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F O R E W O R D

Back in 2010, my fellow engineering students and I were presented
with the choice to either do a traditional master thesis in one of the
ongoing research topics within electronics-ICT, or to join a multidisci-
plinary team and perform the master thesis as part of a larger project
at Product Development. I had never even heard of Product Develop-
ment at that point, but I decided to go for the latter option. (I had a
habit of picking the unconventional or unpopular options at the time.)
I never imagined I would find it so interesting that I would eventually
decide to stay at Product Development to pursue a PhD. I’m happy
to say that -although the past four years have been anything but easy-
in the end I don’t regret that decision. Product Development offers a
unique blend of creative and scientific disciplines, as well as a strong
focus on the end user, which I had unknowingly missed in all my en-
gineering projects. If there is one thing I’ve learned during my PhD
that I value above all others, it is the ability to apply my analytical and
technical skills to solve human problems instead of purely technical
ones.

One of such problems, presented to me at the start of my PhD, is
the fact that EEG caps (used to position and fixate electrodes on a
user’s head during brainwave measurement) are unfashionable, un-
comfortable, and practically unusable by the average person. In order
to create brain-computer interfaces that work well at home, a new
method or device needed to be conceived. Of course, ’simply’ de-
signing a new product is not an academic pursuit. However, brain-
computer interfacing is a relatively new field and the design of such
a device presents a number of challenges, a lot of which were already
being addressed by various research groups (e.g. dry electrodes, bet-
ter signal processing) and companies (e.g. non-stigmatising aesthet-
ics). Luckily, there was one crucial element of the BCI headset design
that received less attention: making the device fit a wide variation of
human head shapes. An especially challenging element, because of
the requirements for electrodes to be positioned at predefined loca-
tions and make electric contact with the skin surface.

Upon researching this problem, it soon became clear that the tra-
ditional approach to making products fit -basing the design on the
variation in one-dimensional head measurements- would not work.
The values derived from a limited set of measurement might offer
a reasonable interpretation of overall head size, but do not contain
any information on the local shape variation at electrode locations. A
new design approach was required, and thus I ended up collecting a
large number of 3D images of the human head, creating a statistical
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shape model and evaluating whether it accurately represented local
and global shape changes.

Before I could get around to celebrating the results, a new ques-
tion arose: how should these kind of 3D models be used in product
development? I’ve spent the most part of my PhD on finding an an-
swer to this question. Throughout my work, I’ve mainly focused on
EEG electrode placement, both as a use case and for verification of
the new design method. Unfortunately, I’ve never finished a working
BCI prototype, though I am convinced that this design method will
lead to development of more ergonomic BCI headsets. Furthermore,
the design method can also be expanded to other types of headgear
(e.g. helmets or respirators), or other near-body products as soon as
new 3D shape models of become available.

Since my PhD seems to have led me to a different field of study
almost every year (neuroscience, medical and 3D image processing,
product development), I admit that it was quite a challenge to present
all my research projects as a coherent whole. I’ve considered various
approaches, but ultimately decided that it was best to structure this
thesis in the same order as the work was performed. I hope I’ve man-
aged to fit all of it together properly.
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A B S T R A C T

In this doctorate, the possibilities of 3D anthropometry for product
development were explored by applying a statistical shape model of
the human scalp to the design of more ergonomic brain-computer
interface (BCI) headsets. First, a statistical shape model of the hu-
man scalp was created from a set of 100 MRI scans. This model was
parametrized by intuitive anthropometric measurements and evalu-
ated in terms of its ability to predict complete scalp surfaces given
a set of anthropometric measurements. Using eight anthropometric
measurements resulted in an average prediction error of only 1.60±
0.36 mm, indicating the model accurately represents the underlying
population. The choice of parametrization measurements should be
based on their combined prediction errors, their sensitivity to varia-
tion in input measurements and a minimum population percentage
that remains below a predetermined prediction error threshold. Next,
the use of the statistical shape model for comparing the morpholog-
ical differences between subpopulations and the application to the
design of BCI headsets were briefly discussed. After this, the shape
model of the scalp was used for the design of one-size-fits-all BCI
headset with 14 electrode channels. Electrode placement, stability and
reliability of the prototype headset were evaluated and compared to
current EEG practices, as well as to a commercial BCI headset. The
prototype met all design standards and performed well within EEG
practices. It also offered 10% improvement in electrode placement
according to the international 10-20 system and a 15% increase in re-
liability. A functional headset of this type would therefore be more
consistent in longitudinal BCI studies and between studies of differ-
ent research groups. The results prove that 3D anthropometry is a fea-
sible design method for a one-size-fits-all BCI headset. Following this
observation, the application of 3D anthropometry for product sizing
was considered. Whereas sizing systems are usually based on statisti-
cal clustering of one-dimensional head measurements, a new method
for 3D head shape clustering was proposed, taking into account the
need for intuitive sizing and simple sizing tables. The method was la-
beled "constrained clustering" and was compared to clustering of tra-
ditional anthropometric features as well as unconstrained k-medoids
clustering of the 3D shapes. Intra- and inter-cluster scalp shape vari-
ability and within-cluster point-to-point distances were used as cri-
teria. The results of constrained clustering were similar to those of
unconstrained k-medoids clustering of head shapes and offered a
20.69% improvement in cluster validity index and a decrease of size-
weighted variances by 6.6% compared to traditional feature-based
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clustering. This research resulted in three journal publications that
form the main part of this thesis. This doctorate proves that head-
based products that require accurate shape and size fit would benefit
from a design process in which 3D shape models are included, and
that 3D anthropometry has a place in the product design process.
Compared to traditional anthropometry, the use of 3D anthropome-
try will result in devices that are better fitting, more comfortable and
potentially even more functional.

S A M E N VAT T I N G

In dit doctoraat werden de mogelijkheden van 3D antropometrie binnen pro-
ductontwikkeling onderzocht door de toepassing van statistische vormmo-
dellering voor het ontwerp van meer ergonomische en gebruiksvriendelijke
brein-computer interface (BCI) headsets. Allereerst werd er een statistisch
vormmodel van de menselijke scalp gemaakt aan de hand van 100 MRI
scans. Aan dat model werden intuïtieve antropometrische metingen gekop-
peld, en er werd vervolgens onderzocht met welke nauwkeurigheid het model
hoofdvormen kon voorspellen en hoe gevoelig het was voor meetfouten. Het
gebruik van acht antropometrische metingen als parameters zorgde voor een
gemiddelde voorspellingsfout van slechts 1.60± 0.36 mm. Hoewel dit mo-
del op zichzelf gebruikt zou kunnen worden voor antropometrische studies
(bijvoorbeeld om verschillende populaties met elkaar te vergelijken), werd
in dit werk voornamelijk onderzocht hoe het binnen productontwikkeling
gebruikt zou kunnen worden voor het ontwerp van hoofddeksels die betere
aansluiten op de variatie in vorm en grootte van menselijk hoofd. Daarom
werd in het tweede deel van het onderzoek een methode voorgesteld om een
one-size-fits-all BCI-headset te maken, waarbij de elektroden goed contact
maken met de schedel op vooropgestelde locaties. Om deze methode te veri-
fiëren werd een (niet-functionele) 3D-geprinte BCI-headset vergeleken met
een klassieke EEG-kap en met een commerciële BCI-headset. Het prototype
presteerde 10-15% beter dan het commerciële equivalent op vlak van plaat-
sing van elektrodes en herhaalbaarheid, wat bewijst dat de voorgestelde me-
thode een goed alternatief is voor traditioneel antropometrisch ontwerpen.
In een derde deel van het werk werd het statistische vormmodel gecombi-
neerd met k-medoids clustering om een nieuwe methode voor maatvoering te
bieden. De nieuwe clustering-methode werd theoretisch geverifieerd door de
Ray-Turi index, size-weighted variance en gemiddelde intra-cluster punt-tot-
punt-afstanden te vergelijken met die van maatvoering gebaseerd op traditi-
onele antropometrische metingen. De methode scoorde beter dan traditionele
maatvoering op vlak van zowel de Ray-Turi index (verlaging van 20.69%)
als op size-weighted variance (verlaging van 6.6%). Intra-cluster punt-tot-
punt-afstanden waren vergelijkbaar voor alle methodes, wat erop wijst dat de
nieuwe methode geen negatieve impact zou mogen hebben op de werklast van
de ontwerper. Tenslotte werd een methode gepresenteerd om deze clustering

viii



methode op basis van 3D antropometrie toe te passen op de maatvoering van
BCI-headsets. Deze drie onderwerpen zijn verwerkt in drie wetenschappelijke
publicaties, waar deze thesis uit is samengesteld. Dit doctoraat bewijst dat
hoofddeksels die een nauwkeurige pasvorm nodig hebben, zoals BCI-headsets,
baat zouden hebben bij een ontwerpproces waarin 3D vormmodellen worden
gebruikt. Vergeleken met traditionele antropometrie, zal het gebruik van 3D
antropometrie resulteren in toestellen die beter passen, comfortabeler zijn en
mogelijk zelfs beter werken.
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Part I

I N T R O D U C T I O N





1
I N T R O D U C T I O N

"At the moment BCIs are almost exclusively used in lab settings. In
order for BCIs to be successful interaction paradigms, the top level
challenge is: successfully migrating BCI out of the lab, into the ev-
eryday and working lives of people." This was one of the conclu-
sions drawn from the Future BNCI project in 2012 [1], in which the
state of the brain-computer interfacing (BCI) field was analyzed and
suggestions for future research were formulated. The aim of BCI is
to directly or indirectly connect the human brain to digital devices
through the use of electrodes that measure brainwave activity, in or-
der to bypass muscular pathways and to provide new opportunities
for human-machine interaction and diagnostics. The field has gath-
ered an increasing amount of interest, credibility [2], and even a new
academic journal [3] since the report was published. Furthermore, an
increasing number of companies has put commercial BCI devices on
the market [4] with various degrees of (commercial) success. Yet de-
spite the enthusiasm, not much has been done with the observations
in the BNCI 2012 report. Although numerous applications and algo-
rithms are reported in scientific journals, including alternative com-
munication for physically disabled people, rehabilitation for stroke
patients, epilepsy detection, sleep therapy or even new gaming inter-
faces, most BCI applications to date are still only tested in research
labs, using classic electrode caps [2, 3].

Of course, this was just one of many recommendations made in the
report and only so much can be done in the course of four years. Still,
BCI research continues to remain focused on electric components, sig-
nal processing, and applications; and usability and user-centered de-
sign are usually considered an afterthought or future research theme.
The field of industrial design, as opposed to pure science or engi-
neering, originated from the need for user-centred devices and could
provide a solution to this problem. Even though it is sometimes as-
sociated with art rather than science, there is a growing demand for
evidence-based design in the industry [5, 6]. Clearly, there are key
shortcomings in design process of brain computer interfaces that re-
sults in sub-optimal BCI hardware. The goal of this thesis is to pin-
point those steps in the design process that need to be reconsidered
in order to achieve user friendly BCIs, and to develop the required
design tools and techniques to make them usable outside of labora-
tory settings.
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4 introduction

Overall, the structure of this dissertation follows the chronology
of the research that preceded it. First, in section 1.1, the basic con-
cepts and terminology of BCI are explored. Section 1.2 discusses the
usability issues that were found with a selection of current BCI de-
vices, resulting in a set of user requirements for future devices. One
of the major challenges in transitioning BCI devices from the lab to
the real world is to create a device that fits the heads of the entire
population. General practice involves deriving product dimensions
from statistical distributions of head measurements such as circum-
ference. While, under the right conditions, this can result in product
models with the proper global size variation, local shape variations
of the head at custom electrode positions are impossible to predict us-
ing traditional anthropometry. Section 1.3 is about traditional design
methods to make products fit, the anatomy and anthropometry of the
human head, and the introduction of 3D anthropometry, that theoret-
ically makes it possible to create digital human models that capture
shape variations more accurately. The exploration of the usability of
BCI devices and of the ergonomics of head products was translated
in a number of research questions, which are stated in section 1.4.

Because 3D anthropometry of the human head is still under devel-
opment, it is important to explore how exactly shape models could be
used to create more ergonomic headgear. Chapters 2, 3 and 4 contain
three journal publications that were written in the course of this doc-
torate, with each of the publications addressing one of the research
questions. While the presented design methods can be generalized
to all kinds of near-body products, BCI devices and electrode fit are
the main use case throughout this dissertation. In this way, the work
brought out of the theoretical realm, making it possible to discuss the
design method concretely and to gather evidence for its added value.

Finally, the implications of the proposed methods to the design
of BCI headgear are presented in chapter 5, and, as is customary,
chapter 6 concludes the work and provides a summarized answer to
the research questions.

1.1 basic principles of brain-computer interfacing

Brain activity causes small electric potentials, a measure of which
can be recorded non-invasively with electrodes placed on the scalp.
These so called electroencephalographic (EEG) components can be
evoked in response to internal and external stimuli or events (i.e.,
EEG paradigms) and can be extracted by signal processing techniques
[7]. Jacques Vidal was the first to demonstrate a Brain Computer In-
terface (BCI), a technique that allows subjects to communicate with
their environment without the need for speech, gestures, or any vol-
untary muscular activity [8]. By virtue of this, BCIs have raised great
hopes to improve the quality of life of patients suffering from severe
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muscular disorders such as amyotrophic lateral sclerosis (ALS), mul-
tiple sclerosis (MS) and cerebrovascular accidents (CVA or stroke) by
assisting in their communication needs [1, 2, 9]. While most BCI appli-
cations rely on non-invasive electrodes placed on the scalp, invasive
EEG electrodes implanted on the brain surface have also been devel-
oped. However, as invasive electrodes require surgery and are prone
to signal deterioration due to gliosis and scarring, non-invasive BCIs
have gained much interest. BCI is a big and multidisciplinary field
that is already adequately reviewed in other works (e.g. [1]). There-
fore, this chapter is limited to a brief introduction of those aspects of
BCI that are required to understand the rest of the thesis.

