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The strength of traditional anthropometric datarstdrom its simplicity, ease of use, and ease of
understanding. Designers are familiar with it amdehbeen using it in a multitude of applications,
albeit with varying degrees of success. But perlthpsf among weaknesses is the fact that traditiona
data does not capture shape, which was difficuladguire many years ago, adequately. Now that
shape information is easily captured by 3D scansiysiems, along with the richness of information
has appeared the burden of extracting the usefiibites of the data for individuals and an even
greater burden when it comes to characterizing lptipns. This significant stumbling block has stood
in the way of widespread use of 3D human shapestaieffective application in design projects.
Recent developments in statistical shape analysie hemoved the tedium of cleaning the scans and
have opened the door to the use of statisticabsgmtations of human shape. One technique, principa
components analysis (PCA), has proven particukzelpful in representing population variability and
given designers enough insight into the modes oBbdity to allow them to address it in the early
stages of design.

The purpose of this paper is to explain some ofdpions currently available for 3D design and
present a new tool that provides a new paradignadadiressing population accommodation. The pros
and cons of the new tool will be discussed in thetext of an application for a new military helmet
design, and conclusions, recommendations and olgakefor the future will be proposed. The paper

will hopefully show a need to rethink how to accofor and deal with population shape variability.

INTRODUCTION

The strength of traditional anthropometric datanstérom
the simplicity with which it can be acquired aneéds
Designers are familiar with it and have been udinga
multitude of applications, albeit with varying degs of
success. The main weakness of traditional dateatsttdoes
not capture shape, which is sometimes indispensable

Non-traditional anthropometric data such as theggured
using 3D range scanners, provide size and shaperiafion
by virtue of the large number of points represeimetie
dataset. However, along with the richness of infiam
comes an increased burden of extracting the uatfitbutes
of the data. This has been a significant drawbéthat
technology, one that has stood in the way of itdegpread use
by designers.

In the case of head data, a raw head scan cay easthin
200 000 points, each with its set of x,y,z coortkeaCAD
systems, even to this day, are not able to easljipnlate the
large number of polygons effectively, making thsideing
task that much more laborious. But even gettinpéopoint of
having “clean” data requires technical savvy artiepae, as
filling the ever-present holes and eliminating $pus points
requires a fair amount of human interaction. Nehadess,
while cumbersome and time-consuming, the use té@@D
scans has been useful in studies of helmet fit evidras
provided insight that was not readily availableotigh other
means (Meunier, 1995; Meunier, Tack, Ricci, AngeBossi,

2000).

Remarkable strides have been made in recent years
concerning the modeling of shapes that have negtremhoved
much of the tedium related to the post-processfrigeraw
scans but have made it possible to produce 3Gsticali
representation of the data through statistical skeyalysis.
Using a technique originally developed by Allerakt(Allen,
Curless, & Popovic, 2003) it is possible to “wraptemplate
mesh over raw head scans and morph the mesh sghépe
of the scanned subject. Since the same templatei for
every head scan and through the use of homologuntsp
throughout the surface of the head, the headsidabtabase
become directly comparable on a point by pointdakhis
feature enables the use of multivariate statist@ainiques
such as principal components analysis (PCA), whiclides
a powerful way of revealing the internal structafelata
(Dillon & Goldstein, 1984). With data expressedhis way, it
is then possible to see the modes of variabilithiwithe
population and provide this insight to the designer

The purpose of this paper is to explain some objtens
currently available for 3D design and present a tealvand
an approach that provides an unparalleled capafulit
addressing population accommodation at the desagesThe
pros and cons of the new tool will be discusseithéncontext
of an application for a new protective helmet desitpng with
some ideas on how to reconcile the duality of cativeal
anthropometry and statistical shape analysis.



