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SUMMARY 

Although computer-aided design (CAD) software packages have 
been employed by engineers to develop designs for improved pro- 
tective equipment, the three-dimensional human characterisations 
consisted of three-dimensional data derived from two-dimensional 
measurements or sparsely located three-dimensional "landmarks," a 
process that lacks accuracy and consistency. With the advent of 
more complex helmet systems that now include night vision goggles 
and helmet mounted displays, as well as advanced sound attenua- 
tion components, the imprecision and inadequacy of the old style 
of anthropometry becomes painfully apparent.  For such systems 
information on the shape, or change in the surface curvature, is 
now a necessity.  In fact, use of the old style of anthropometry 
can erfat«, problems rather than resolve them. 

''11 '■ ;'• I 
In this report, two approaches for characterizing the human 

in the design process are described that provide, for the first 
time, shape and surface contour information tied to traditional 
anthropometry as well as information regarding the manner in 
which the human head "wearaVa protective helmet or other equip- 
ment designed for human interface.  These methods have begun to 
revolutionise the design process and have provided insight into 
the inaptitude of some of the{more traditional practices. 

iv 
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CHAPTER ONS 
INTRODUCTION 

With th« advsnt of mor« complax h«lm*t mymtmmm  that now 
Include night vision goggle* and halmet mounted display«, as well 
as advanced sound attenuation components, the old style of an- 
thropometry (human body measurements taken with calipers, tape 
measures with head boards etc.) is no longer adequate. For such 
systems, data on the shape, or change in the surface curvature, 
is now a necessity.  In fact, use of the old style of anthropome- 
try can create problems rather than resolve them. 

The source of the problem is one of alignment (how things 
line up in space) with respect to the item being designed. This 
has been identified by numerous researchers in a variety of 
fields and has been called "observer-inherence." In simple 
terms, this means that the positioning and orientation of the 
reference axis system can affect the results more than the size 
and shape do.  Research on fit of helmets with optical systems 
has indicated that the reference axis system is particularly 
critical for such systems, although this same problem occurs with 
other types of equipment as well. 

Many old style measures are distances taken with respect to 
a standard reference "plane," usually the international standard 
Frankfurt Plane. In ASCC AIR STANDARO 61/83, this plane is de- 
scribed as "...a standard plane for orientation of the head.  It 
is established by a line passing through the right Tragion (the 
notch located just above the cartilaginous flap of the flesh in 
front of the ear) and the lowest point of the right eye socket." 
It was thought that this alignment system would result in con- 
sistent measurements from subject to subject. However, as is 
demonstrated below, it can be shown that the measurements which 
result with the use of this alignment plane, or any other purely 
anatomical landmark based alignment system, provide inappropriate 
measurements for helmet design. 

Figure 1 was prepared to illustrate the problem.  It con- 
sists of contour plots of two male flyers who have nearly identi- 
cal head lengths and breadths. The only difference in the two 
plots in parts a and b is the way the subjects are aligned.  Part 
a shows the contours aligned according to the Frankfurt Plane 
with the origin at the tragion.  Part b shows the same subjects 
aligned as they actually wore the HGU 5S/P helmet. 

As can be seen, the helmet alignment radically changes the 
reference planes and with it most of their measurements. The 
direction "up" in the Frankfurt Plane was along the X axis shown. 
In the helmet, this axis no longer points "up" for both subjects. 
This means that the "back of the head" and the "top of the head," 
which are commonly used reference "points" in traditional meas- 
urement systems, have moved as well. In addition, note that the 
pupils (PI and P2) appear to be almost co-located in part a, but 
they appear to be nearly half an inch apart in part b. Clearly, 
pupil, ear etc. positioning in actual helmets are very different 



HELMET 

a) Traditional Measurement Alignment 

F-FRANKFORT PLANE BOTH SUBJECTS 
Gl-GLABELLA FOR SUBJECT I 
G2-GLABELLA FOR SUBJECT 2 
PI-PUPIL FOR SUBJECT 1 
P2-PUP1L FOR SUBJECT 2 

b) Helmet Alignment 

Fl-FRANKFORT PLANE FOR SUBJECT 1 
F2-FRANKFORT PLANE FOR SUBJECT 2 

Figure 1. Traditional alignment versus actual helmet alignment. 

from th« positions that traditional anthropometry suggasts. 