1.1.1 Measuring bioelectric brain activity

In the past years, characteristic EEG signals relating to specific events
and human behavior have been described in literature. The most ex-
tensively studied of these are the Steady State Visual Evoke Potential
or SSVEP [9] and the Event-Related Potentials (ERP) P300 and N400

[10]. In an SSVEP BCI paradigm, several targets are simultaneously
displayed, each one with a different stimulation frequency, and the
target onto which the subject’s gaze is directed is decided from the
EEG recorded from the subject’s scalp by verifying the presence of
the corresponding stimulation frequency, after which the associated
action is executed or a physiological conclusion is drawn. Deviations
in the SSVEP characteristics have since long been used for diagnostics
[11], selecting items on a screen [12, 13] and for mentally typing text
(mind spelling, see [14]). In a P300 ERP paradigm, the P300 peak can
be detected while a subject is shown two types of stimuli with one
occurring much less frequently than the other ("rare event"). The rare
event elicits an ERP consisting of an enhanced positive-going signal
component with a latency of about 300 ms after stimulus onset. This
paradigm is mainly used for mind spelling, in which a user spells
words by selecting letters on a computer screen using a BCI device
[15–20]. Lastly, the N400 ERP is a cognitive EEG component consist-
ing of a negative going wave that reaches its peak around 400 ms after
stimulus onset. In clinical assessment studies [21], the N400 potential
has been used for diagnosing patients with semantic comprehension
deficits, for elucidating the nature and extent of their disorder, and
for guiding therapeutic interventions [22].

1.1.2 The 10-20 system for electrode positioning

Generally, electrode positions for EEG measurements are distributed
on the subject’s scalp along the classical international 10-20 reference
system, in which electrodes are placed at 10% and 20% increments
on surface curves on the scalp between four anatomical reference
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points: nasion, inion, left and right preauricular point, respectively
named Nz, Iz, T9 and T10 in the 10-20 system [23]. A depiction of
the anatomical reference points can be found in section 1.3.2. For a
detailed discussion on how electrodes are placed in the 10-20 system,
please see chapter 3. The electrode locations according to the 10-20

system are shown in figure 1 (black circles). The so-called Modified
Combinatorial Nomenclature is used in this figure, meaning that the
names of some electrodes are different than presented in the original
10-20 system: T7, T8, P7 and P8 were originally named T3, T4, T5 and
T6, respectively [24].

Different paradigms require different spatial configurations and a
different number of electrodes, usually 6-32 for P300 [25]. For exam-
ple, in the Lab of Neurophysiology of prof. M. Van Hulle the follow-
ing electrode positions are used as a minimum: FCz, Cz, CP1, CP2

and Pz for the P300; F3 on the temporal lobe for the N400; Cz, Pz, O1,
Oz and O2 for the SSVEP. TP9 and TP10, the mastoids, are used as
reference.
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F8F6F4F2FzF1F3F5F7
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Figure 1: 10-20 electrode placement layout, with anatomical reference points
Nz, Iz, T9 and T10 shown as red circles. Black circles represent elec-
trode locations according to the original 10-20 layout, grey circles
are part of the 10-10 system.
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While the 10-20 system is essential in order to be able to compare
EEG and BCI research studies, it does have a number of limitations.
Firstly, it only covers a very limited number of electrodes, which is
not sufficient for all BCI paradigms. Because of this, it has since been
expanded into the 10-10 and 10-5 systems, which offer a much higher
spatial resolution. Some electrodes of the 10-10 system are shown in
figure 1 in grey. Secondly, it depends on the correct identification of
a number of anatomical reference points. In many cases, this will be
done by a trained specialist such as a nurse or an EEG technician.
However, electrode positions tend to vary depending on the training
and experience of the person placing the electrodes, and on their in-
terpretation of the ambiguous descriptions of the anatomic reference
points [26]. This inter-observer variability affects the ability to detect
the targeted EEG patterns without retraining the detection algorithm,
although in general EEG practice an electrode displacement (radius)
of 2 cm is accepted in exchange for a loss in detection accuracy (with-
out retraining).

1.1.3 Components of brain-computer interfacing devices

A BCI device roughly consists of the following components [1], de-
picted in figure 2:

• The electrodes are used to capture the EEG signals from a user’s
scalp. These electrodes can be of the active wet- (gel-based or
water-based) or dry type.

• The frame of the headset holds the electrodes and the electron-
ics and is ideally designed in such a way that when the user
puts on the headset the electrodes make immediate contact with
the scalp at preselected locations, usually according to the 10-
20/10-10/10-5 system (depending on the EEG paradigm).

• The headset uses various types of electronic components and
circuits. The signals first pass through an active readout circuit
and are then acquired by an application specific integrated cir-
cuit (ASIC: for example [27]) that amplifies, filters, and possibly
samples the EEG signals before they are transmitted through a
microcontroller for transmission to the receiver.

1.1.4 An example of currently available BCI devices

In laboratory settings, it is customary to use electrode caps with gel-
based Ag/AgCl electrodes, as in figure 3. The advantage of the cap
is its flexibility and elasticity, ensuring that it can be perfectly formed
around the user’s head and tightened so the electrodes are sure to
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Figure 2: Basic components of a brain-computer interface (BCI).

make contact. Another advantage is that EEG caps contain holes (to
attach electrodes) at predefined locations, usually following the 10-20

system or its derivatives. This means that there is no need to manu-
ally take measurements and locate a number of physical landmarks
by palpation (although the nasion and inion are still required), de-
creasing the set-up time and spreading the electrodes evenly across
the subject’s scalp. An innovative alternative to traditional EEG caps
that does not require the electrodes to be placed one-by-one, nor any
preparation of the skin or usage of conducting gel, is Geodesic Sensor
Nets (GSNs) [28]. These products work on the same principle as EEG
caps by placing the electrodes in a flexible net and stretching it over
the user’s head, thereby automatically receiving correct relative elec-
trode placement and coverage for as much as 256 electrode channels,
provided that the right product size is chosen.

Although EEG caps as of yet provide the best accuracy (after man-
ual placement by a specialist [31]) and GSNs significantly reduce the
set-up time, it is easy to see that they are not usable in a home setting
by non-specialists, or even outside research laboratories. Therefore, a
number of alternatives has been put on the market, with various in-
tended applications. One of the most popular of these is Neurosky’s
Mindwave. The biggest advantage of this device is that it looks like
a regular headset, decreasing the threshold for user acceptance [32].
However, the Neurosky only offers three EEG channels that are al-
ways at the same locations, making it a lot less suitable for scientific
research. A similar device with a pleasing design but limited elec-
trode channels is the Melon headband. A number of applications ex-
ist for both of these devices (especially for the Mindwave), but due
to the limited amount of EEG signals that can be captured, only very
basic applications such as measuring user attention can be provided.
So far, the available applications have seemingly not enticed many
developers or users.
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Figure 3: EEG cap with gel-based electrodes inserted. Photo by Chris Hope,
made available by Tim Sheerman-Chase at [29] through CC BY 2.0
license [30]

A device that has been more extensively covered both in media and
in scientific literature is Emotiv’s Epoc, shown in figure 4 (a). While
the design looks less appealing than that of most other commercial
headsets, it does have more electrode channels than any other other
commercial EEG device, and the flexible arms on which the electrodes
are mounted allow for a decent accommodation to local shape vari-
ation on the user’s head. However, because Emotiv only offers the
hardware and a software application programming interface (API),
applications are left to developers. So far, the device has been primar-
ily successful with BCI researchers [4, 33], because it can be used to
test and demonstrate a number of basic BCI applications. Contrary to
the other headsets shown, electrode-skin contact is ensured through
small sponges soaked in a saline solution and that can theoretically



10 introduction

maintain signal quality for 8 hours. Still, apart from early adopters
and proof-of-concepts, the author knows of no successful home ap-
plications currently available on the market. Recently, Emotiv has cre-
ated a second headset with dry electrodes, called the Insight (see fig-
ure 4 (b)). Similar to most other commercial headsets, this one offers
only three electrode channels. As of yet, it is unclear how successful
it will be compared to the original one, especially now that the Epoc
(recently renamed Epoc+) is targeted specifically at scientific research
[34].

(a) (b)

Figure 4: Emotiv’s research-grade Epoc+ headset (a) and consumer-grade
Insight headset (b). Both images were made available by Wikime-
dia user Chrissshe at [35] (a) and [36] (b) through the CC BY-SA
4.0 license [37].

Finally, OpenBCI, a company that develops open-source Arduino-
based electronic boards for brain-computer interfacing, has also been
experimenting with its own 3D printable headsets. Their second ver-
sion, the "SpiderClaw" model is shown in figure 5. While it was an in-
teresting concept due to the modularity of the device, it had a number
of problems regarding fit and fixation [38] and has been discontinued
[39]. A new version, called the Ultracortex was recently released.

While this is by no means a comprehensive overview of all com-
mercial BCI devices on the market, it exemplifies the most common
design architectures that are followed by all BCI headgear developers:
cap, headband, headset-like and custom BCI headsets. While the cap
and custom BCI headsets have been more popular in research con-
texts, devices resembling headbands or headphones are less alien to
potential general users and might be more suited for home applica-
tions, provided that a sufficiently large number of electrode channels
for non-trivial applications can be incorporated.
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Figure 5: OpenBCIs second 3D-printed "SpiderClaw" headset prototype.

1.2 usability and ergonomics aspects of bci devices

While BCI is a very promising technology for various applications, it
is still a relatively new field. As such, most BCI-related research over
the past decade has focused on the technical aspects of EEG measure-
ment, mainly signal processing techniques and electronics. There has
not yet been much research on the ergonomic and usability-related as-
pects. As briefly mentioned in section 1.1.4, this results in most com-
mercial BCI devices having complications with headset preparation,
electrode locations, head shape and size variation, stability during
movement and/or consistency in electrode placement over multiple
sessions [1, 26]. This chapter describes a preliminary study on the
usability of commercial BCI devices, discusses ergonomic issues that
have been raised in existing literature and concludes with a list of
user needs for commercial BCI devices.

1.2.1 A comparison of the usability of three types of BCI devices

At the start of this doctoral project, a preliminary experiment was con-
ducted in order to define the usability issues of several types of BCI
devices (manuscript in preparation). 21 people (15 males, 6 females)
were asked to play a brain-controlled game using three different BCI
headsets: a traditional Biosemi EEG-cap similar to the one in figure
3, the Emotiv Epoc headset (figure 4), and a prototype BCI headset
with dry electrodes developed by Imec, shown in figure 6. They wore
each headset for a period of 15 minutes and were asked to report on
their experience in a questionnaire at the end of each session. Fur-
thermore, any comments they made by either test subject or EEG
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technician were noted, and the whole experiment was videotaped to
make sure no comments were missed. Finally, the preparation and
clean-up time for each headset was also measured.

Figure 6: A prototype BCI headset with dry electrodes, created by Imec for
research purposes. Image from NeuroGadget [40].

The results of this experiment can be seen in table 1. Overall, the
Imec prototype headset took the least preparation and cleaning time,
only 17" combined, yet was deemed to be the most uncomfortable.
One participant even asked to terminate the experiment early (after
4’36") because he found the headset too painful. Upon examination,
the pressure on the pins of the dry electrodes was indeed such that it
caused indentations in the skin, as seen in figure 7.

The outcome of the experiment was somewhat surprising in several
regards. For example, while the researchers expected the Biosemi cap
to be the most comfortable one based on prior experience and re-
search (e.g. [41]), the participants rated it as less comfortable than
the Epoc because of the requirement for wires and conductive gel.
Several people also remarked that the chin strap was uncomfortable.
One person even decided to withdraw from the experiment when
they learned gel was involved. While the electrode calibration did
not take long because of good skin contact, placing the electrodes
was inconvenient both for the test subject and the EEG technician.
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Headset Avg. set-
up time

Avg.
clean-up
time

Discomfort User prefer-
ence

Epoc 8’08" 1’25" 1.36 15/22 (68%)

Imec pro-
totype

0’13" 0’04" 6.64 6/22 (27%)

Biosemi
cap

8’31" 7’19" 2.91 1/22 (5%)

Table 1: Results from preliminary EEG usability experiment conducted in
2012. Discomfort was rated on a scale of 0-9, with 1 being no dis-
comfort and 9 being severe pain.

Headset EEG operator comments

Epoc

• Impedance measurement not reliable.
Electrode indicators turn green witout
proper contact.

• Difficult to use for people with thick hair.

• Electrodes keep falling out of their sock-
ets during set-up.

Imec prototype

• Seems very painful, right from the start.

• Incredibly easy to set-up and clean.

Biosemi cap

• Difficult to determine whether enough
gel is used.

• Not comfortable for people with glasses.

• Adjusting the headset and electrodes of-
ten requires being in the personal space
of test subjects.

Table 2: Summary of most noticable EEG operator comments.
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Headset Test subject comments

Epoc

• I don’t think I would be able to put it on
correctly myself.

