between the end-planes. Although
the other geometric models mentioned have the ad-
vantage of having existing closed form expressions
for their inertia properties, they are relatively
poor approximations to the actual body shape when
compared to the right elliptical solids described
here.

A very fast interactive FORTRAN program call-
ed MISEC2 has been written to compute the inertia
properties of the homogeneous right elliptical
solid described (Leet, 1978a). The program approx-
imates the solid as a stack of elliptical cylinders
of varying semiaxis values, computes the inertia
properties of each cylinder, computes the center of
mass of the solid as a whole, and then used the
parallel axis theorem to shift the individual cyl-
inder's center of rotation to the solid's center of
mass, where they are appropriately summed to pro-
vide the solid's moments of inertia about its cen-
ter of mass.

The Young data were used to obtain right el-
liptical solid models of all the body segments ex-
cept the head. A detailed description of the an-
thropometric measurements used and the approxima-
tions and manipulations performed on them to obtain
the required model dimensions can be found in Leet
(1978b). Even though some redefining cut-planes
approximations were made!, except for the neck?,
the MISEC2 results were within an acceptable 10% of
those inertia data measured by Young and his col-
leagues on the manikins.

The geometric model used for the head is ei-
ther a homogeneous sphere or an ellipsoid. Anthro-
pometric measurements are usually made of the
head's length, width, and depth, and an approximate
ellipsoid defined. The principal moments are then
computed from the closed-form expressions. The
principal axes are naturally coincident with the
geometric axes.

We have developed a more novel procedure to
obtain the head's principal moments of inertia and
principal axes. This procedure is outlined in the
following steps:

1The end-planes f most of the manikin body seg-

ments are not perpendicular to the z-axis. Fur-
thermore, some data were not available, requiring
measurements to be made from the available photo-
graphs.

2'l‘he neck segment is a complex geometric shape that
will be described later.




1. Determine these head measurements:

a. Head length. (measured from the mid-
dle of the forehead3, just above the
eyebrows, to the middle of the back
of the head) g

b. Head breadth.
of the head)

c. Head height. (the distance from the
chin to the top of the head, in a
vertical direction)

d. Mass. (Homogeneity is still assum-
ed.)

2. Obtain a direction cosine matrix defin-
ing the principal axes orientation with respect to
a standard local axis system, and the coefficients
of the linear equations relating the principal
moments computed from the ellipsoid model to the
true principal mcment values.

(the maximum breadth

3. Use the program "Moments of Inertia of a
Rotated Ellipsoid" to compute the principal moments
of the head.

The mass in Step 1 can be determined by ob-
taining the volume value obtained by emersion? and
multiplying it by a density representative of the
class of humans being modeled. For example, Chand-
ler, et al (1975) have determine that the average
density for the head segments of six adult male
cadavers was 1.056 (SD = .020). ;

The direction cosine matrix mentioned in Step
2, which defines the orientation of the principal
axes, has been determined for the adult male from
the Chandler data (Leet, 1978c). This matrix is

0.6484 0.0000 -0.7613
0.0000 1.0000 0.0000
0.7613 0.0000 0.6484

The standard local reference system used has its
origin at the head's center of mass, with the posi-
tive x-axis in the forward direction (It exits the
head at about a point midway between the eyes at
the level of the eyebrows.), positive y-axis to the
right, and positive z-axis straight down, all with
the head level and eyes straight ahead. (The tech-
nical terminology is "head oriented in the Frank-
fort plane.") The direction cosine matrix speci-
fies that the principal x-axis is rotated 49.6°
counterclockwise about the local reference y-axis:
this axis exits the head at about the top of the
forehead. (The temptation was to say at the hair-
line, but that, unfortunately, can be too mislead-

- ing.) The positive principal z-axis, therefore,

exits the head approximately through the mouth.

3Precise anthropometric terminology exists for all

locations mentioned; it can be obtained from the
author. It is felt that more common, albeit less
precise, terminology is more appropriate for this
paper.

‘The cut-planes between the head and neck defining
the head segment are specified in Chandler, et al
(1975).

The "Moments of Inertia of a Rotated Ellip-
sold" program uses the three specified head dimen-
sions to define an ellipsoid whose axes are orient-
ed parallel to the local reference axes and center-
ed at the geometric center of the head. It then
uses the direction cosine matrix to define a new
ellipsoid whose axes are centered at the geometric
center, but oriented parallel to the principal
axes. The semiaxis lengths for this ellipsoid are
taken as the distances from the origin to the in-
tersection of the principal axes with the first el-
lipsoid. The principal moments of the new ellip-
soid are the calculated.