If tha subjacts ara not aligned as thay would wear the 
helmet before measures are taken, then many of the most critical 
measures, such as pupil-to-top-of-haad, or pupil-to-back-of-head, 
provide misleading information. Top-of-head (alao called vertex) 
and back-of-head are dependent upon how top and back are defined, 
i.e. the axis system. Analysis of the fit and anthropometry of 
several helmet systems revealed that in many cases the measures 
can be different by inches strictly due to the orientation used. 
Since traditional anthropometry does not capture the head and 
face surface, it is not possible to realign the heads once tha 
aubjects are gone. This limitation makes many of the traditional 
measurements not only inappropriate but essentially useless. 



Cheverud et. al. (1983) attempted to resolve the problem of 
axle system dependency or observer-inherence using distances 
between a small number of specific points and finite element 
analysis. With this approach, shape is considered to be the 
relative distances, areas, or volumes between the points and does 
not represent change in curvature. Lele and Richtsmeier (1991) 
used the same sort of variables for defining shape and Euclidian 
distance matrix analysis for the same purpose.  These methods may 
in fact resolve the problem sufficiently for the purpose of 
comparing biological shapes or the classification of species, 
their intended purpose. However, on the human head there are not 
many landmarks which are palpable in the cranial region, (where 
helmets rest), which limits their applicability.  Probably most 
important though, is the fact that, for helmet design it is not 
so important to have axis system independence as it is to have 
axis systems which are helmet or design dependent. 

In order to arrive at helmet based axis systems, it must be 
possible to align people according to "helmet criteria." With 
the eld style of data, such as point to point distances, circum- 
ferences and arcs, and three-dimensional coordinates on only a 
few points, usually 30 to 40 on the human head, no data on the 
contours is provided.  This makes it impossible to derive much of 
the critical, helmet based criteria, because the curvature of the 
hea^ is crucial to how the helmet fits. Figure 2 illustrates 
this limitation. In this Figure, the 3D coordinates of 22 tradi- 
tional .T&r.dmarks are shown, (the L marks), along with a subject's 
contours in part a and without the conton.-s in part b.  These are 
landmarku that fall on or near the mid-sagittal plan, or on the 
subject'e right side.  Adding the left side landmarks would 
increase the number of landmarks to 32. This is a large number 
of landmarks for a traditional data set. As can be seen, once 
the contours are removed little information remains. This is 
ccmplicated further by the fact that there are few landmarks 
which are readily and consistently palpable on the top, back and 
sides of the head. Nearly all traditional landmarks on living 
people fall on the face.  Clearly the landmark data is insuffi- 
cient to align the shape of the head to that of the helmet. 
Therefore, to answer the needs of modern helmet systems, a new 
type of data which captures both the contours and the key points 
is needed. 

In this paper, new research to address this need is present- 
ed.  Contour data on the head and face of Air Force aviators has 
recently become available, and it is now possible to incorporate 
it into the design of helmet systems. This should enable the 
developers to produce superior systems at a much cheaper cost. 
Better definition of shape should reduce the amount of error and 
refitting needed, should enable designers to fit more closely to 
the head which will reduce surface area and weight, and should 
enable them to design the systems to fit more people with the 
fewest number of sices. 
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CHAPTER TWO 
METHODS 

Two different approaches for characterizing the human head 
for helmet design are described here.  One for population defini- 
tion when the equipment is unknown or unavailable, and one for 
population definition with respect to a particular item of equip- 
ment. The first approach is one which might be taken to provide 
information for a requirements document or as a design aid before 
an item exists. It leaves the integration of the helmet with the 
forms up to the designer or investigator. 