• Takes long to set up with thicker hair.

Imec prototype

• (Very) painful/uncomfortable.

• Too much pressure on the headset fixa-
tion points, becomes uncomfortable after
a while.

• Makes it difficult to concentrate.

Biosemi cap

• I don’t like the gel.

• Chinstrap becomes very uncomfortable
after a while.

• I don’t feel the sensors at all.

• Works well, but it takes a long time be-
fore all cables are connected.

Table 3: Summary of most noticable test subject comments.
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Figure 7: Skin indentations and irritation caused by the pressure of the Imec
prototype’s bristle electrodes. Photo published with permission of
subject.

Therefore, the Biosemi headset scored the worst on all aspects related
to usability. That being said, it did fit all user’s heads very well.

The Epoc was the preferred EEG-device among the three, with 68%
of the user votes. Most users found it very comfortable and did not
mind the slightly longer set-up times compared to the Imec head-
set. However, from the EEG technician’s point of view there were
some important usability issues. For example, while it’s possible to
mount the headset in a matter of seconds, a lot of time is lost ad-
justing the flexible arms so the electrodes make proper skin contact.
In people with thick hear, the technician needs to manually manip-
ulate the sponge containing the saline solution that enables electric
contact between the hair. The electrodes or sponges would also often
fall out of their sockets, in which case replacing them added to the
set-up time. Furthermore, the EEG technician noted that whereas the
flexible electrode arms fit local head shape variation very well, for
people with larger heads the back brace of the headset needed to be
stretched further than intended. Their concern proves valid a couple
of years later, as both Epoc devices which were regularly used for
experiments or demonstrations have had their back braces break on
multiple occasions. The Epoc, therefore, does not accommodate for
head size variation well.

Finally, the Imec prototype headset was rated as the most uncom-
fortable one. Multiple people described it as painful, and one par-
ticipant asked to terminate the experiment early because the bristle
electrodes caused them too much pain. Even so, contrary to the expec-
tation, almost a third of the participants preferred this headset over
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the others. Reasons stated were mainly the design, the simplicity and
the fact users felt like they could set it up themselves without any
prior EEG knowledge (possibly due to the fact that it resembles com-
mon devices such as headphones).

1.2.2 Literature survey of BCI usability and ergonomics

Several papers from other research institutes mention similar con-
cerns for usability. The FBNCI report from 2012 report states that
one of the main requirements for BCI is to shift the focus on usability
and user experience, and to elucidate what these are determined by
[1]. According to the consortium, it is important to bring BCI out of
the lab by creating more reliable, convenient BCI headsets that can
be used without expert help. Ekendam et al. state that too much BCI
research is focused on data acquisition, signal processing and theo-
retical foundations, and that there is a need for studies that explore
the ergonomic aspects of BCI design in order to reduce usability is-
sues such as comfort during prolonged use or reduced performance
for people with long or coarse hair [33]. They reiterate that current
commercial devices often suffer from low signal quality, and -similar
to the work described above- they found that preparing and adjust-
ing the 14 active electrodes of the Epoc headset to make contact with
the scalp takes too long (which they attribute to the sensitivity of sen-
sor placement to hair), and they report that comfort is an important
factor in BCI headsets. Hairston et al. also start their work by stat-
ing that little objective research is dedicated to the physical features
and usability of BCI headsets, even though these have an important
impact on the user acceptance [26]. While evaluating the usability
of four commercially available BCI systems, they found that partici-
pants experience discomfort due to unevenly distributed pressure on
the scalp, due to weight or constriction of the BCI system, and/or
due to difficulty of application or clean up. Furthermore, they also
mention that if more objective studies on BCI headsets are to be per-
formed, consistent electrode placement across different systems is a
major challenge and that the intended 10-20 locations of the examined
BCI systems were not accurate across participants because the device
dimensions could not properly accommodate variability in head sizes
and shapes. Nijboer et al. agree that the usability of BCIs is of the ut-
most importance to ensure that the technology is not abandoned [42].
They performed a survey about BCI perception on sample consisting
of rehabilitation professionals and found that none of the participants
perceived an added value of BCIs over existing alternatives for aug-
mented and alternative communication. Participants noted that the
usability of BCI systems should improve significantly. Nijboer et al.
provide a list of 21 requirements to improve BCI usability, many of
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which relate to correct fit and electrode placement. Finally, Ahn et al.
[4], in reviewing the use of commercial BCI devices by researchers,
game developers and users, state that there is a need for simple and
precise devices, and that researchers look forward to the development
of a convenient BCI device with a high signal quality.

A number of conclusions can be drawn from these publications:

• Firstly, it seems like the main reason many BCI headsets are un-
comfortable is because most of the pressure is localized on in-
dividual electrodes, depending on the user’s head shape. Head-
sets that use flexible materials to distribute the pressure more
evenly tend to score higher in terms of user comfort [26]. There-
fore, a uniform distribution of pressure over all electrodes is
advisable. This is also confirmed in [41], in which Guger Tech-
nology Sahara dry bristle electrodes were tested in an electrode
cap, and none of the test subjects mentioned discomfort.

• Secondly, it is vital for a fixed material BCI headset to accom-
modate for both size (linear scaling) variation and shape vari-
ation. In order to better anticipate on both kinds of variation,
BCI manufacturers should consult representative anthropomet-
ric data for their intended populations.

• Finally, the headset should ideally be designed in such a way
that users without prior knowledge can mount the headset with
minimal instruction, at least for commercial BCI purposes. Wire-
less solutions are also preferable to wired ones, and if possi-
ble, the design should mimic similar devices which are already
known to users.

To summarize, current medical-grade BCI devices are too complex,
uncomfortable, and time-consuming. FBNCI lists 20 minutes of prepa-
ration for EEG caps, and for applications with 128 electrodes a min-
imum of 40 minutes is not exceptional. Commercial BCI devices, on
the other hand, are inaccurate, often lack functionality and cause dis-
comfort because they do not fit the human head shape and size varia-
tion. For the advancement of BCI, it is essential that new commercial
BCI devices are created, which can function in real world scenarios
and still offer adequate signal quality.

1.2.3 Essential design requirements for consumer-grade BCI headgear

Based on the above experiment, and on research from [1], [26] and
[42], the key requirements for a commercial BCI headset have been
defined in table 4. The importance of each need will vary depending
on the application (e.g. gaming, alternative communication, research).
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ID primary need secondary need

1 The sensors are at the correct measurement locations according
to the international 10-20 system, with at least the same accuracy
as currently used EEG caps.

2.1

The device is usable for
multiple paradigms.

The electrode locations are con-
figurable by the user.

2.2 Multiple software packages can
be used with the device.

2.3 Multiple kinds of electrodes can
be used with the device.

3 The acquisition cost is low enough for consumers and small lab-
oraties.

4 The headset can be applied on the user’s head by the user.

5.1

The headset makes it possible
to perform repeatable
measurements and
experiments.

There is only one way to mount
the headset correctly.

5.2 The sensors are at the same
anthropometric locations every
time it is put on.

5.3 There is an indication of elec-
trode impedance.

5.4 There is an indication of contact
pressure.

6.1

The headset fits the shape of
user’s head optimally.

Users should not experience dis-
comfort for the duration of ex-
periments.

6.2 Users are not distracted by the
headset during experiments.

6.3 The sensors constantly make
contact with the skin during the
experiment.

7.1

The device does not require a
lot of maintenance.

It is easy to clean the headset.

7.2 The headset does not take long
to set up (< 2 min).

7.3 The device is robust, wires and
other components can last mul-
tiple sessions without breaking.

Table 4: Requirements for a user-friendly BCI headset that works outside of
controlled environment such as a research laboratory.
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According to the observations from the experiment described in
section 1.2.1 and to the literature survey in section 1.2.2, no commer-
cial BCI device exists at this time that meets all (or even most of) these
requirements. The hypothesis is that this is at least partly due to the
fact that current BCI headsets do not fit the head properly. On the
one hand, this results in electrodes losing contact with the skin and
decreases the efficiency of BCI devices, since the electrode pressure
should be enough to lower the electrode-skin impedance to 20−40kΩ
[43, 44]. On the other hand, electrodes that exert too much pressure
on the head cause discomfort or pain, as confirmed by the experiment
described above. This work will focus on providing BCI manufactur-
ers and designers with a better understanding of the shape variation
of the human head. Once more accurate 1D and 3D anthropometric
data of the head is available, this can be used as a basis to improve the
ergonomic aspects and a number of functional aspects of BCI head-
sets (and other products). The scope of this work is therefore limited
to improving the physical product fit of BCI headgear (user need 1,
5.1, 5.2 and 6.1 in table 4).

1.3 designing products that fit the human head

This section deals with the statistical study of human head shape, and
how this knowledge is employed in the process of product develop-
ment. The head presents an ideal case to explore the added value of
3D anthropometry in product development: dynamic properties such
as movement or compression, which would increase the complexity
and the level of the models and would introduce a larger level of un-
certainty in results, need not be taken into account initially due to the
scalp’s static morphology. The work can therefore be focused purely
on the geometrical properties of the head, i.e. the size and shape.

1.3.1 Definition of anthropometry and ergonomics

Anthropometry is the science of measuring the human body and gen-
erating insight on the static and dynamic measurements (e.g. body
height and reach, respectively) using applied statistics [45, 46]. Tra-
ditionally, descriptive measurements such as average and standard
deviation have been favoured. While they are still in use in many
applications, the rise of 3D scanning devices and more performant
image processing algorithms have made it possible to perform much
more detailed analyses on the complete shape of the body [47].

The International Ergonomics Association defines Ergonomics as:
"the scientific discipline concerned with the understanding of inter-
actions among humans and other elements of a system, and the pro-
fession that applies theory, principles, data and methods to design
in order to optimize human well-being and overall system perfor-
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mance." [48] While it was initially focused on methods, tools, and
spaces related to human work, as well as the related psychosocial as-
pects [46], the field has expanded to cover wellbeing in all aspects of
human activity [48]. The goal is to create products and environments
so as to minimize health-related issues that arise from their use [49].
Ergonomics follows the user-centered design principle: if an object, a
system or environment is intended for human use, its design should
be based upon the physical and mental characteristics of its human
users insomuch as these may be determined by the investigative meth-
ods of the empirical sciences. Broadly speaking, two types can be
distinguished: physical ergonomics, cognitive ergonomics, and orga-
nizational ergonomics [48]. This thesis deals with the former kind, in
which apparel and environments are made to fit humans as well as
possible. For this purpose, physical ergonomics is heavily based on
anthropometry, and the two are often thought about and discussed
together. Another way to look at it is to say that ergonomics trans-
lates insights from anthropometry into product design, as will be ex-
plained in the next chapters.

1.3.2 Anatomy and anthropometry of the human head

In general, the human head can be said to consist of three parts from
which anatomical traits can be derived: the brain, the bone layer or
skull and the skin layer. The upper (dorsal) region of the head, above
the forehead and ears, is commonly referred to as the scalp. The brain
itself has already been briefly mentioned in chapter 1.1. While the
shape of the brain will determine at which locations EEG electrodes
should ideally be placed, it does not appear to have a direct effect
on the outer shape of the head. Therefore, this chapter will focus
on the skull and scalp layers. The anatomical reference points that
are used by designers are derived from medical literature, and thus
carry medical nomenclature. The top part of the skull (or cranium)
is divided into 8 separate parts, related on the underlying cerebral
structure: frontal bone, temporal bone, occipital bone, parietal bone,
etc. [50], see figure 8. The anatomical reference points on the skull
are either distinct morphological landmarks or intersections between
bones. The medical practitioner is able to intuitively identify these
points based on descriptions such as "nasion", "ophistocranion" or
"gnathion".

However, for the product designer, the only relevant anatomical ref-
erence points are those that can be defined by palpation and that can
be measured externally, e.g. to be used as reference or fixation points
to mount products. Unfortunately, anatomical literature is more com-
monly oriented towards the medical field than towards the anthro-
pometrist or designer. Still, a number of reference works are avail-
able, most of them from the US, such as NASA’s Anthropometric
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(a) (b)

Figure 8: Regions of the human skull. (Images are in the public domain.)

Source Book [51]. Thus, a different method of recognizing anatomical
landmarks is commonly used for design purposes, in which the land-
marks are defined according to externally visible or palpable features.
First, a number of reference planes is defined, the most important of
which is the Frankfurt (or Frankfort) plane: if the subject is standing
with the back of his head against a wall, the plane formed by the low-
est points of its eye sockets (orbitale) and its tragi (tragus being the
eminence of cartilage anterior to the opening of the external ear canal)
should be perpendicular to this wall, as shown in figure 9. Note: the
lowest point of the eye socket can only be correctly determined by
palpation. For most anthropometric measurements, the head needs
to be oriented so that it is aligned with the Frankfurt plane.

Once the head is oriented in this manner, a number of anthropo-
metric points can be defined either by palpation or by sight. In order
to understand the descriptions of various anatomical points, a basic
familiarity with anatomical nomenclature is required. For example,
when a point is described as being "lateral", it lies on the sides of
studied body part, or when it is "dorsal", it lies on the back (see fig-
ure 10 (a)). The anatomical directions of the head are slightly different
from those of the body and are shown in figure 10 (b). When describ-
ing the 3D locations of the human body, the coordinate planes are
referred to as the (mid)sagittal plane, the coronal plane and the trans-
verse (or transversal) plane, also shown in figure 10 (c). For example,
the ophistocranion can be described as the most dorsal point on the
midsagittal plane, i.e. the point that is the furthest to the back when
viewed from the side. A number of such anthropometric points and
measurements is described in chapter 2.