PAST SOLUTIONSAND THEIR DRAWBACKS

Designers have had to resort to a number of appesao
bridge the gap between what traditional anthropomet
provides and what is required to assist in thegtesf 3D head
gear such as respirators and helmets. Prior tadbent of 3D
range scanning equipment, summary statistics —snean
standard deviations and correlations — were usatpas for
the generation of 3D head forms. But since shapenst
specified, a mix of artistry and science was reguthat could
only be provided by a sculptor. The result of #yproach as
used for the design of a respirator, or face maskhown in
Figure 1.

Figure 2 Raw scan showing scanning cap and landmarks
Paost processing of scans

Parameterization of the raw scans is a two stepepso the
first-step performs a rough deformation and thesdetep
the fine fitting (Xi, Lee, & Shu, 2007). The firstep utilizes
the definitions of landmarks to build a Radial Basunction
network (RBF) for deformation. The second step furees the
fitting by minimizing a combination of defined ersoFigure
3 shows an example of deforming the generic modiel one
raw scan following this two-step process.

Figure 3(d) shows an example of the raw scan, and (a)
shows the generic model with landmarks labelecdgoints
on the face. The rough deformation changes theesbiajhe
generic model from (a) to (b), solely based onldeations of
landmarks on the raw scan. The fine fitting themhfer fits the
model from (b) to (c).

Figure 1 Sculpted head forms for respirator design.

With the advent of 3D range scanners, the shapsiaadf
heads were captured in a form that could almosttir be
used by designers in their CAD systems. Hundrau$, a
sometimes thousands of scans were acquired durivgys.
While this represents a massive amount of dataen t
population being surveyed, the task of distillirgadinto
useful information was a daunting one. One of tlaayn
possible strategies that can be used with suchisltdaise the
conventional anthropometric measurement valuesnaesaas
of selecting suitable representative cases frondatabase of
3D head scans and provide those to the designer.

Both of the above methods, while they capture the s
variability, suffer from an inability to captureetshape
variability of a population and may provide a fatemse of
security vis-a-vis accommodation.

PARAMETRIZATION & TOOL DEVELOPMENT

Data

The most recent anthropometric survey of the Camaldind
forces was performed in 1997 (Chamberland, Carfarmest,
& Hachez, 1998). Traditional data was collected768
individuals (243 females, 465 males), a subsetto€hv(208
females, 403 males) were scanned using a CybeR0a@
RGB laser scanner with a PS platform. Each paetittip face
was landmarked using blue dots with adhesive bgci
wore a spandex swimming cap during the scanningess) as
shown in Figure 2. The head was stabilized at #se lof the
skull with an adjustable rest to prevent movememing) the
scanning process. The vast majority of the pasitip were Figure 3 Parameterization process for one head scan
Caucasian.




Transformation of 3D scansinto statistical shapes

Once the raw scan data are parameterized, everglras
the same mesh structure. To further reduce theetatia only
contain shape information, we apply a Procrustetyais
(Dryden & Mardia, 1998) to align the parameterineotels.

After alignment, a Principal components analysis is
performed on the parameterized models. Since ewiedel
has the same number of points, a shape vectorstiogsof the
coordinates of the points can be formed for eactiaind\n
eigen analysis of the shape vectors transformdateeinto a
new coordinate system, with each dimension, cagtattipal
component (PC), representing the shape variabildyg that
dimension. These principal components are ordezedrding
to their eigenvalues.

With the PCA conducted, a new shape vector can be
reconstructed by adding to the mean shape a linear
combination of the principal components. By selegti
different coefficients along the components, nestmes can
be calculated to study shape variations.

PCA Creator interface

A software tool called PCA Creator is created gugiize
the shape variations along principal componéfitgure 4
shows the interface of the software, where slidergrol the
coefficients along the principal components and the
visualization window shows the model in real time.