The second approach requires the use of an existing helmet 
and provides the designer with spatial locations of key human 
features, (such as the pupil), with respect to that helmet. The 
approach also allows the designer to visualise how much room 
there is between helmet components and the human. This is useful 
if new earcups or visual devices, etc. are to be added to exist- 
ing helmets, or for adding components such as air bladders for 
positive pressure breathing systems, etc. 

Data from a single data survey was used to illustrate these 
approaches. This survey is described briefly below followed by a 
description of each approach. 

THE DATA SET 

The data used for this effort were taken from a recent 
survey of Air Force aircrew members. Of the 353 subjects of whom 
data were collected, 326 were male rated officers, and were used 
for developing these methods. The data were collected over 
several months in 1990 at sites throughout the continental U.S. 
The data collection methods and results are documented in greater 
detail in a report by Blackwell et.al. 1992, but are briefly 
described here. 

Essentially, the data for an individual subject consists of 
three types; three-dimensional high resolution surface scans, a 
set of 32 three-dimensional landmarks (special reference points 
such as the pupil, the tip of the nose, etc.), and a set of 
traditional anthropometric measures.   The subjects were scanned 
with and without their flight helmets and masks (when available) 
with a Cyberware Echo Digitizer. The Digitizer, which captures 
the surface data in about 12 seconds as it circles around the 
subject's head, provides cylindrical data in the form of radius 
values from the center of rotation. As 256 points are digitized 
along each vertical line projected down the surface at regular 
intervals, the resulting data set consists of an array of 512 x 
256 radii (approximately 130,000 surface points). The resolution 
then, is approximately 1 mm.  For the scans without equipment, 
tight fitting, specially prepared rubber caps were used to com- 
press the hair, and several landmarks were pre-marked with 2mm 
diameter dots for easy identification. An additional unencum- 
bered scan was collected for each subject with their head in a 
"chin-up" position to augment the first data set. 



Tha digital aurfac* data ahown in Figure 3 ia of an unencum- 
barad haad acan.    A halmatad acan ia ahown in Figura 4.    A liat 
and daacription of tha 32 landmarka idantifiad ara providad in 
Appandix A. Oivan tha nature of tha aurfaca acan data,  additional 
landmarka could ba axtractad if daairad.    A liat and daacription 
of tha traditional anthroponatric maaauraa of tha haad and faca 
collactad on thia aampla ara included in Appendix B. 

CHARACTERIZATION WITHOUT A HELMET 

Thia approach haa three baaic atapat  the digitization of tha 
haad and faca aurfacea of a aampla of aubjacta from the popula- 
tion of interaat, the atatiatical aalaction of a email number of 
rapreaentativa caaea from these,   and tha creation of three- 
dimensional forma of thaae candidates.     Tha forma are reproduc- 
tions of the representatives as half-scale plots of tha contours, 
as digital data sets,  and as physical  forms auch aa plaster or 
plastic. 

StltcUgn at £Utl 

Tha goal of thia selection was to reduce tha number of 
subjects to a manageable number while retaining sufficient varia- 
bility.    At present, there ara no simple shape or contour meas- 
ures available for use in this statistical selection.    An attempt 
was made to raduce the traditional type variable aeta to a small- 
er number using principal component analysis.    Despite trying 
different component rotations,  using distance measures extracted 
from tha scans,  angular measurements,   different axis systems with 
these distance measures and anglaa ,atc.  tha beat that could ba 
accomplished indicated that 15 factors still left 20% of the 
variance unexplained.    Thia variable reduction technique was 
deemed unsuccessful.     It is possible that the inability to raduce 
tha number of variables with this method was due primarily to the 
use of a landmark-baaed axis system. 

Given the failure of the principal component variable reduc- 
tion attempts.  It was decided to Instead select a stratified 
sample of subjscts from the data set using a few variables which 
intuitively seem to be Important to helmets.    Two measures which 
have traditionally been uaed in helmet sising (Zeigen 1960, 
Simpson 1974)  are head length and head breadth.    Measurement 
descriptions for these measures are included in Appendix B. 
Theae measures alao seem to be more linked to shape,  or at least 
the measurer's perception of shape and head symmetry, than meas- 
ures that ara linked to the Frankfurt Plane, such as 
pupll-to-top-of-head. 