Anthropometric measurements are specified as linear or surface
(curve) distances between anatomic reference points. Two of the most
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Figure 9: Head alignment according to the Frankfurt plane.

commonly used tools are tape measures and outside calipers [47, 53],
shown in figure 11. Although these tools have been the standard in
anthropometry for many years, they have two important drawbacks.
Firstly, anatomic landmark and measurement descriptions are some-
times vague and can be difficult to locate, even for specialized anthro-
pometrists. This results in high inter- and intra-observer variability
especially when the work is performed by non-experts such as gradu-
ate students [54–57]. Secondly, performing anthropometric measure-
ments can take a lot of time, depending on the sample size and the
number of repeated measurements.

Alternatively, performing the measurements on digital images (e.g.
CT, MRI or 3D scans) provides a solution to both of these problems:
the 3D image can be viewed from all directions and at any magni-
fication level before placing a landmark. When working with bone
layer surfaces, underlying morphological characteristics can be easily
determined, as shown in figure 12. Furthermore, measurements can
be automated, speeding up the measurement process significantly.

However, when deriving anthropometric measurements from skin
layer surfaces (as in figure 13), localization of landmark positions is
more difficult. Because palpation can no longer be used to find mor-
phological structures on the underlying bone, extra caution should
be exercised in the selection, collection and analysis of these measure-
ments. Alternatively, the landmarks could be placed on a model in
which both layers are visualized at the same time for visual assess-
ment or benchmark.
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(a)

(b) (c)

Figure 10: Anatomical directions on the human body (a), directions on the
head (b) and anatomical coordinate planes (b). (a) was made avail-
able by Bruce Blausen [52], (b) and (c) are public domain images.
(b) was slightly adapted to also show the dorsal direction.

Still, in both cases, the selected landmarks can be more easily visu-
alized, shared and verified. Only a single measurement session needs
to be organized in which the participant’s images are captured, mak-
ing subsequent measurement of replication of studies much easier. In
many cases, the advantages of using digital images for anthropomet-
ric measurement often outweigh the disadvantages.
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(a) (b)

Figure 11: Common anthropometric tools: a tape measure (a) and outside
calipers (b).

Figure 12: Anthropometric measurements on a cranium bone surface (Mim-
ics).
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Figure 13: Annotation of anthropometric landmarks on cranium skin sur-
face. 3D scan published with permission from subject.
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1.3.3 The distinction between traditional anthropometry and 3D anthro-
pometry

Traditional anthropometry deals with descriptive statistics performed
on a subset of measurements of a representative sample of a popula-
tion. Measurements are collected in anthropometric data tables and
the average and standard deviation of each measurement is calcu-
lated, as discussed in section 2. A statistic concept that is vital to an-
thropometry is population percentiles. A percentile is a measurement
value above or below which a given percentage of the population is
included. For example, if the 5th percentile of head length for a given
population is 181 mm, 5% of that population has a head length lower
than or equal to 181 mm. The 5th and 95th percentiles of measure-
ments are often included in anthropometric data tables [46]. For an
anthropometric study to be valid, all descriptive statistics should be
included, as well as meta-information on the population sample that
was used, e.g. age, ethnicity, and gender.

One-dimensional anthropometric measurements (as described in
section 1.3.2) and correlation analysis between them have been the
standard in ergonomic design for many years. Even so, a significant
disadvantage of anthropometric measurements for ergonomics is that
shape variation can only be studied in terms of the included mea-
surements, which often leads to incomplete or incorrect conclusions
because only the variation of a set of pairs of anthropometric points
can be studied. Because it is not known how this variation affects
the areas outside of the studied points, these areas are usually in-
terpolated and assumed to scale linearly with the measurements. In
reality, this is not always the case, resulting in products that do not
fit large parts of the population. To give a simple example from per-
sonal observation, many L-size shirts are simply upscaled versions
of M-shirts. Tall, skinny people therefore often have trouble finding
fitting shirts, because M shirts will be too short whereas L-shirts are
much too wide.

Instead of analyzing tables of anthropometric measurements, there
is an increasing interest in studying the shape by analyzing collec-
tions of 3D surface meshes of the human body or of certain body
parts. When anthropometric studies are based on 3D data sets of body
shapes, this is referred to as 3D anthropometry. An increasing num-
ber of 3D scanners exist to capture 3D shapes. They can be broadly
divided into two categories: contact and non-contact scanners [58].
Contact scanners such as the Microscribe MX [59] are referred to
as coordinate measuring machines (CMMs), and involve manually
touching reference points on the scanned object with a probe [60].
Because this is time-consuming and usually results in low-resolution
images, it is not often used for taking body scans.
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Non-contact scanners can be further subdivided in active or passive
scanners, with active scanners that rely on sending out ionizing radi-
ation, electromagnetic fields [61], laser light triangulation and time-
of-flight [62], or structured light [63] being the largest category. For
example, in medical practice it is increasingly common to take 3D im-
ages of various body parts, either using computed tomography (CT),
which is cheaper and more suited to visualizing dense structures [64],
or magnetic resonance imaging (MRI), which does not require ioniz-
ing radiation and is more suited for soft tissues [65]. See figure 14 for
en example of an MRI scan and scanner.

(a) (b)

Figure 14: Example of an MRI scanner (a) and the resulting image (b). (a)
was made available by Wikimedia user Jan Ainali at [66] through
the CC BY 3.0 license [67].

A second type of active 3D scanners that is often used in 3D anthro-
pometry is structured light. Half a decade ago, size was a limiting
factor, and these scanners were mostly used in specialized environ-
ments such as ergonomics labs or certain clothing stores [63]. How-
ever, at the time of writing various hand-held 3D scanners are avail-
able at relatively low prices and these are becoming a common sight
in ergonomic research labs and fab-labs. An example of a 3D-scanned
head surface is shown in figure 15 (b), and the hand-held device that
was used to capture is shown in figure 15 (a). In contrast, techniques
based on laser light triangulation or depth-of-field are less common
in anthropometric studies (with the exception of the TC2 body scan-
ner [68]), because they are more reliable at large distances and thus
more suitable for subjects such as statues, architecture or geography
[62].

Finally, a commonly used passive scanning technique is stereopho-
togrammetry, in which a subject is photographed from multiple an-
gles and/or with multiple camera’s and the images are superimposed
to create a 3D surface [69]. An example of an image captured in this
way is shown in figure 16.
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(a) (b)

Figure 15: Example of a hand-held structured light scanner (Artec Evo) (a)
and the resulting image (b). 3D scan printed with permission of
subject.

(a) (b)

Figure 16: Example of an stereoscopic imaging set-up (a) and the resulting
image (b). These images were made available by Heike et al. [70]
on BioMed Central through the CC BY 2.0 license [30]

In theory, all of these 3D images can be used to study shape varia-
tion. Of course, they all have their advantages and limitations, which
should be considered on a case-by-case basis. For example, while 3D-
scans using hand-held structured light scanners offer an easy and
fast way to capture 3D images without a specialized set-up or envi-
ronment, they have a comparatively long scanning and processing
time, which make them less suitable for anthropometric studies. Fur-
thermore, hair is often a problem in this kind of scans: either because
it cannot be captured efficiently or -when studying the shape of the
scalp- it obscures the actual head surface. Medical images contain
much more information, including underlying structures which are
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not visible to the naked eye or to other types of 3D scanners. They
do require expensive and complex machinery which is usually only
available in hospitals. It is much more difficult and expensive to set
up studies with even a small number of test subjects. Luckily, a num-
ber of medical image database is openly accessible on the internet,
e.g. the LONI image archive [71] (a comprehensive list of these can
be found online at [72]). However, these databases are presently in-
tended for medical studies instead of anthropometric research, and
it can be challenging or even impossible for an anthropometrist to
find a database containing the right body parts with the right field
of view and in sufficiently large samples. Furthermore, medical im-
ages need to be preprocessed by a specialist in order to extract the
required structures (e.g. bone or skin layers). Even so, the flexibility
of selecting the desired layers and the high spatial resolution make
medical images highly suitable for shape studies, especially of static
surfaces such as the human head (excluding the hair). Therefore, the
models that were used in this doctoral research were all based on
medical images.

After obtaining a 3D data set that represents a desired population,
the surface meshes can be matched to each other using image process-
ing techniques for further statistical analysis. A set of corresponding
3D shapes (i.e. same size, orientation and corresponding vertices) on
which shape analysis can be performed is called a statistical shape
model. Shape modeling is further discussed in chapter 2.

1.3.4 General design methods for physical ergonomics

This chapter provides an overview of several design methods that can
be used to make products fit their intended users. The methods were
taken from current design practice and education (at Product Devel-
opment, University of Antwerp) and are mostly based on traditional
anthropometry. They will be extrapolated to 3D anthropometry in the
remainder of this thesis.

1.3.4.1 Individual design

Individual design is, as the name implies, custom-made design for
a single individual. It is the most expensive type of design, but it
results in the best possible fit. Individual design was commonplace
before the Industrial Revolution, but has been on the decline since
mass-production has become the standard way to produce goods and
products. For example, whereas buying clothes from a tailor used to
be a common occurence, it is now expensive and focused on specific
niches such as custom-tailored business clothing or people with de-
viating physical dimensions for whom mass-produced clothing does
not fit.
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However, there is a different method to allow nearly individual de-
sign: mass-customization. The term is combination of mass-production
and customization, in which a product is comprised of several mass-
produced or 3D-printed parts of various sizes that can be put together
in such a way as to fit (almost) everyone. Mass-customization is a lot
cheaper than individual design, although it is still not that common
in apparel or clothing design. Even so, it is an acceptable and often
appropriate design method to achieve a better fit at the expense of
some extra effort from the user or an intermediary.

1.3.4.2 Sizing systems

Product sizing is the art of creating a minimal number of different
versions of a product to fit a maximal number of people [73, 74].

In traditional anthropometry, creating a sizing system is a subjec-
tive process that is highly dependant on a designer’s experience and
skill. Although -to the author’s knowledge- few standardized meth-
ods are described in scientific literature [73], the following approach
is taught at Product Development, University of Antwerp.

First a so called "ego-design" is made: a mock-up of the product
concept that fits the designer. This is done to ensure that the required
fit and functionality can be achieved by the design.

The next step is to find out the design plasticity, meaning how
much the shape, size or flexibility of the device may vary before it
no longer performs its intended function. For example, when design-
ing a respirator mask, the respirator’s size is incrementally increased
or decreased until there’s no longer a tight seal with the designer’s
(or test subjects) face. From the minimum and maximum increments,
the total maximum size variation that can be accounted for in a single
product size can be determined. The process can also be repeated for
shape variation and material properties.

When design plasticity is known, the population’s measurements
are consulted, usually from an anthropometric data table that gives
averages, standard deviations and percentile values for each measure-
ment. First, the total desired population coverage should be deter-
mined (for each measurement) in order to find the minimum and
maximum measurement values. For example, the designer might de-
cide to target the P5 to P95 region and not take into account the
smallest or largest 5% of the population. The values that correspond
with these percentiles are drawn from the anthropometric table, and
product sizes are created by subdividing the measurement range in
parts with the maximum variation found in the plasticity test. See
figure 17 for a visualization of this process.

At the end of this process, the product dimensions are known for
each measurement, for a discrete number of product sizes. The an-
thropometric data tables can now be consulted again to find what
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Figure 17: Visualization of product sizing using traditional anthropometry.

percentage of the population that is included in each product size. To
determine which percentage of the population is covered by a prod-
uct size, an inverse approach of finding population percentile values
is followed. First, the designer checks how far the upper and lower
values of the measured dimension are from the population mean of
that dimension. This value is then expressed in a number of standard
deviations by dividing it by the population’s standard deviation for
that dimension. Because this corresponds to the z-value, the z-table
can be consulted to find which population percentage corresponds
to the product size’s upper and lower values (for this specific dimen-
sion). The difference between these percentage values is the percent-
age of the population covered by this product size. Of course, this
becomes slightly more complicated when multiple anthropometric
dimensions are used, because the correlation between all dimensions
needs to be taken into account. For this procedure, as well as a more
detailed explanation of population percentile calculations in product
design, the reader is referred to [45], [75] and [46]. Depending on the
population percentages, small modifications can still be made to each
product size if this results in a better population distribution. Alter-
natively, a product size might be dropped from the product range if
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it turns out it would only fit a minor percentage of the population.

Finally, in most cases, some overlap is allowed in the dimensions of
neighboring product sizes. By enforcing a strict separation between
the dimensions, people that have measurements on the boundary be-
tween two sizes might not get a comfortable fit from either of them.
An overlap eliminates this problem and allows for more comfortable
error margin during product design. Usually, the designer determines
how large the overlap should be, based on previous experience and
similar products.

Less experienced designers are bound to make mistakes the first
time(s) they apply this method, regardless of how thoroughly they
work, because the process is not purely algorithmic and highly de-
pends on experience. Even though they would greatly benefit from a
heuristic design method that is proven to result in acceptable prod-
uct sizes, it is challenging to find a standardized method for a subject
that is so designer-, product- (or concept) and population-specific.