Figure 4 Interface of the PCA Creator

VISUALIZATION AND INTERPRETATION OF PCs

The first principal component (PC1) extracted alsvay
explains most of the variation in the original ddte second
(PC2) explains most of the remaining variation and
uncorrelated with the first, and so on. Each ppaki
component explains less and less of the variateaching a
point where they become unimportant (see Figuré\sh
principal components are sufficient to explain he&0% of
the variability of the sample. This means thatahtre survey
sample — hundreds of heads — can be well represanieg
only a limited number of components, making theégtetask
that much easier. Furthermore, because of thestitatinature
of the shape representation, it is now possiblssmciate
these shapes with a probability of occurrencewatig the

designers to control the extent of the target patn that
makes economic sense to accommodate.
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Figure5 Scree plot of principal components for males

A closer look at the behavior of each principal poment
indicates that they are interpretable, to a cegatent. For
example, the first PC regulates the volume of #sdhwith
almost no discernable effect on its shape. Theptixreto this
rule is the effect on the jaw, which appears tosgeinger as
the head volume increases. The second PC represtaus
elongation, going from a rounded shape to a thingated one.
Each PC appears to deal with the various aspettsanf shape
in a manner that is akin to a Fourier transfornche@C
describes higher resolution details, down to tiffigats. The
first five PCs combine to express 70% of the shapmbility
of the dataset, while the next five only add aHart10%. The
law of diminishing returns means that in the contéhelmet
design, a coarser approach is probably all thagdsired. For
other pieces of equipment such as respiratordfeadtit level
of resolution might well be required. Each desigpbiem will
require its own appreciation of the variability eegsed by the
PCs.

HELMET DESIGN APPLICATION

The key sizing dimensions for most helmets are heragth,
head breadth, and head circumference. Since head
circumference is largely explained by the other two
dimensions (adjusted’®0.81), this means that helmet sizing
is governed by two variables. Helmet fit is an ugpaund
problem - meaning that a head larger than a cevidire will
not go on whereas a smaller head can — with aruatieq
retention system — which means that a sizing chagtit be
represented graphically as shown in Figure 6. Stfort
resorting to the methods described above, the msigould
not have a good appreciation of the variabilithe&ds within
the population that is being targeted by the desigt they
had was this diagram. The following applicatiomprieposed as
an example of how the use of statistical shapesgmtations
can provide a useful framework for design.

Strategy for design
Admittedly, the strategy discussed in this pappregents

but one of a multitude of possible strategies atddl.
However, it is offered as a simple and effectivehod that is



predicated on an understanding of the modes chlbidity of
the dataset, the type of information required teydbsigners,
and the need to minimize the number of design faads.
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Figure 6 Helmet sizing system relative to male (blue) and
female (red) populations, with 99% equi-probabiétlpses.

The first two principal components were selectethas
basis for the strategy for two reasons: they reges0% of
the variability, and they portray head features #ne critical
to the design of the helmet. Figure 7 illustratesdffect of
combining size (PC1) and shape (PC2). The headsfarene
generated under the following principle: the extesrof PC2
would be used at the 1 to 99 percentile level a@d would
adjusted so as to maintain head length and breadlies
within a given helmet size limit.

Figure 7 Extreme combinations of PC1 and PC2 for one
helmet size

The solid images in Figure 7 represent the lowkrega

along the PC1 axis and the dotted overlay, or ginuste,
represents the higher values. The solid and dotteday
forms were aligned at the eyes. The top and botignettes
represent the two extremes of PC2. It is interggtimnote the
difference in behavior of PC1 for a given extrerh®62. For
instance, the long and narrow head scales up rattifermly
compared to the short and rounded head. The fastienited
by head length while the latter is limited by hémeadth.
Figure 7 shows a stark contrast in head forms anddes a
statistical framework for the designer to address.

A more comprehensive approach is required to addres
population accommodation and this can be achieyextdling
up the process of combining PC1 and PC2. Figullesrates
how one might generate a cadre of design head fdysiag
the stated approach for each helmet size would e six
head forms at the outer edges of the ellipse. fiteethead
forms in the centre were obtained using PC1 aldhe.result
is a set of three head forms along each of theruppends of
the three helmet sizing limits. The advantage isf shheme is
that the test cases are dual purpose: the upp¢ofione size
can serve as the lower limit of the next size up.
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Figure 8 Full set of design forms.