Shown in Figure 5 la a bivariata plot of haad length versus 
haad breadth for thia sample.    Target head length and head 
breadth points were selected to spread out across the distribu- 
tion for thaae two variables.    These points are alao shown in 
f .<iure 5 as well as Hated in Table 1 below.    Subjects to 
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Figure  3.     Plot of one unencumbered subject. 
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rapraMnt the population who fall within + or - 4 mm of tha 
target points wara than aalactad. Two subjects ware selected for 
each point in an effort to obtain some variability separate from 
the target variables, euch as some shape variability, pupil 
location variability etc. The aubject numbers, head length, and 
head breadth aizes for each of the aubjecta are liated in Table 
2. It would be deairable to select more aubjecta and study the 
variability in theee regions, and possibly to derive composite 
regional forma inatead of using the original aubjecta. This is 
planned for future work. At preaent the difficulty in selection, 
preparation and uae of the data made the use of additional repre- 
aentativea too costly. 

TABLE 1 
TARGET POINTS 

Point Head Length(cm) Head Breadth(cm) 

A 
B 
C 
D 
E 
F 
C 
H 

21.4 
21.4 
20.1 
20.1 
20.1 
18.8 
18.8 
18.8 

16.1 
15.1 
16. 
15. 
14. 
16. 
15.0 
14.0 

,1 
.1 
.1 
.0 

TABLE  2 
SUBJECTS SELECTED FOR EACH TARGET POINT 

Point Subject 

A 350 
328 

B 319 
281 

C 81 
36 

D 188 
290 

E 300 
329 

F 229 
161 

G 246 
317 

H 52 
243 

Head Length (cm) 

21.5 
21.6 

Head Breadth  (cm) 

21.3 
21.2 

20.2 
19.9 

20.1 
20.1 

20.2 
20.1 

18.9 
18.8 

18.8 
18.9 

18.7 
18.9 

16.1 
15.9 

15.1 
14.9 

16.1 
16.0 

15.1 
15.1 

14.4 
14.4 

15.7 
15.7 

15.1 
14.9 

14.0 
14.1 

10 



Preparation of Form» and Drawlnaa 

After the ■•lection of the representative candidate*, the 
next challenge was to provide the information in a form that 
designers could use.  The simplest output is the raw data files 
in ASCII format on magnetic tape. These files represent the data 
in terms of longitude, latitude, and radius values, Cartesian 
coordinates or both.  However, the raw data sets are too large 
for most commonly available visualisation or computer-aided- 
design software.  Therefore, two immediate output forms that 
could be more commonly used were devised.  The first was to take 
perpendicular slices through each representative case and present 
the slices as scale drawings that users could reconstruct as at 
least crude 3D forms.  The intention was to provide scale draw- 
ings as part of requirements documents to assist designers. A 
second was to reproduce the data as a head form. 

For the scale plots, three orthogonal contours were extract- 
ed and plotted at 1/2 scale. A fourth slice was added which is 
parallel to one of the first three and perpendicular to the 
others for further shape definition.  Illustrations of the slices 
are shown in Figures 6 and 7. The final plots for all of the 16 
subjects are provided in Appendix C. 

The first slice selected was one intended to represent the 
mid-sagittal plane. This is the plane which divides the head into 
right and left halves.  The slice was selected by first finding 
the glabella landmark and the vertical contour closest to this 
point on the anterior portion of the head.  Next, the posterior 
contour was located which was closest to 180 degrees from the 
anterior one.  The axis of rotation is the perceived head center 
(rather than only the scanning system's center of rotation). 
This slice was then visually checked with respect to all of the 
surface data from that individual to verify that there was a 
minimal amount of lateral deviation of the head. 

For the next slice, a plane was desired to represent the 
coronal plane that passes close to where the head breadth measure 
is taken. To define this slice, the tragion landmarks were used. 
Experience has indicated that the maximum head breadth occurs 
somewhat posterior to the ears, so this slice was selected at 3mm 
posterior to the tragion landmarks. This slice was perpendicular 
to the first slice at the level of the right and left tragion. 