The principal moments obtained by applying
this procedure to the six cadaver heads of the
Chandler data were linearly correlated with the
empirically determined principal moments. There
was a high degree of correlation, with the equa-
tions being:

2
= ' - =
1, - 1981 -89 (7 =0.99)
2

g easaa - 7.6 = 0.9
ayy vy (r 0.99)
I = L3661 - 2%.22 (x> =0.92)
azz zz

(The experimentally determined moments are I and
the computed moments are I'.) It is the coeffi-
cients of these equations that are referred to in
Step 2. The '"Moments of Inertia of a Rotated El-
lipsoid" program has the capability of performing
these linear transformations. A detailed develop-
ment of this procedure can be found in Leet
(1978¢) .

There is a question about whether or not the
specific direction cosine and linear coefficient
values can be used for determining the inertia
properties of children. However, it seems prob-
able, although not yet- proven conclusively, that
the mass distribution of the human head is pretty
much fixed by the third year. This is the assump-
tion that was made for the three- and six-year-old-~
child data sets that we generated.

The only inertia property of the head not yet
discussed is the center of mass. At preseant we
know of no technique for determining the center of
mass of the head from anthropometric data. The
values used for the three- and six-year-old-child
data sets were the ones determined by Young for the
manikins. Edward Becker (1973), at the Naval Aero~
space Medical Research Laboratory, has shown that
for adult male cadavers, at least, there is only a
relatively small variability in the location of the
head's center of mass about a mean value of 13 mm
in the +x-direction and 21 mm in the -z-direction
from the ear hole and midway between the ears.

Techniques Used to Estimate Joint Locations

The body segments in the ATB Model are con-
nected at joints to form the total body. The loca-
tion of each segment's joints must be defined with
respect to the segment's principle axes coordinate
system. In genecral, the segment's cut-planes are
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so defined that their centroids are the joint
loci.3 Therefore, the inertia computation process
vutlined above provides the necessary in-
formation to determine the joint locations. How-
ever, there are some exceptions. The head-neck
joint is located at the mid-print of the line con-
necting the mastoids (the bone behind the ear).

To locate this point with respect to the head's
center of mass, anthiropometric data must be avail-
able relating the center of mass to the mastoids.
The neck modeling procedure provided information
on the joint's location in the neck.

The neck has a second joint, the upper torso-
neck joint. Assuming that it is located the same
distance from the back of the neck as the head-neck
joint, the coordinates of this joint in the neck
can be obtained from the neck modeling procedure.
The coordinates of the joint with respect to the
centroid of the cut-plane between the neck and up-
per torso can also be determined. These coordi-
nates can be transferred to the upper torso to pro-
vide the joint's Jocation in the upper torso.

The shoulder joints are located using values
from the upper arm and upper torso models. The
joint is assumed to be one-third of the distance
from the top of the shoulder (acromion) to the arm
pit (axilla), measured form the acromion. (This
fraction is the subject of some controversy.) De-
tails for locating the joint given the anthropo-~
metric data on the upper arm and upper torso are
provided in Leet (1978b).

The upper torso-mid torso and mid torso-lower
torso joint locations are computed using a formula
developed by Liu and Wickstrom (1973). With the
standard local reference axis system having the
positive x~axis forward, the positive y-axis to the
right, and the positive z-axis down, the distance
in the -x-direction from the center of mass is
given by ag + a; (W / H * Y)), where ap and a; are
regression coefficients computed by the authors for
each vertebral level, W is the body weight, H is
the body height, and Y is the width of the body at
the joint location.

The upper torso-mid torso joint is located at
about the level of the T7 vertebra. The -x-dis~
tance can be computed by averaging the values ob-
tained from the Liu and Wickstrom formula for the
16, T7, and T8 vertebrae. The mid torso-lower tor-
so joint is located at about the level of the L3
vertebra. The -x-distance can be computed by aver-
aging the values obtained from the Liu and Wick~
strom formula for the L3, L3, and L4 vertebrae. To
complete the coordinate definitions: the y-coordi-
nates for both oints are zero; the z-coordinates
can be obtained from the geometric models of the
segments.

slt is recognized that there is a continuing con-
troversy over rules that locate joints from ex-
ternal landmarks. This issue can not be addressed
in this short summary; the results in this paper
reflect the latest thinking. §

Specification of the hip joint locations re-
quires the geometric model of the lower torso and

. the anthropometric measurements bispinous breadth

(the point of the hip bone in the lower abdomen),
which is used to compute the y~coordinate (bispi~
nous breadth/2), the trochanterion height (the hol-
low on the side of the hip), which is used to com-
pute the z-coordinate (In the geometric model cal-
culations, the center of mass is defined with re~
spect to the top end-plane centroid. Knowledge of
the vertical distance from the end-plane, which is
the iliocristale height (the very top of the hip
bone), to the trochanterion is enough to define the
z~-coordinate.), and the trochanterion-to-seat-back
distance, which is used to compute the x-coordi-
nate.