Perhaps an even more efficient way of characteyittie
users of a given helmet size would be to make tiachead
forms in a triad, as depicted by the dotted triasgh Figure 8.
At the apex of the triangle lies the largest headdth length
and breadth, whereas at the base of the triaregthdi two
extremes of head shape and small size.

DISCUSSION FOR THE USE OF HEAD FORMS

The brute force approach to dealing with population
accommodation would have been to provide all ofrtive
head scans to the designers and allow them torperfo
exhaustive testing and evaluation of their desidtiough this
is possible, it is not the most efficient way togeed as there
is a multitude of redundant cases in the centéneof
distribution. At the other extreme, and this ishagas the most
commonly used method, the approach consists indingva
single head form for a given helmet size. Desiguetdd, for
instance, design for the biggest head for a gitefl size and
this could be sufficient in some cases. Howevareernce



has shown that this method falls short when theiceiship
between the item and the human is more compleallid¢he
variability of the population should be represerdethe
design stage by means of a limited number of clyefu
selected test cases. The selection of the casekidt®based
on knowledge of the population variability and loé tdesign
features. In other words, the test case selecidesign
dependent.

Advantages

The main advantage of the tool described in thiepés its
ability to condense massive amounts of 3D range atadl
express it in physically and statistically meanigérms. The
outcome is akin to a glimpse into the internalctice of the
data and provides unparalleled knowledge of thexmmaides
of variation of the human body, or heads in thesgmné case.
Armed with this type of information, a set of desigead
forms can be generated that capture this varigfaitid allows
designers to accommodate it at the earliest passthbe of
the design process.

Statistical shapes do not represent any individual
particular, which means that the privacy and anatyyof the
survey participants is preserved. Another bengfihat unlike
the use of raw scans, the models are created ontimgum
for each PC, which means that a precise combinafifectors
can be used instead of being at the mercy of vghedritained
in the original database. It is even possible toagolate
beyond the dataset, although caution should alWways
exercised to avoid designing for the one in a oilli
probability. On the other hand, the user has fuitml and
can quickly assess the impact of catering for adrignclusion
rate on the design. In some cases, the penaltheguite
small compared to the benefit and more of the pspulation
would be included.

All or nothing dilemma

One of the challenges posed by the use of statisih@apes
expressing human variability is that each PC attalloof the
points representing the surface of the head.dhiall or
nothing situation. At the moment, there is no whigolating
any one part of the head, say the nose or moutlspézific
design purposes.

Combination of PCs. how many istoo many?
Another challenge consists in selecting the nurfRi@és and

their combination. In the example given in thisgrapwo PCs
were deemed sufficient — after careful review ef finst

twenty five PCs — the number of test cases woule ha
increased geometrically with the addition of adkand fourth.
As the number of PCs increases, it could be arthadhe
head form might be more representative of an iddi&i than a
statistical representation of a group of individuyals the
combined probabilities tend towards the extremitiethe
distribution and the one-in-a-million case.

As long as the PCs are used one at a time, thexe is
ambiguity as to what the target population entdités can be
extended to the combination of two or more PCsidex/the
joint probabilities are accounted for, but it isipably best to
stick with a few PCs at a time.

FUTURE WORK

A set of head forms was generated and analyzedhsithet
design in mind. This resulted in the proposal o&#itient
design strategy for the next generation of helnWtsle the
proposed strategy captures roughly 50% of the biitia the
next step would be to examine a few more of thegpal
components, assess their relevance to the desigriofis
types of helmets, and compare the head forms geddrathis
way with the ones proposed herein. The goal woaltbb
determine whether they provide additional (usafuffjrmation
to designers.
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