The third slice selected was a transverse plane, perpendicu- 
lar to the first two planes and passing through the right pupil. 
The fourth was parallel to this slice but passing through glabel- 
la. 

A sample of the output (reduced further and not to scale) is 
illustrated in Figure 8.  In this Figure, all four views are 
shown. The first is the sagittal plane slice called the right 
side view (mid-sagittal plane) which appears at the upper left of 

11 



Figure 6.     Illustration of slices extracted with tranverse  pupil slice. 
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Figure 7.  Illustration of slices with tranverse glabella slice. 

13 



TOP 

RIGHT SIDE VIEW   ( MID-8ABITTAL PLANE )                       FRONT VIEW   I CORONAL PLANE ) 
( G )   - GLABELLA     ( P )   - PUPIL     ( T 1   - TBABION     (  I )   -  INFHAOHBITALE 

0 » -i 1 1 . 1 • •-— • < 10 - INCHES 

CROSS SECTION AT PUPIL CROSS SECTION AT GLABELLA 
t G )   - GLABELLA      ( P )   - PUPIL     ( T )   - TRAGION     (I  I   -  IMFHAORBITALE 

0 f--     »        ♦-       _       *.     H. ■■   ♦-   - -t-        . ^       « 10  - INCHES 

Figure 8.     Sample of slices from one case. 
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this figure.  The dashed lines illustrate where the other slices 
occur. For example, the dashed line which is vertically placed 
on this view shows the placement of the coronal plane slice 
called the "front view (coronal plane)." A few reference land- 
marks are also illustrated.  The coronal plane slice itself 
appears in the upper right corner of the Figure.  The other two 
views are the transverse slices at glabella and pupil.  These can 
be thought of as views of the head looking down from the top. 

The selection of slices was very much axis system based so 
it will be important for the users of this information to realign 
the plots to reflect assumptions about the placement of the 
helmet on these heads.  (The slices taken from the scan data were 
based on Frankfurt Plane alignment.) Figure 9 illustrates two 
such alignment concepts.  The first one, part a, might be used if 
the helmet is to have a form fitting liner and only a width 
adjustment for the optics.  In this case, the subjects are 
aligned at their pupils and along their forehead curvature but 
the back of the head is not aligned. The second alignment, part 
b,  might be used for a helmet with a form fitting ] iner and some 
fore-aft and vertical adjustability in the optics.  In this case, 
the cranial portion is aligned using a contour fitting method. 
This aligns the top and back portions of the head better which 
may provide more stability in a design, as well as a smaller 
helmet "profile" with the same quality of fit. 

Due to the use of the Frankfurt Plane alignment for slice 
extraction, a re-alignment of the sagittal views, as in Figure 9, 
will cause a "misalignment" in the other slices.  In other words, 
the transverse cross sections at pupil and glabella and the 
coronal cross section will be rotated and translated to positions 
on one person which are different from the positions on another. 
A better way to use this cross section method would be to place 
the subjects in the assumed helmet alignment prior to extracting 
slices and extracting the slices in "helmet" defined planes.  In 
this way, the slices would be taken in "helmet" comparable spots 
for all the subjects.  As more becomes known about how helmets 
are located in 3D space with respect to the head, perhaps some 
generic helmet alignment criteria can be devised to replace the 
Frankfurt alignment. 

For the physical forms, the raw data were first modified to 
remove the nose, chin and ears. The subject selection scheme did 
not account for variability in these regions, and it was felt 
that if they were included on the forms designers might assume 
that they represent the population and use them to design masks, 
ear cups, etc.  Furthermore, with these features removed it would 
be easier to later add in components which do reflect the varia- 
bility in these regions in a manner which is appropriate to the 
particular design needs. For example, ear envelopes which de- 
scribe the entire region in which an ear is likely to appear 
might later be added to the individual heads. 