Techniques Used to Estimate Segment Contact Ellip-
soids

The surfaces of the body model are described
by the surfaces of ellipsoidal shapes for individ-
ual body segments. The present state-of-the-art
provides no algorithm for generating the dimensions
of these contact ellipsoids; instead, the following
set of heuristics is offered. But first it should
be pointed out that the segment inertia ellipsoids
are independent of the contact ellipsoids. The
objective of the contact ellipsoid construction is
to provide a surface description for contact force
interactions and to generate a representative body
shape for graphic display.

The technique used is to work from side and
front view photographs of a person representative
of the class of individuals being modeled. This
person should be in this standard silting position:
the head is oriented in the Frankfort plane, the
upper arms are vertical with the palms in, the low-
er arms are horizontal, the back is straight, the
upper legs are horizontal, the lower legs are ver-
tical, and the feet are flat on the floor. The ob-
jective here is to position the axes of the body
segments parallel to the body reference axes. The
outline of the body should be clearly visible in
the photographs, and scales close to the body mid-
planes should be included. The conditions were met
in the Young manikin data.

The body outline and scale are traced on
graph paper. The segment cut-planes are drawn on
these figures, along with the segment principal
axes at the center of mass. At the present time
the contact ellipsoid semiaxes are assumed to be
oriented parallel to the segment principal axes
(The ATB Model program has the option of reorient-
ing the contact ellipsoid semiaxes, but in the pre-
sent study this reorientation was not required.).
The intersections of the segment principal axes
with the extreme edges of the segment are used,
along with a compass, to locate a first estimate of
the contact ellipsoid origins. The coordinates of
the origins with respect to the segment principal
axes and the semiaxes lengths are supplied to the
ATB Model program. This program is run for zero
simulation time, followed by a body ellipsoid out-
line plot program to obtain plots of the initial
position of the total body in its environment. In-
spection of these plots usually suggested adjust-
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ments to the contact ellipsoid dimensions or origin
locations.

There is a definite "art" to these heuris-
tics. Furthermore, the iteractive process con~
sumes a comparatively large amount of computer re-
sources and time. Therefore, contact ellfpsoid
determination is a prime candidate for future pro-
cedural improvements.

Techniques Used to Define Body and Joint Axes
Orientation

The body orientation in the environment {s
defined in the ATB Model program by specifying the
orientation of the segment principal axes with re-
spect to an inertial reference svstem and the loca-
tion of the lower torso segment's center of mass.
This is a straightforward procedure and is present-
ed in detail in Leet (1978b).

Two ccordinate systems must be defined for
each joint, one in each segment associated with the
joint. Their relative orientations are used to
determine the torque at the joint. A manual proce-~
dure used for the three- and six-year-old-child
data sets, one that sets the usual initial condi-
tion of zero joint torque, is described in detail
in Leet (1978b).

3. TECHNIQUES UNDER DEVELOPMENT

Two new geometric models are now under de-
velopment that should significantly increase the
accuracy of the ine:tia calculations. One of these
is a general segment model having up to three
parts. One of these parts is the homogeneous right
elliptical solid described earlier. The other
parts are homogeneous simply-transected elliptical
cylinders. A simply~transected elliptical cylinder
is an elliptical cylinder that has been cut dia-
gonally from the edge of one end-plane to the oppo-
site edge of the other end-plane. In addition, {f
a coordinate system is defined with the z-axis
passing through the centroids of the end-planes,
the cut-plane is parallel to efther the x-axis or
the y-axis. There can be one simply-transected
elliptical cylinder at each end of the right ellip-
tical solid.

The basic procedure for computing the iner-
tial properties of a body segment using this model
is:

1. Select one of the following models:

a. Right elliptical solid

b. Simply-transected elliptical cylinder

c. Right elliptical solid with a simply-
transected elliptical cylinder at one
end

d. Right elliptical solid with simply-
transected elliptical cylinders at
each end

2. Define the local coordinate system for
each part and a coordinate system for the segment
model as a whole. '

3 If the model includes a right elliptical
solid: .

a. Identify the proximal, mid, and dis-
tal planes

b. Determine the semfaxes for these
planes and the distances between
them

c. Determine the density

d. Run MISEC2

4, For each simply-transected elliptical
cylinder:
a. Determine the base semiaxes and
height
b. Run the program "Simply-Transected
Elliptical Cylinders.”