1.3.4.3 One-size-fits-all

One-size-fits-all (1SFA) design is very similar to sizing systems, with
the difference that only one product size is created. While it is usually
desirable to have as few product sizes to cover a large population,
1SFA puts a number of constraints and challenges on the materials
and the creativity of the designer. In order to fit every individual in
a population, either a flexible material should be used (e.g. sweat
band), a minimum level of customization be incorporated (e.g. head
phones), or both. If no flexibility or customization is allowed, this
leads to products that do not properly fit any user in the best case, or
in the worst case cause discomfort, pain and even injury [76]. On the
other hand, it is important that customization does not come at the
cost of usability; if the product is too difficult to customize, the user
will get frustrated with it and might not by similar products again in
the future [77].

1.3.5 Example of headgear design: sports and motorcycle helmets

In this chapter, the practice of headgear design is briefly illustrated
through the example of helmets. As most readers will likely know,
helmets are used to protect the human head from injury and exist in
various shapes and sizes. Safety helmets protect construction work-
ers from falling objects, motorcycle helmets protect their user’s head
from impact due to falls, and bicycle helmets not only protect the
head from impact, but also improve aerodynamics and help the user
cycle faster. Each helmet has three main parts: an inner lining that
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fits the head and provides user comfort, an outer shell from a shock-
absorbing material to absorb the impact and disperse energy, and a
retention system that ensures the helmet stays on the user’s head.
Some helmets contain additional parts to protect the face and eyes.
An example is of the various parts of motorcycle helmet is shown in
figure 18.

Figure 18: Basic components of a helmet. Photo in the public domain,
adapted to remove background and add component labels.

Apart from being made of shock-absorbing materials and having
a retention system that sufficiently fixates the helmet during use, the
helmet should properly fit the human head in order to be effective
[78]. The helmet should be fixed on the frontal and occipital regions,
because the skull is thicker in these areas and they are less likely to
fracture [79, 80]. As little pressure as possible should be placed on the
thinner temporal and fontanel regions [80, 81]. Various organizations
publish standards for the characteristics, design and testing of differ-
ent types of helmets [78, 82]. The most well-known are the US-based
DOT (Department of Transport) and Snell Memorial Foundation, and
the European Committee for Standardization (CEN) and the United
Nations Economic Commission for Europe (ECE) [83]. While most
of the standards revolve around the functionality and testing of the
headset, helmet coverage -the surface area of the head that is covered
by the helmet- is also an important factor. One of the internationally
most often used headform for helmet coverage testing is EN960 [50,
84]. The EN960 headforms come in a set of 13 sizes based on the head
circumference, starting from 500 mm and increasing in size for each
100 mm. The increase in size is linear: all anthropometric dimensions
are assumed to increase by the same relative amount as the circum-
ference. Only the size of the headform changes, not the shape. Af-
ter a manufacturer has finished a set of helmets, they are compared
against the EN960 headforms (either digitally of physically) to de-
termine whether they cover the correct head surface, which differs
between applications.
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One problem with this approach for helmet coverage, is that due
to the fact that shape variation is not included in e.g. the EN960

headforms, these standards will not optimally represent their under-
lying populations. Helmets might pass every test and still fit the user
poorly, possibly compromising their safety. For example, helmets de-
signed in Europe or the United States often do not fit Asian users,
which were found to have smaller and rounder heads than Western-
ers [50]. Another problem is that the standard headforms are often
based on outdated anthropometric data. In the case of EN960, it is
unclear from which population the measurements were originally de-
rived, but it is well known that these measurements have not been
updated much since its conception around 1900 [50]. 3D anthropom-
etry could offer a solution for both of these problems. Dr. Roger Ball
demonstrated the use of 3D anthropometric models for this purpose
by creating a new set of physical and digital EN960 headforms specifi-
cally for the Chinese population. An example of the digital headforms
can be seen in figure 19.

Figure 19: Example of a set of EN960 headforms (manikins). Image from
"SizeChina: 3D anthropometric survey of the Chinese head" [50].

Even so, while the standards for helmet verification are well de-
scribed, to the authors knowledge no standardized design methods
or manikins exist for the initial design. Current standards are focused
more on safety than on user comfort. However, research has shown
that comfort might be at least equally important, especially in cases
where helmets are not mandatory, as is the case for bicycle helmets
in Belgium and the Netherlands. Many bicyclists choose not to wear
a helmet due to issues related to lack of comfort caused by a bad
physical fit, high weight or insufficient heat dissipation. Helmet users
would therefore benefit from a standardized design and verification
method for optimal helmet fit. However, as discussed in section 1.3.4,
each manufacturer has their own method to create product fit, usu-
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ally based on a set of traditional anthropometric measurements and
depending on experience, designer intuition and sales numbers to
determine helmet dimensions and sizes [46].

In most cases, helmet designers follow a sizing system approach.
Most helmets exist in a minimum of three sizes (e.g. small, medium,
large). Further customization within each helmet size is achieved
through customizability of the retention system on the one hand, and
the soft, flexible inner lining on the other. While the inner lining has
few shock-absorbing capabilities, it can have a significant impact on
fit an user comfort. As mentioned in section 1.3.4.2 and discussed
in chapter 4, it is not always feasible to create a sufficient number
of product sizes to perfectly fit a given population. Soft inner layers
made from foam or rubber offer a solution in these cases. Even so,
conventional helmet sizing is often inaccurate [85, 86].

While this chapter was focused on helmets, the same design ap-
proach is used for other head-based products, such as respirators,
glasses or safety goggles [46].

1.3.6 The need for more detailed head models

From the chapters above, it seems that there is still a lot of room
for improvement in the design methods for headgear in general and
BCI in specific. Firstly, better anatomical and anthropometric mod-
els are required in order to fully understand the shape variation of
the human head. As discussed above, one-dimensional anthropomet-
ric measurement tables are often incomplete, outdated or unreliable.
They offer only rudimentary information on the three-dimensional
shape of the head. Designers and standards organisations alike would
benefit from accurate and up-to-date 3D models of the head. These
models could be used to improve the fit, functionality and safety of
many head products by supporting standard headforms that much
more closely resemble their intended populations. They could also
be used to construct digital or physical 3D manikins to be used in the
initial design of head products, thereby reducing the time and mate-
rial costs that would normally be spent on trial-and-error prototyping.
Finally, in the case of BCI product development, a 3D anthropometric
model of the human scalp would make it possible to correctly predict
how a BCI headset’s electrodes and fixation points should be placed,
increasing the possibility of designing commercial BCI headsets that
can be used outside of laboratory settings.

1.4 research questions

The remainder of this thesis will focus on the creation and evalua-
tion of such a 3D model, as well as on its implementation in product
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design. This will be done by considering the following research ques-
tions:

• How well can the global and local shape variation of the human scalp
be quantified in a statistical shape model?

• Does the use of shape models have an impact on the geometric fit,
stability and repeatability of EEG sensors in BCI-equipment?

• How can 3D anthropometry be implemented in product sizing to cre-
ate better fitting headgear?

The structure of the performed research and its correspondence to
the research questions is shown in figure 20.

Figure 20: Research structure.
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R E S E A R C H PA P E R S

This chapter contains research papers that were published
in (or in one case submitted to) international peer-reviewed
journals during the course of this doctorate. Each paper
answers one of the research questions posed in section 1.4.
Chapter 2, "Evaluation of an anthropometric shape model
of the human scalp", adresses the creation and evaluation
of a shape model to quantify the global and local varia-
tion in the human scalp shape. In chapter 3, "Ergonomic
design of an EEG headset using 3D anthropometry", a
method is presented to use the shape model for the de-
sign of a one-size-fits-all BCI headset frame, and the elec-
trode placement and stability of the frame is examined.
Chapter 4, "Product sizing with 3D anthropometry and k-
medoids clustering", discusses and evaluates a method to
combine k-medoids clustering and statistical shape mod-
els to improve product sizing. The papers are presented
as they were published, although the tables were slightly
modified in order to maintain a unified look throughout
the document. Some remaining typographical errors were
also corrected, and the reference sections of the papers
were combined in the thesis bibliography. Some overlap
with the previous chapters was unavoidable, although it
was kept to a minimum.
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2.1 abstract

This paper presents the evaluation a 3D shape model of the human
head. A statistical shape model of the head is created from a set of 100

MRI scans. The ability of the shape model to predict new head shapes
is evaluated by considering the prediction error distributions. The ef-
fect of using intuitive anthropometric measurements as parameters
is examined and the sensitivity to measurement errors is determined.
Using all anthropometric measurements, the average prediction error
is 1.60 ± 0.36 mm, which shows the feasibility of the new parame-
ters. The most sensitive measurement is the ear height, the least sen-
sitive is the arc length. Finally, two applications of the anthropometric
shape model are considered: the study of the male and female popula-
tion and the design of a brain-computer interface headset. The results
show that an anthropometric shape model can be a valuable tool for
both research and design.
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40 evaluation of an anthropometric shape model of the human scalp

2.2 introduction

Parametric shape modeling is a popular technique to describe a pop-
ulation of 3D shapes with a limited set of parameters [87]. When ap-
plied to the human body, it enables medical doctors, product design-
ers and researchers to study the human body through high-quality
3D representations [88]. For the sake of simplicity, people working
in these fields will be referred to as ’ergonomists’ throughout the re-
mainder of this article. The parameters that yield the most accurate
shape predictions of the body are usually found by statistically an-
alyzing a sample of 3D polygonal surfaces. Although the resulting
statistical shape models (SSM) accurately describe the object’s shape,
these statistics are often difficult to interpret and non-intuitive for de-
sign specialists. Therefore, several methods have been proposed to
compute a new set of parameters to characterize the human body
shape. Most of them were focused on the full body [87, 89–92], the
face [93] or head [94]. This research shows that head shapes can in-
deed be predicted from either semantic parameters such as age, gen-
der and ethnicity or from various body size measurements.

While more recent techniques were suggested as solutions for in-
dustrial designers [91, 94–96], it is not clear how they should interpret
and use the results. Custom GUI applications have been suggested,
in which the model can be varied according to statistical parame-
ters [97, 98]. However, statistical parameters are not intuitive enough
to be used by ergonomists. Other suggestions include generating 3D
models based on anthropometric measurements and then using these
static shapes in 3D software [99], which is not far off from traditional
anthropometry. Furthermore, only the average geometric (i.e. vertex-
to-vertex) fit of the shape models to the scanning data was usually
validated. While this is a valuable parameter, it only gives a very lim-
ited indication of the predictive capabilities of the models. Finally,
despite the advent of head-centered products such as EEG-recording
devices [100], to the best of the authors’ knowledge no parametric
models to date focus on the scalp.

In this work, the hypothesis is that a statistical shape model can be
created that accurately represents the human scalp and that can be
modified by parameters that are intuitive to designers or ergonomists.
A statistical 3D shape model of the human scalp is created and a
linear mapping is made between statistical parameters and ten an-
thropometric measurements. The prediction accuracy of the model is
examined by using three different error metrics, i.e. vertex-to-vertex,
normal and tangential error. Both the average and point-to-point er-
rors are evaluated for several combinations of anthropometric mea-
surements. Cross-validation is used to verify both the statistical and
the anthropometric shape model. The sensitivity the prediction to
measurement errors for individual parameters is shown and the ef-
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fect of measurement errors on the prediction is evaluated. This exten-
sive analysis will allow ergonomists to select the minimal required
set of anthropometric measurements, determine the influence of mea-
surement errors and accurately locate shape variation.

The remainder of this paper is organized as follows. Section 2.3 de-
scribes how the shape model is built, including the segmentation and
parametrization of the MRI scans, the principal component analysis
(PCA) of the 3D scalp geometry, the selection of the anthropometric
measurements, and the correlation between these measurements and
the PC weights. In section 2.4, the shape model is evaluated in terms
of prediction accuracy, the data set size is verified for the statistical
as well as the anthropometric model, and the sensitivity of the pre-
diction to measurement errors is discussed. The results are shown in
section 2.5, as well a discussion on how to select the right anthropo-
metric measurements and an application for anthropometric research
and for industrial design. Finally, the conclusion is formulated in sec-
tion 2.6.

2.3 methods

This section presents the workflow of the methodology that was used
to create the anthropometric shape model (see Fig. 21). Because the
input MRI scans contain more information than just the skin surface,
they first need to be preprocessed to remove all artefacts and to ex-
tract the cranium surface as a geometric surface mesh. This process
is described in section 2.3.1.1. The surfaces then need to be aligned to
each other and be projected into a simpler parameter space for further
analysis. This ensures that corresponding points are used through-
out the remainder of the methodology, instead of possibly comparing
e.g. the tip of the nose with the tip of the earlobe. Section 2.3.1.2 de-
scribes how this was done. The surfaces are then sampled so as to
obtain a uniform set of corresponding points on which PCA can be
performed to examine the shape variation, as explained in section
2.3.1.3. However, as will be discussed in section 2.3.2.1, PCs are not
intuitive enough to be used as parameters for the model. Therefore,
section 2.3.2.2 concludes the methodology by showing how ten intu-
itive measurements can be used instead to analyze the head geometry
and predict new head shapes.