The head form data were then put into a standard format for 
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milling and war« carved out uaing a numerically controlled 
milling machine. An illustration of one of the forms is shown in 
Figure 10. 

CHARACTERIZATION WITH HELMET 

When there is data available regarding the helmeted subject, 
some additional steps can be taken to determine where to place 
attachments or additional equipment or even the areas or volumes 
left for placement of liners.  The helmeted scans, when linked 
with the scans without helmets, provide the investigator with the 
ability to determine where key features, such as ear or «ye 
points, fall with respect to the helmet. Plots showing the two 
scans merged appear in Figure 11.  As can be seen, the registra- 
tions of the two scans allows the investigator to "see" where the 
person is inside the helmet and mask. 

Theoretically, the helmet neither changes in shape nor size, 
so landmarks on it can be viewed as constants, unlike the behav- 
ior of landmarks on people.  Therefore, once the individual 
subject scans are linked to a given helmet, a helmet-based axis 
system can identify the variability of people within the helmet. 
In other words, the helmet axis system can be used to standardize 
the alignment and define the population variability.  Illustra- 
tions of a true helmet-based alignment are shown in Figures 12- 
16.  Figures 12 and 13 show two people wearing the same HGU S5/P 
helmet in side and top views respectively. Figures 14 and IS 
show these same subjects and alignments but unencumbered. 

The large amount of data makes these plots difficult to see 
and this problem gets worse as more subjects are added.  To 
assist in the visualization of the data from multiple subjects, 
the data were reduced to show just one or two contours at com- 
parable places on each subject (with respect to the helmet). 
Figure 16 shows plots of eight subjects within the HGU 55/P size 
medium helmet in side and top views. Note that in the side view, 
(part a), the subjects seem to fall close together, but in the 
top view, (part b), there is one subject that sticks out at the 
left by comparison with the others. This could result if the 
subject had to wear the helmet askew in order to obtain accommo- 
dation in the fore-aft direction.  This asymmetry may have been 
tolerable in this helmet since it did not have an optical system. 
However, such asymmetry was noted as a problem for optics focus- 
ing in bi-ocular helmet systems in recent testing (Blackwell et. 
al. 1992). Several subjects could not get the optics focused in 
both eyes at the same time. No asymmetry could be detected for 
these subjects using traditional measures. However, the asymme- 
try could be attributed to the manner in which the subject fit 
inside the helmet. 

An example illustrating the use of this method was undertak- 
en to estimate ear locations within the size medium HGU 55/P 
helmet.  First, each unencumbered scan was linked to the scan 
with the helmet by first using landmarks found on the face that 
were common to both scans and then "fine tuning" the alignment by 
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Figure 10.  Illustration of one of the 16 headforms. 
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Figure 12.  Two subjects in the HGU 55/P size medium helmet alignment »encumbered 

side view. 
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Figure 13. Two subjects In the HGU 55/P size medium helmet alignment, encumbered 
top view. 
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Figure 14. Two subjects in the HGU 55/P size medium helmet alignment, 
unencumbered, side view. 
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Figure 15.    TVo subject. inW HGU 55/P Hu „edlum helmet aUgnment. 

unencumbered top view. »•«*•»», 
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registration of the common visible surfaces.  Symmetric land- 
marks which could be consistently located were selected from the 
helmet« te Jefir.a the he^not axis system.  The scans without the 
helmet weire tstnmfnr.Mcü to  this helmet axis system for each 
subject. The data from all subjects were linked according to the 
now common helmet axis system.  (Note this was doie only for a 
few subjects who wore the site madium helmet.) Finally, the 
locations of ear points including tragion, top-of-e«r, back-of- 
ear, and bottom of ear, for all of the subjects, were plotted 
with respect to the helmet contour. An illustration of an ear 
point plot is shown in Figure 17. A similar plot could be creat- 
ed for the pupils or any other landmark. 