5. Combine the individual segment inertia
properties using the program '"Parallel Axis Theo-
rem."

6. Obtain the segment principal moments and
direction cosine matrix using an available elgen-
value and eigenvector program,

Step 2 requires that local coordinate sys-
tems be defined for each part of the segment. It
i8 helpful to orient the segment to the rest of
the body by defining proximal and distal ends for
the segment as a whole and for each of {ts parts,
with the distal end being furthest from the head.
Assuming each part has a proximal end~plane, the
origins of the local coordinate systems can be lo-
cated at the proximal end-plane centroids; other-
wise, the origin can be located at the distal end-
plane centroid. By convention, the orientation of
a scgment's positive z-axis is along the cylind-
rical axis, from the proximal end to the distal
end. The pos.tive orientation of a segment's y-
axis should bte right lateral (out the right side).
It follows that the positive orientation of a seg-
ment's x-axis should be anterior (out the front).

We have developed closed-form expressions
for the inertia properties of the simply-transect-
ed elliptical cylinder that form the basis for the
computer program mentioned in Step 4b. The mathe-
matical manipulations involved were not particu-
Jarly difficult, but there were numerous opportu-
nities for sign and constant manipulation errors.
Therefore, the mathematical results and program
will not be released until sampic calculations are
independently verified by a computer program simi-
lar in concept to MISEC2.

The "Parallel Ax{is Theorem” program in Step
5 has been documented in Leet (1978d) and is
available.

The other new geometric model under develop-
ment is a model of the neck segment. The neck seg-
ment is a complex shape. There are two cut-planes
between the head and the neck: one is parallel to
the Frankfort plane, passing from the back of the
head along the base of the skull to a point just
behind the ear; the other is parallel to the body
reference y-axis and runs from the point just be-
hind the ear tangent to the upper portion of the
Adam's apple and out the front of the neck. The
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cut-plane between the neck and the upper torso is
parallel to the body reference y-axis and passes
through the vertebra landmark at the lower back of
the neck called the cervicale and a point just
above where the two collar bones meet (the supra-
sternale).

The neck model is comprised of three homoge-
neous parts: two simply-transected elliptical
semicylinders on top of a right elliptical cylind-
er. A semicylinder is a cylinder that has been
bisected along its long, or z-axis, the cut-plane
being parallel to either the x- or y-axis. "Simply-
transected" means that the semicylinder is tran-
sected by a cut-plane that is parallel to the same
axis as the bisecting cut-plane and runs from the
bisecting cut-plane at one end-plane to the oppo-
site side of the otlicr end~plane in such a way that
all the bisecting cut-plane remains. The two sim-
piy-transected elliptical semicylinders are stacked
on the right elliptical cylinder so that their bi-
secting cut-planes coincide and their transection
cut-planes form the cut-planes between the head and
neck. The overall geometric shape closely approxi-
mates the neck segment's shape.

Twelve anthropometric measurements, some of
them nonstandard, have been defined that can be
used to obtain the geometric model dimensions, and
a procedure has been developed for converting these
into the geometric model. Closed-form expressions
for the inertia properties of a simply-transected
elliptical semicylinder are currently being de-
rived. As soon as these are available a computer
program will be written to convert the anthropomet-
ric measurements into the inertia properties.

An interactive FORTRAN program called CIDD is
currently being debugged that automates the tedious
task of specifying the body segment orientations
and the joint axes orientatfons for the zero torque
infitial condition. The required input data are the
direction angles of each segment with respect to
the segment's local reference system and the angles
of certain body segments with respect to the in-
ertial reference system. (Generally, only one di~
rection angle per segment Is required.) The pro-
gram leads the user through the required input data
by asking simple, completely unambiguous questions.
It generates an annotated card deck that can be
used directly in the ATBE Model program input data
deck plus a detailed listing in the same format as
i8 generated by the ATB Model program.

4. CONCLUDING REMARKS

The obvious temptation for any programmer is
to create one large interactive program that incor-
porates all the techniques developed so far, plus
techniques that permit easy definition of the en-
vironment and contact ellipsoids, perhaps under
light-pen or cursor control. Indeed, we are in-
vestigating the cost-effectiveness of such a pro-
gram.

Our research program wil)l have an impact on
the sciences of anthropometry and anatomy in a
couple of ways. First, the geometric models

already developed require some new anthropometric
measurements. We have been working closely with
experts in these fields to insure that the desired
measurements are practical and appropriately de-
fined. Second, if more accurate geometric models
of body segments are required, improvement will
most likely be made by defining density distribu-
tions within segments. No such data currently
exist.
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