2.3.1 Building the shape model

2.3.1.1 Segmentation of MRI Scans

100 MRI T1-FFE-weighted MRI scans (50 male, 50 female aged be-
tween 20 and 30 years, Western population) were used as input for
the shape model. The scans were acquired using a Philips ACS III 1.5
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Figure 21: Workflow. The skin layer is first extracted from MRI scans, then
the scalp surfaces are parametrized and corresponded to one an-
other. After sampling the images using uniform landmark loca-
tions, PCA is performed on the resulting point cloud. Finally, the
anthropometric measurements are acquired from the scalp sur-
faces and are correlated with the respective PC weights to create
a mapping. This mapping results in an anthropometric model
that can be used to predict new scalp surfaces based on anthro-
pometric measurements.
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T scanner in the sagittal acquisition plane, with a slice thickness of
1 mm, an echo time of 10 ms, a repetition time of 18 ms and a flip
angle of 30 degrees. These scans were obtained from the International
Consortium for Brain Mapping (ICBM) database [101].

The first step in the processing pipeline was to segment the skin
layer. Hereto, the MR images were debiased by Lloyd-Max quantiza-
tion [102] and thresholded for grayscale intensity between 300 and
1800. Connected components labeling [103] was used to separate the
head from smaller noise artifacts and head fixation braces. Finally, a
morphological closing operation was applied to fill cavities such as
the ear canals and nostrils. The ensuing surface was then extracted us-
ing marching cubes [104] and any remaining holes were interpolated
using Poisson surface reconstruction [105].

The skin surface of the cranium was extracted as the region of inter-
est, because the aim of this work was to mainly examine the variabil-
ity of the scalp. To that end, each surface was cut by the shortest path
connecting four consecutive points that were manually annotated on
each surface: the subnasale (sn), both otobasia inferia (obi1 and obi2)
and the inion (i) (see Fig. 22). The shortest path was determined us-
ing fast marching, in which a distance map is first calculated from
the one boundary point to the next, followed by gradient descent in-
terpolation from the latter to former [106]. This resulted in a set of
surfaces of the same topology S = {S1, · · · , Sns}, with ns the number
of surfaces.

2.3.1.2 Surface Parametrization and Correspondence Optimization

The next step was to correspond the 3D coordinate points of the sur-
faces to each other, enabling statistical analysis of the 100 scans. The
surfaces S were mapped to a simpler parameter space by a process
called surface parametrization. Many parametrization methods exist:
if the corresponding surface is disc-like or spherical, a disc or sphere
is often taken as the parameter space, while other domains are used
for more complex topologies [107]. In this paper, the approach of [107]
was used, with the exception that the head surfaces were mapped to
a planer (two-dimensional) rectangle with sides of length 1. The set of
parametrizations is P = {P1, · · · ,Pns}; where Pj is a parametrization
for a surface Sj only if its nodes, edges and faces are embedded in the
rectangular planar domain and have a one-to-one correspondence to
those of Sj. The mapping φ : S→ P between the parameterizations P

and surfaces S was calculated by defining each point in Pj as a linear
combination of its neighbours [108]. The resulting system of linear
equations only has a unique solution if φ satisfies the Laplace equa-
tion ∆φ = 0 on the interior of S. Once φ is defined on the boundary of
S, the system can be solved using finite element analysis as in [109].

With the parameterizations well defined, point-to-point correspon-
dence is the next step. A group-wise correspondence optimization
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Figure 22: Annotation points and coordinate system. Anthropometric mea-
surements and annotation points (top) and example of coordi-
nate system used for anthropometric measurements showing the
transversal (bottom left), midsagittal (bottom middle) and Frank-
furt plane (bottom right), respectively, facing the front.
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was performed [107], resulting in high-quality correspondences and a
compact model. This method consisted of two steps: a rigid optimiza-
tion in which the surfaces were aligned, and a non-rigid optimization
in which the parameterizations were locally deformed while the sur-
faces were kept optimally aligned, resulting in new parametrizations
P and transformed surfaces S. Fig. 23 shows the parametrization pro-
cess and the correspondence optimization in more detail. Since there
are no points to correspond below the boundary, the surfaces are
aligned mainly according to the scalp region. The corresponded sur-
faces of all 100 scans used in this paper can be downloaded from http:

//www.visielab.ua.ac.be/sites/default/files/research_topic_files/

shape-matrix_29910-coordinates_x_100-surfaces_0.xlsx.

2.3.1.3 Modeling the Shape of the Scalp

The corresponding parametrizations were used for statistical analy-
sis of the underlying shapes. Each surface was sampled in the pa-
rameter space P ≡ [0, 1]2 with a set of landmarks that resulted in
a uniform distribution of landmarks over the average scalp. The 3D
coordinates of these landmarks were concatenated into a vector ẋi =

[vi,1, . . . , vi,np
] = [xi,1,yi,1, zi,1, . . . , xi,np

,yi,np
, zi,np

] with np the num-
ber of landmarks. A 3np × ns shape matrix X was then defined as
[ẋT1 , · · · , ẋTns

] (with ns the number of shapes) and zero-centered by
subtracting the row-wise mean x̄ from each element for each respec-
tive surface:

Xc = [ẋT1 − x̄T . . . ẋTns
− x̄T ] (1)

After applying PCA, each scalp can be represented as follows:

x ′ = x̄ +

ns−1∑
j=1

Pjb ′
j = x̄ + Pb ′ (2)

where x ′ is a column vector containing the vertex coordinates of the
scalp, P a 3np× (ns − 1) orthonormal matrix containing the principal
component vectors as columns, and b ′ a (ns − 1)× 1 column vector
of weights of the respective PCs. By modifying the principal compo-
nent weights b ′, new scalp surfaces can be constructed. Hence, Eq. 2

represents a shape model that is parametrized by the PC weights.

2.3.2 Extending the shape model with anthropometric measurements

2.3.2.1 Performing anthropometric measurements on the human scalp

The first five PCs are shown in Fig. 24. Unfortunately, PC weights do
not provide an intuitive description of the shape of the scalp because

http://www.visielab.ua.ac.be/sites/default/files/research_topic_files/shape-matrix_29910-coordinates_x_100-surfaces_0.xlsx
http://www.visielab.ua.ac.be/sites/default/files/research_topic_files/shape-matrix_29910-coordinates_x_100-surfaces_0.xlsx
http://www.visielab.ua.ac.be/sites/default/files/research_topic_files/shape-matrix_29910-coordinates_x_100-surfaces_0.xlsx
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the principal components have no clear physical interpretation (e.g.,
’volume’ or ’size’). This leads to ambiguous definitions and clearly
shows the need for a new set of intuitive parameters, i.e. anthropo-
metric measurements. NEN-EN-ISO 7250.

Figure 24: Visualization of principal components. Principal component 1

to 5 shown as the average head -3 (red) and +3 (white) standard
deviations of the respective PC.

Anthropometric measurements are usually defined according to
standards which are based on the work of Rudolf Martin [110] in
Europe, e.g. The measurements are taken with respect to the Frank-
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furt plane, which is defined as the plane passing through the lower
points of both eye sockets (in this work, the lowest point of the left
eye socket (or) is used) and both tragia (t1 and t2) [111]. The other
reference planes, the midsagittal and the transversal planes, are per-
pendicular to this plane (see Fig. 22).

The following measurements were selected (see Fig. 22):

Head length (HL): glabella (g) to ophistokranion (op) distance.

Face width (FW): left ektokanthia (ek1) to right ektokanthia (ek2) dis-
tance.

Bitragion width (BW): left tragion (t1) to right tragion (t2) distance.

Ear height (EH): sub-aurale (sba) to super-aurale (sa) distance.

Projected ear height (PE): sub-aurale (sba) to super-aurale (sa) dis-
tance, projected on the midsagittal plane.

Vertical position of the ear (VE): left tragion (t1) to vertex (v) distance,
projected on midsagittal plane.

Horizontal position of the ear (HE): left tragion (t1) projected on mid-
sagittal plane to ophistokranion (op) distance, projected on Frank-
furt plane.

Head circumference (CF): the length of the intersection of the head
surface and the plane perpendicular to the midsagittal plane
and going through the glabella (g) and ophistokranion (op).

Arc length (AL): measured over the surface of the head, from glabella
(g) to inion (i) on the midsagittal plane.

Arc width (AW): measured over the surface of the head, from tragion
(t1) to tragion (t2) and perpendicular to the transversal plane
(see below).

The measurements were performed on the input surfaces and con-
catenated into a vector fi = [fi,1, ..., fi,nm

] for each surface Si, with nm

the number of measurements, and combined into a nm×ns measure-
ment matrix F = [fTi , ..., fTns

]. The results of the measurements for the
population head scans are summarized in Table 5. The full measure-
ments for all 100 scans can be downloaded as a labeled spreadsheet
from http://www.visielab.ua.ac.be/sites/default/files/research_

topic_files/anthropometric_measurements_0.xlsx, and as the data
matrix used throughout this work from http://www.visielab.ua.ac.

be/sites/default/files/research_topic_files/feature-matrix_10-measurements_

x_100-surfaces_0.xlsx.

http://www.visielab.ua.ac.be/sites/default/files/research_topic_files/anthropometric_measurements_0.xlsx
http://www.visielab.ua.ac.be/sites/default/files/research_topic_files/anthropometric_measurements_0.xlsx
http://www.visielab.ua.ac.be/sites/default/files/research_topic_files/feature-matrix_10-measurements_x_100-surfaces_0.xlsx
http://www.visielab.ua.ac.be/sites/default/files/research_topic_files/feature-matrix_10-measurements_x_100-surfaces_0.xlsx
http://www.visielab.ua.ac.be/sites/default/files/research_topic_files/feature-matrix_10-measurements_x_100-surfaces_0.xlsx
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Measurement head
length

face
width

bitr.
width

ear
height

hor. pos.
ear

Max 222 108 167 70 114

Min 168 77 131 47 82

Mean 199 94 148 55 101

St. dev. 10.6 5.8 8.0 4.4 6.1

Measurement ver. pos.
ear

proj. ear
height

circ. arc
length

arc width

Max 150 69 626 342 389

Min 109 47 511 262 298

Mean 133 55 565 304 346

St. dev. 7.2 4.4 25.7 16.5 17.5

Table 5: Summary of anthropometric measurements for a population of 100

individuals (50 male, 50 female, ages between 20 and 40).

2.3.2.2 Correlating anthropometric measurements and PCs

Next, the correlation between the anthropometric measurements and
the PCs was studied. For this purpose, the multivariate regression
approach of Allen et al. [89] was used. A linear method was chosen
because it can be implemented using linear matrix operations, which
are easy to calculate and allow for low delay dynamic interaction with
the resulting shape model. An (ns − 1)× (nm + 1) mapping matrix
M was calculated as follows:

M = BḞ+ (3)

B is a (ns − 1) × ns matrix containing the weight vectors corre-
sponding to the measurements for each PC, as calculated in section
2.3.1.3. To account for y-intercepts in the regression, a row of ones was
appended to the measurement matrix F, represented as (nm+ 1)×ns

matrix Ḟ, with pseudo-inverse Ḟ+. For the purpose of this paper,
ns = 100, np = 10000 and nm = 10. Once the mapping matrix was
obtained, it was possible to calculate a weight vector b ′ for a new set
of measurements f ′ = [f ′1, ..., f ′nm

, 1]:

b ′ = Mf ′T (4)
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In order to create a new surface using custom anthropometric mea-
surements, the new b ′ is simply inserted into Eq. (2) to obtain a new
shape x ′ = [v ′

i,1, . . . , v ′
i,np

] = [x ′i,1,y ′
i,1, z ′i,1, . . . , z ′i,3np

]:

x ′ = x̄ + Pb ′ = x̄ + PMf ′T (5)

Thus, the shape model can now also be parametrized according to
the anthropometric measurements and will be further referred to as
the anthropometric model.

2.4 experiments

In this section, the anthropometric shape model built in section 2.3 is
evaluated. First, a number of error metrics are introduced in section
2.4.1.1 that will be used throughout the rest of the work to determine
the accuracy of each prediction. The overall prediction quality is as-
sessed in section 2.4.1.2, for anthropometric models built with single
measurements or with combinations of them. In order to examine the
generalization ability of the models, cross-validation analysis is per-
formed on the PCA model from section 2.3.1.3 and the anthropomet-
ric model from section 2.3.2.2 in sections 2.4.2.1 and 2.4.2.2, respec-
tively. Finally, since errors due to human error or due to equipment
properties sometimes occur when measuring subjects, section 2.4.3
discusses the sensitivity of each of the anthropometric measurements
to measurement errors.

2.4.1 Determining the distribution of the prediction errors

2.4.1.1 Prediction Quality Measures

To assess the accuracy of the prediction of a given shape model, three
distance metrics were introduced: the geometric dg, the normal dn,
and the tangential error dt, between a point v on the original surface
and the corresponding point v ′ on the mapped surface (see Fig. 25):

dg(v, v ′) = |v − v ′| (6)

dn(v, v ′) = |(v − v ′) · nv| (7)

dt(v, v ′) =
√
dg(v, v ′)2 − dn(v, v ′)2 (8)

To assess the quality of a shape model prediction, the errors need
to be combined into a single meaningful number. To this end, the
vertex errors are averaged into the shape geometric errors Dg(Si) as
follows:

Dg(Si) =
1

np

∑
v∈Si

dg(v, v ′) ∀i = 1, · · · ,ns (9)
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Figure 25: Error metrics. Visualizations of the error metrics used. The green
line represents the original surface, the red line represents the
prediction. Vertex v ′ on the predicted surface corresponds to v
on the original surface. nv is the normal of vertex v, and v ′′ is the
projection of v ′ on nv. The geometric error between these points
is the norm of vector v ′ − v, the normal error the norm of v ′′ − v
and the tangential error the norm of v ′′ − v ′.