The full ear for all of the subjects could also be overlaid 
in three-dimensional space to form an ear region within a helmet. 
Additionally, the full human surface design envelopes could be 
three-dimensionally mapped for the population with respect to the 
internal surface of the helmet shell.  A "surfaced" scan within 
a helmet is shown in Figure 18 which illustrates the detail 
available on the ear.  Much visualization information is lost in 
flat gray scale plots for paper reports.  Color and 3D visualiza- 
tion available on graphics workstations greatly enhance the use 
of this information. 

DISCUSSION 

The two design approaches described here provide, for the 
first time, shape and surface contour information tied to tradi- 
tional anthropometry and population information regarding the 
manner in which the human head "wears" a protective helmet or 
other equipment designed for human interface.  These methods have 
begun to revolutionize the design process and have provided 
insight into the inaptitude of some of the more traditional 
practices.  For instance, the development of these methods has 
demonstrated that the commonly used Frankfurt Plane, developed to 
standardize traditional anthropometry, is not suited to studying 
shape variability within a population for equipment engineering 
purposes.  Further, the ability to "visualize" anthropometry by 
viewing the entire surface topology has permitted a better under- 
standing of human variability. 

However, these methods have their limitations as well. The 
main drawback of the contour plots is that the plots only line up 
in space for the alignment system used to extract the plots.  For 
this method to be most effective, it would be best if the align- 
ment system is established before the cross-sections are select- 
ed. Selecting an appropriate alignment system is guesswork at 
this time since no tested "generic" helmet alignment system 
exists. Research into the manner in which helmets align to heads 
is ongoing. As the data bases of encumbered and unencumbered 
topology are correlated with quality of fit information, it 
should be possible to effectively develop "generic" alignment 
schemes. 
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APPENDIX A 
LANDMARK DESCRIPTIONS 

The three-dimensional coordinates of a series of 32 anatomi- 
cal landmarks were extracted from the surface scans.  The land- 
marks chosen were those deemed to be commonly used.  They were 
identified using a software routine which allows a person to 
point, with a cursor and a mouse, to a point of interest on the 
screen in order to record the point as a three-dimensional coor- 
dinate set. Twenty-four (24) of the points were pre-marked with 
dots before scanning, and the observers pointed to the center of 
the dots to record these points. These points are illustrated in 
Figure 19.  The remaining 8 points were selected by judging the 
location from the screen image. 

Descriptions of all 32 landmarks are found below. Those 
landmarks that do not fall in the center of the face were identi- 
fied on both right and left sides. 

Center of Pupil, right and left»  the center of the pupil when 
the head is in the Frankfurt Plane and the subject is looking 
straight ahead; determined by visual inspection. 

Chin»  the most protruding point on the bottom edge of the chin, 
along the jawline; determined by visual inspection. 

Eurvon. right and left;  the most widely separated points on the 
two sides of the skull; instrumentally determined. 

Frontotemporale. right and leftt the point of deepest indenta- 
tion of the temporal crest of the frontal bone above the 
browridges; located by palpation. 

Qlabella« the most anterior point on the frontal bone midway 
between the bony browridges; determined by visual inspection and 
palpation. 

Gonion. right and left» the most lateral point on the posterior 
angle of the mandible (jawbone); determined by palpation. 

Inframalar. right and left» the most inferior point of the 
sygomatic process of the maxilla; determined by palpation. 

Infraorbitale, right and left»  the lowest point on the anterior 
border of the bony eye socket; determined by palpation. 

Infragygion. right and leftt  the inferior border of the sygomat- 
ic arch directly below xygion; determined by visual inspection 
and palpation. 

Menton» the inferior point of the mandible in the midsagittal 
plane; determined by palpation. 
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Hidlattral Infya-Marrttfeulftr (HIM). £iab& uä Uflu   the inferior 
lateral edge of the mandible midway between gonion and menton; 
determined by measurement and palpation. 

Oolathoaeranlont  the moat posterior point on the skull; Instru- 
mental ly determined. 

Pronaaale» the point, of the most anterior projection of the tip 
of tne nose In the .ddsaglttal plane; located by visual Inspec- 
tion. 

Promentom the most anterior projection of the soft tissue of 
the chin In the mldsaglttal line; determined by visual Inspec- 
tion. 