Finally, the average of the shape geometric errors for a set of shapes
S is calculated for each mapping, resulting in the model geometric
error Eg(S):

Eg(S) =
1

ns

∑
Si∈S

Dg(Si) (10)

Furthermore, the error metrics were also calculated per point, re-
sulting in a vector eg = [e

(1)
g , ..., e(np)

g ] of average point geometric
errors, which can be used to visually locate the prediction errors of
the model:

e
(j)
g =

1

ns

∑
Si∈S

dg(vi,j, v ′
i,j) ∀i = 1, · · · ,ns; j = 1, · · · ,np; vi ∈ Si

(11)

Two approaches were considered for the calculation of the stan-
dard deviation. By taking the standard deviation over all Dg(Si),
one can gain insight on how the prediction errors vary across the
entire population. The standard deviation over all vertex errors in-
stead gives more information on the local error variation. The former
was deemed to be of more use in evaluating the feasibility of a shape
model for design purposes and was therefore used throughout most
of this paper.
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The model, shape, and point normal error En(S) and tangential
error Et(S) are calculated analogously.

2.4.1.2 Analysis of Anthropometric Model Prediction

Apart from the sensitivity for each anthropometric measurement, the
prediction errors of the mapping using several combinations of mea-
surements were also taken into account. First, an anthropometric shape
model was built for the entire input population, using only one in-
dividual measurement to calculate the mapping (Eq. 3). The scalp
shapes of the entire population (Eq. 4) were predicted with this map-
ping. Each of the 100 predicted shapes was calculated by creating a
model using the 99 remaining shapes and predicting the shape based
on the measurements. The average geometric, tangential and normal
errors 2.4.1.1 over all 100 scalp shapes were used to compare the pre-
diction accuracy of each anthropometric measurement. In the same
way, predictions were calculated for anthropometric models using all
1022 possible combinations of anthropometric measurements. This
supports the creation of an anthropometric shape model with a mini-
mal number of parameters.

2.4.2 Evaluating the data set size

2.4.2.1 Verification of PCA Model by Repeated Random Sub-sampling

To verify the robustness of the PCA model of section 2.3.1.3, repeated
random sub-sampling was applied. Subsets of 10, 20, . . . , 90 scans
were randomly selected from the 100 scans. PCA was performed on
each subset (see section 2.3.1.3), resulting in a PC matrix PT

t and an
average surface x̄t. One additional surface xv was randomly selected
from the original data set (excluding the scans in the subset) to serve
as validation data. The PC weights bv for xv were calculated as fol-
lows:

bv = PT
t (xv − x̄t) (12)

A new surface was then created by inserting the PC weights bv in
Eq. (2). The resulting surface is a restriction of the original shape to
the space spanned by the PCs of the trained PCA model. The shape
geometric errors (see section 2.4.1.1) between this restricted surface
and the validation surface xv were then calculated. The above proce-
dure was repeated for 1000 iterations. Finally, the average and stan-
dard deviation of all 1000 shape geometric errors were calculated for
each of the subsets. Since the projection error contributes to the map-
ping error, it was important to ensure that it was in the range of the
original resolution of the MRI scans (1 mm).
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2.4.2.2 Verification of Anthropometric Model by Repeated Random Sub-
sampling

Next, the generalization ability of the anthropometric model using
the mapping of section 2.3.2.2 was examined. This was done in a
similar way to section 2.4.2.1, with the exception that a mapping was
constructed between the PC weights and the measurements using
Eq. (3) of the training data. This mapping was then used to predict
the shape of a randomly selected scalp surface (excluded from the
training data). The geometric error between the predicted surface and
the original surface was used to assess the robustness of the mapping.

2.4.3 Sensitivity Analysis of Mapping Algorithm

The prediction error of the anthropometric model is influenced by the
skills of the practitioner [112, 113], the precision of the equipment and
the measurement method (direct measurement, measurement from
2D images or from 3D images) [114]. Therefore, the sensitivity of the
prediction to measurement errors ought to be examined. In this sec-
tion, a distinction is made between the anthropometric measurement
(e.g. head length) and the measurement value (e.g. 190 mm). In order
to obtain a single factor to express the sensitivity for each anthropo-
metric measurement, a Monte Carlo analysis was performed on a full
anthropometric model. Assuming that physical measurement errors
follow a normal distribution, a range of normally distributed errors
were added to the value of each anthropometric measurement, and a
number of surfaces was predicted using the aberrated measurements.
The prediction errors for these surfaces were averaged over 1000 trials
for each step in the error range and a regression line was fitted to the
averages and standard deviations.

2.5 results and discussion

In this section, the results are shown. First, the data set size and
region of interest are discussed in section 2.5.1. A quantitative and
qualitative analysis of the shape model is made in section 2.5.2, and
the selection of the right anthropometric models for a desired predic-
tion accuracy is discussed. Two applications are discussed at the end
of the chapter, section 2.5.3 demonstrates a comparison between the
male and female head shape, section 2.5.4 explores the design of the
brain-computer interface using an anthropometric shape model.
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2.5.1 Data Set and ROI Selection

2.5.1.1 Discussion on the data set size

A data set of MRI scans was used as input because of several reasons.
Firstly, the high availability of MRI data, e.g. in university hospitals,
eliminates the need for volunteer recruitment and time-consuming
scanning sessions. As opposed to CT, MRI does not operate with
ionizing fields [115]. Furthermore, extracting the skin layer directly
means that there is no image occlusion due to hair. If necessary, the
hair could be modeled separately. Alternatively, one might want to
examine the effect of ethnicity, e.g. by considering scans from the
Chinese population [116]. As long as the data can be extracted as a
polygon surface, the presented methodology can be extended to other
input data sets.

2.5.1.2 Verification of PCA Model and Anthropometric Model

Fig. 26 (left) shows the average and standard deviation of the geomet-
ric error for the PCA model, as defined in section 2.4.2.1. The geomet-
ric error levels at 0.64± 0.12 mm for 100 shapes, indicating a proper
approximation (around 1 mm) of the head shape for the given popu-
lation. Furthermore, the fact that there is a linear correlation between
the PCs and the anthropometric measurements is supported by the
outcome of the procedure in section 2.4.2.2: when using the anthro-
pometric shape model for prediction, the geometric error again levels
for 100 shapes, this time at 1.52± 0.37 mm. The results are plotted in
Fig. 26 (right).

2.5.2 Selecting an appropriate shape model

2.5.2.1 Applying the error metrics

The three error metrics provide distinctly different information that
benefits the interpretation of the prediction. The geometric error dg is
the most obvious one, and is commonly used in geometric modeling
to determine the linear distance between a original and a predicted
point. As such, it offers information on the spatial location of points
in the prediction. In general, the higher this distance, the worse the
prediction is considered to be. However, it contains no information
on the direction in which the point has moved between predictions.
The normal error dn, on the other hand, shows whether the pre-
dicted point has moved towards the inside or outside of the shape.
This knowledge is useful for fixation purposes: a higher normal error
means that it is uncertain whether the retention system system (e.g.
a hinge or a spring system) will be able to provide the right amount
of flexibility. A designer will then either have to choose other fixation
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Figure 26: Verification of PCA model and anthropometric model. Average
geometric error per subset size for shape model under repeated
random sub-sampling and for 1000 iterations. Left: verification of
PCA model with the first geometric error 1.44± 0.35 mm (subset
of 10 shapes) and the last one 0.64±0.12mm (subset of 90 shapes).
Right: verification for anthropometric measurement model with
the first geometric error (out of range in the plot) 18.6± 27.5 mm
(subset of 10 shapes), and the last one 1.52± 0.37 mm (subset of
90 shapes).

²

regions or another anthropometric model. Finally, the tangential error
de expresses how much the point has moved along the surface of the
shape. The higher this number, the larger the contact area between a
product and the head will have to be. If it is too high, this require-
ment might result in overlapping contact areas. This is problematic
for sensor application, e.g. for EEG-electrodes. The three measures
combined provide information for a wide range of applications and
can be used both to evaluate the feasibility of a given shape model
and to assist in the determination of product specifications.

2.5.2.2 Quantitative Analysis of the Anthropometric model

As discussed in sections 2.2 and 2.3.2.1, there is a clear need for
a shape model parametrized by simple, intuitive parameters when
head product design is envisaged. The prediction errors (see section
2.4.1.1) for individual measurements are summarized in Table 6, the
errors for various combinations in Table 7. The required number and
combination of measurements will depend on the intended applica-
tion. For example, if a geometric error of no more than 2.5± 0.1 mm
on average is acceptable, one might use the head length, circumference
or bitragion width individually to predict the three dimensional shape
of a customer’s head and create a 3D design.
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Measurement geom. error
(ESg)

norm. error
(ESn)

tan. error
(ESt )

all 1.61± 0.36 1.40± 0.32 0.20± 0.03
head length 2.32± 0.94 2.04± 0.84 0.21± 0.03
face width 3.06± 1.41 2.74± 1.30 0.21± 0.03
bitragion width 2.46± 0.99 2.17± 0.90 0.21± 0.03
ear heigh 3.28± 1.65 2.97± 1.53 0.21± 0.03
hor. pos. ear 2.90± 1.20 2.60± 1.10 0.21± 0.03
ver. pos. ear 2.64± 1.06 2.40± 0.99 0.19± 0.02
proj. ear height 3.26± 1.63 2.94± 1.51 0.21± 0.03
circumference 2.03± 0.68 1.78± 0.61 0.21± 0.03
arc length 2.60± 0.95 2.33± 0.89 0.20± 0.03
arc width 2.64± 1.03 2.39± 0.96 0.20± 0.03

Table 6: Average geometric, normal and tangential error for shapes pre-
dicted by the shape model using individual measurements (ex-
pressed in mm) for each shape in the data set (i.e. 100 shapes for
this experiment).

Measurement geom. error
(ESg)

norm. error
(ESn)

tan. error
(ESt )

HL, FW, BW, HE, VE,
PE, CF, AL, AW

1.60± 0.36 1.40± 0.31 0.20± 0.03

HL, FW, BW, HE, VE,
CF, AL, AW

1.60± 0.35 1.40± 0.30 0.20± 0.03

HL, FW, BW, EH, CF,
AL, AW

1.63± 0.37 1.43± 0.30 0.20± 0.03

HL, FW, BW, CF, AL,
AW

1.63± 0.36 1.42± 0.30 0.20± 0.03

HL, BW, CF, AL, AW 1.63± 0.37 1.43± 0.31 0.20± 0.03
HL, BW, CF, AW 1.64± 0.39 1.43± 0.32 0.20± 0.03
HL, CF, AW 1.70± 0.45 1.49± 0.39 0.20± 0.03
HL, CF 1.80± 0.52 1.54± 0.44 0.21± 0.04

Table 7: Average pgeometric, normal and tangential error for shapes pre-
dicted by the anthropometric model using combinations of mea-
surements, expressed in mm. HL = head length, FW = face width, BW
= bitragion width, EH = ear height, HE = horizontal position of ear, VE
= vertical position of ear, PE = projected ear height, CF = circumference,
AL = arc length and AW = arc width.
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Sometimes, an ergonomist will only have a limited set of physical
measuring tools (e.g. calipers) at hand. In these cases, using a subset
measurements would be preferred to finding the tools necessary to
acquire all measurements. However, this advantage comes at a price:
the average geometric prediction errors increase to 1.80± 0.47 mm, as
shown in Table 8 and 27.

Tool Meas. geom. error
(ESg)

norm. error
(ESn)

tan. error
(ESt )

calipers HL, FW,
BW

1.86± 0.47 1.58± 0.37 0.22± 0.04

calipers HL, BW 1.88± 0.50 1.61± 0.40 0.21± 0.04
tape measure CF, AL,

AW
1.84± 0.49 1.63± 0.44 0.19± 0.03

tape measure CF, AW 1.87± 0.52 1.66± 0.46 0.19± 0.03

Table 8: Average geometric, normal and tangential error for shapes pre-
dicted by the anthropometric model using combinations of mea-
surements that can be measured using a single tool, expressed in
mm. HL = head length, FW = face width, BW = bitragion width, CF =
circumference, AL = arc length and AW = arc width.

If the prediction error should be lower (e.g. for personalized EEG
devices), more anthropometric measurements will be required, as
shown in Table 7. A surprising fact from this table is that the best
prediction, with a geometric error of 1.38± 0.27 mm, a normal error
1.27 ± 0.26 mm, and a tangential error 0.15 ± 0.03 mm is achieved
by using eight measurements, leaving out ear height and projected ear
height. As of yet, it is not clear whether this is due to the segmenta-
tion process or because the anthropometry of the ear is actually not
related to that of the head. Therefore, the current dataset cannot be
used for designs that rely on detailed description of the ear geometry.