Selllon» the point of the deepest depression of the nasal bones 
at the top of the nose; determined by visual Inspection and 
palpation. 

Traolon. right and left:  the superior point on the juncture of 
the cartilaginous flap (tragus) of the ear with the head; deter- 
mined by visual Inspection. 

Submandibulart the point In the mldsaglttal plane where the 
lower jaw joins the neck; determined by visual Inspection. 

Subnasale; the point of Intersection of the phlltrum (groove of 
the upper lip) with the Inferior surface of the noae, In the 
mldsaglttal plane; determined by visual Inspection. 

Top of Headt the highest point on the head. In a vertical plane 
from traglon when head is In the Frankfurt Plane; determined 
visually. 

Zvalon. right and leftt  the most lateral point on the sygomatlc 
arch; Instrumental ly determined. 

Zvgofrontale. right and leftt the most lateral point of the 
frontal bone where It forms the upper margin of the bony eye 
socket; determined by palpation. 
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APPENDIX B 
TRADITIONAL MEASUREMENT DESCRIPTIONS 

Blaont»! Breadth« the distance between the right end left gonion 
landmarks; measured with a spreading calipers. 

Bitraoion Breadthi the distance between the right and left 
tragions? measured with a spreading caliper. 

Bitraaion-Chin Arc« the surface distance between right and left 
tragion across the anterior point of the chin; measured with a 
tape measure. 

Bitragion-Coronal Arc; the surface distance between right tragion 
and left tragion across the top of the head; measured with a tape 
measure. 

Bitraoion-Frontal Arct the surface distance between right and 
left tragion across the frontottemporale landmarks; measured with 
a tape measure. 

Bitraoion-Menton Arc: the surface distance between right and 
left tragion across menton landmark; measured with a tape meas- 
ure. 

Bitraaion-Submandibular Are;  the surface distance between right 
and left tragion across the submandibular landmark at the junc- 
tion of the jaw and neck; measured with a tape measure. 

Bitraalon-Subnasale Arc» the surface distance between right and 
left tragion across the bottom of the nose (subnasale); measured 
with a tape measure. 

Bizvoofrontale Breadth: the distance between the right and left 
sygofrontale landmarks; measured with a spreading caliper. 

Bitvaomatic Breadth» the greatest distance between the right and 
left sygofrontale landmarks; measured with a spreading caliper. 

Olabella-Pronasale Length: the distance between the glabella 
landmark and pronasale landmark; measured with a sliding caliper. 

Head Breadth: the maximum horizontal breadth of the head above 
the ears; measured with a spreading caliper. 

Head Circumference: the maximum circumference of the head with 
the tape measure passing over glabella and above the ears. 

Htld Length: the distance in the midsagittal plane from the 
glabella landmark to the posterior point on the back of the hrad; 
measured with a spreading caliper. 

Interpupillarv Breadth:  the distance between the center of the 
right pupil and the center of the left pupil; measured with a 
sliding caliper. 
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Int»rt>uDl 11 arv Dt«t>nc«t  th« diatanca batwaan tha cantar of tha 
right pupil and tha cantar of tha laft pupil; measured with a 
pupilloneter. 

Manton-Sallion Length:  tha distance between the menton and 
aallion landmarks with tha subject's teeth lightly occluded; 
meaaurad with a eliding caliper. 

Mtnlmum Frontal Breadthi the distance between the right and left 
frontotemporala landmarks; meaaurad with a spreading caliper. 

Traoion-Ton of Head; the diatance between right tragion and tha 
top of the head at a point vertical from tragion when the aubject 
is in tha Frankfurt Horizontal position; measured with a beam 
caliper. 
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APPENDIX C 
HALF SCALE PLOTS 

Th« following ar« th« half seal« plots, datcrlbed «arlittr, 
of th« 16 subject» in four viows, two viows to a pag«. Each pag« 
has a seal« on it at th« bottom to assist in reconstructing th« 
original sis«.  Also th« subject number is shown at the bottom of 
th« left hand plot on each page. 
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