Another parameter to consider is the desired percentage of the
population that the model should cover for a selected prediction er-
ror. This can be visualized by plotting the cumulative distribution
function (CDF), as in Fig. 27. For example, while the combination of
head length and bitragion width offers an average geometric error of
1.88± 0.50 mm, Fig 27 (top left) shows that less than 70 percent of the
population will actually have a geometric error lower than 2 mm. This
might suffice for designs which aim to incorporate a higher amount
of customizability, but it will not be enough for highly personalized
products with fewer customization options. In the latter case, a combi-
nation covering a higher percentage will be preferred, e.g. head length,
bitragion width, circumference, arc length and arc width (80 percent, see
Fig. 27, top right).
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Figure 27: CDF of average geometric error. Cumulative distribution of av-
erage geometric error for an anthropometric model built using in-
dividual measurements (top left), combinations of measurements
(top right), and combinations using specific anthropometric tools
(bottom), including a full anthropometric model for comparison.
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Finally, the sensitivity of the anthropometric model to measure-
ment errors, as explained in section 2.4.3, should be taken into ac-
count. The results of the regression on prediction errors induced by
measurement errors are listed in Table 9. Multiplying the slopes of
these lines with an expected measurement error provides an estimate
of the geometric error and standard deviation of the resulting shape
model. While the head length and circumference both yield the very
low individual prediction errors, head length is also more sensitive
to measurement errors than circumference. Because the mapping was
created using digital measurements, errors for measurements from
digital surfaces will be smaller than those from physical measure-
ments with calipers and measuring tapes. In this case, the sensitivity
will be a less influential factor and a small number of anthropometric
measurements can be used to build the anthropometric model (e.g.
head length and bitragion width). In contrast, when performing physi-
cal measurements, it is advisable to include anthropometric measure-
ments with lower sensitivity and lower geometric errors in the anthro-
pometric model (e.g. circumference, arc length and arc width). Again, ear
height and projected ear height seem to be the most sensitive. Seeing as
they also offer the worst individual prediction errors, the authors do
not recommend using these as parameters for scalp-based designs.

Measurement geom. error slope Geom. st. dev. slope

head length 0.14 0.11

face width 0.04 0.03

bitragion width 0.09 0.07

ear height 0.47 0.36

hor. pos. ear 0.06 0.05

ver. pos. ear 0.12 0.09

proj. ear height 0.50 0.38

circumference 0.07 0.05

arc length 0.02 0.02

arc width 0.05 0.04

Table 9: Sensitivity of the prediction to measurement errors. Slope of the
regression line through the average geometric error and standard
deviation for a Monte Carlo analysis performed for 1000 trials us-
ing the anthropometric model with all measurements. For anthropo-
metric models using measurements with high slopes, measurement
errors will have a larger impact on the resulting shape prediction.
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2.5.2.3 Qualitative Analysis of Anthropometric Model

The average point geometric errors for all 100 predicted shapes are
shown as a color map on the average head shape in Fig. 28. The
figure shows the errors for the model using all measurements and
for several combinations. The predictions on the forehead and the
temporal regions seem to degrade when using less anthropometric
measurements, which is especially clear for the combination of head
length and bitragion width. The error metrics give a rough indication
of the direction and magnitude of the prediction errors. The color
map makes it possible to locate the measurement errors and to in-
form ergonomists which areas need extra attention and testing. For
example, areas with a low normal error allow for product parts that
fit closely to the skin, while areas with a high normal error might
need additional cushioning.

The high errors at the boundary result from the fact that the sur-
faces are aligned using the corresponding points in the upper region
of the head and more variation is expected at the lower side, as ex-
plained in section 2.3.1.2. Because the region of interest of the scalp,
the bias is acceptable.

Fig. 29 shows some examples of shapes resulting from the map-
ping using all measurements. As long as the input range stays within
three standard deviations of the mapped PC weights, realistic head
shapes can be obtained. The variability of the underlying shapes can
be visualized according to the tensor Frobenius norm of the land-
mark covariance matrix [117]. A color map of this norm overlaid on
the average head shape is shown in Fig. 30.

2.5.3 Application for anthropometric research: comparison of male and fe-
male population

For this application, separate shape models were created for the male
and female subgroups of the sample. The distribution of the PC weights
for the entire population were separated into male and female subsets
and statistically compared to find out which ones differ the most be-
tween the groups. The anthropometric measurements were also com-
pared to discover which ones are best suited for characterizing male
and female head shapes. A summary of the anthropometric measure-
ments for the male and female parts of the population are shown in
Table 10.

Table 11 shows that the most significantly different measurements
(according to the Welch’s t-test) are head length, bitragion width and
circumference, which also offer the lowest individual prediction errors.

The first principal component seems to be the most significant one,
see Table 12. This is supported by Fig. 31, where the average male
and average female head are depicted, together with the distance be-
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Figure 28: Color map of geometric errors. Average geometric error per
point (top) and standard deviation of the geometric error (bottom)
for the anthropometric measurement mapping in mm, shown on
a 3D surface representing the average head for the model created
with models using different combinations of anthropometric mea-
surements. HL = head length, FW = face width, BW = bitragion width,
CF = circumference, AL = arc length, AW = arc width.
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Figure 29: Example surfaces generated using the anthropometric model.

Figure 30: Variability of the human scalp. Variability of the scalp shape
shown on the average 3D surface, expressed in terms of landmark
covariance matrix Frobenius norm (in mm). High-variability re-
gions are shown in red; low-variability regions are shown in blue.

Meas. head
length

face width bitr. width ear height hor. pos.
ear

Male avg. 206± 7.9 96± 5.7 153± 6.3 57± 4.6 103± 5.2
F avg. 191± 7.4 92± 5.1 142± 5.2 53± 2.8 98± 5.8
p 1.26E-15 2.97E-04 1.47E-15 1.60E-07 2.97E-06

Meas. ver. pos.
ear

proj. ear
height

circ. arc length arc width

Male avg. 137± 5.7 57± 4.6 584± 18.3 315± 13.0 356± 13.1
F avg. 129± 6.5 52± 2.7 546± 16.1 293± 11.3 337± 16.5
p 2.83E-08 3.14E-08 2.20E-16 1.32E-14 1.95E-08

Table 10: Average anthropometric measurements for male (M) and female
(F) population. The p-values for a Welch’s t-test between both pop-
ulations is also included. Only the measurements with p-value
<0.05 are significantly different for the male and female popula-
tions.
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Measurement Geom.
error (ESg)

Norm.
error (ESn)

Tan. error
(ESt )

Mixed 1.59± 0.50 1.36± 0.43 0.21± 0.03
Mixed to F 1.82± 0.47 1.59± 0.43 0.21± 0.03
F to F 1.62± 0.34 1.42± 0.32 0.20± 0.03
Mixed to M 1.89± 0.47 1.65± 0.43 0.21± 0.03
M to M 1.71± 0.38 1.49± 0.33 0.20± 0.03

Table 11: Average geometric, normal and tangential error for prediction
of the male and female population using various shape models.
Mixed gender is a model containing 25 female and 25 male scalp
shapes, F contains 50 female scalp shapes and M contains 50 male
scalp shapes.

tween the respective shapes. For the sample means, the overall size
of the head clearly seems to vary, which indeed corresponds to the
first PC (see Fig. 24). Furthermore, the distance between the shapes
seems to be the highest on the forehead, above the eyebrows. (As ex-
plained in section 2.5.2.3, the higher error at the boundary is due to
the correspondence algorithm.)

Figure 31: Difference between male and female head. The top row shows
the difference between the average shapes of the male (white,
transparent) and female (red) head. The bottom row shows the
distance per point (in mm) as a color map on the average male
head.

After this, the prediction errors for both models were first calcu-
lated separately as in section 2.4.1.2. Because using the full shape
model of 100 shapes to predict the 50 male or female shapes would
inevitably result in a better comparison, 25 male and 25 female scans
were randomly removed from the full shape model to create a mixed
gender shape model. The mixed gender model was used to predict
the remaining 25 male and 25 female shapes. This procedure was
then repeated using the latter shapes as training data and the for-



64 evaluation of an anthropometric shape model of the human scalp

Statistic PC1 PC2 PC3 PC4 PC5

p 6.89E-15 0.306 0.187 0.017 0.269

Statistic PC6 PC7 PC8 PC9 PC10

p 0.068 0.254 0.992 0.257 0.232

Table 12: Significance of the first ten PCs, determined using a Mann Whitney
U-test. U- and p-value is shown for each of the PCs. Only PCs with
p-value <0.05 are significantly different for the male and female
population.

mer ones for validation. The resulting predictions errors were then
averaged. Finally, the predictions of the male shapes by a completely
female shape model and the predictions of the female shapes by a
male model were also calculated for comparison.

The results of the shape predictions are shown in Fig. 32 and Fig. 33.
As expected, the prediction of the male shapes by the male models
offers a lower geometric error (1.71± 0.34 mm) than the prediction
of the male shapes by the mixed model (1.89 ± 0.47 mm), and the
prediction of the female shapes by the female model a lower one
(1.62± 0.34 mm) than that of the female shapes by the mixed model
(1.82± 0.47 mm). Furthermore, Fig. 32 and Fig. 33 show that when
using a mixed model to predict either gender, most of the errors are
concentrated at the eyebrow ridge, around the glabella.

Figure 32: Prediction error for female shapes. Average point geometric er-
rors for predictions of 50 female scalp shapes by a model con-
sisting of 50 female shapes and a mixed model consisting of 25

female and 25 male shapes.

The observations in this chapter support earlier literature that con-
cludes male and female head shape differ mostly in overall size [118]
and in the size of supraorbital ridge [119, 120]. The same analysis
could be performed to compare subsets of different ages and ethnici-
ties. Unfortunately, the current data set does not contain information
on the ethnicity of the subjects.
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Figure 33: Prediction error for male shapes. Average point geometric errors
for predictions of 50 male scalp shapes by a model consisting of
50 male shapes and a mixed gender model consisting of 25 female
and 25 male shapes.

2.5.4 Application for industrial design: design of a brain-computer inter-
face

In this chapter, an application of the model for industrial design will
be discussed. One product that would benefit from design using an-
thropometric shape models, is an EEG-monitoring headset for Brain-
Computer Interfacing (BCI) [121]. One of the main challenges in BCI
design is creating an EEG-monitor that is at the same time comfort-
able, easy to use, and accurate. These requirements can only be met
if designers can properly accommodate for the variability of the head.
An anthropometric shape model can be used to achieve the desired
level of accuracy. To demonstrate this, a prototype headset was cre-
ated using a custom plugin for SolidWorks [122]. This plugin allows
importing a shape model as a B-spline surface and parametrizing
it according to a number of anthropometric features [123]. Certain
points of a CAD design can be linked to parametric head and will
automatically adapt when it’s dimensions are changed.

To create the BCI headset, the designer will first need to determine
what the product should look like and how it should be fixated on
the head. For instance, people generally do not prefer pressure on
the temporal regions. Thus, a retention system that puts pressure on
the frontal and occipital regions of the scalp is ideal. Using the color
maps in Fig. 28 , he can determine if a given shape model offers
an accurate prediction on these regions of interest. For this purpose,
he needs to know how much error is acceptable on individual pre-
dictions. Say the customer is paralysed and wishes to use a BCI for
assisted communication. Seeing as the patient will wear the headset
for extended periods of time, the comfort and the fit are very impor-
tant. In this case, the lowest possible prediction error will need to
be achieved. As discussed in the paper, the lowest prediction error
occurs for shape models parametrized by all of the measurements
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minus the ear lenght and projected ear length. While it will take some
time to perform the remaining eight measurements, this process will
only need to be performed once and thus speed is not as important as
accuracy. The designer then predicts the user’s individual head shape
using the shape model and design a product using the head shape as
a mannequin. An example of such a product is shown in Fig. 34 for
three different shape predictions, with electrodes at locations Fpz1,
Fpz2 and Oz according to the international 10-20 system [124]. While
the shape of the headset is changed according to each individual pre-
diction, the electrodes will remain at the proper positions. This is due
to the fact that the electrode contact points have been linked with the
shape model. The designer therefore does not have to realign the de-
sign for each new user. Instead, he has only to adapt the curvature
of the headset’s upper brace. Depending on the prediction error de-
rived from Table 7, an extra layer of cushioning can be added to this
product in order to ensure optimal fit and comfort.

Figure 34: Example of an individualized brain-computer interface headset
created with the anthropometric shape model.

Alternatively, a BCI headset might be required by a research lab in
order to prototype BCI-software. In this case, a more generic product
is preferable. The designer now needs to create an adjustable head-
set, using as few parameters as possible to predict the optimal size
of the head. Based on the results in Table 6 and Table 7, the designer
selects head length and circumference as parameters. Comfort or fit is
not as important in this case as the subject will only be wearing the
device for a short time, so a higher prediction error is allowed. How-
ever, researchers might be in a hurry to set up the experiment and
be less precise when performing the measurements. It is therefore in
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their best interest to select measurements that are not too sensitive to
measurement errors. Upon considering Table 9, the designer decides
to use arc length instead of head length. He then creates a 3D design by
varying the two parameters within certain ranges and making sure
the product offers the right amount of adjustability. Using Fig. 27, he
knows this design will accommodate at least 75% of the population.
An example of the final result is shown in Fig. 35. Customizability can
be achieved by turning the knob on the back of the head. Even though
certain parts of the headset do not make contact with all user’s heads,
the electrodes remain at the proper positions, so measurement accu-
racy is not compromised. Furthermore, markings can be made on the
knob to indicate the position to which it should be adjusted for differ-
ent head sizes. The researcher can thus simply use a look-up-table or
computer program to instantly find the proper adjustment for a spe-
cific test subject. This eliminates the need to rely on trial-and-error
and decreases the preparation time required for the experiment.

Figure 35: Example of an adjustable brain-computer interface headset cre-
ated with the anthropometric shape model.

The above discussion gives a limited description of how the shape
model can be used to design one type of products. Other products
that might benefit from anthropometric model design are sports and
safety helmets, glasses, smart textiles and near-body sensors. A com-
plete description of the design process using anthropometric shape
models is out of scope for this paper, but will be the theme of future
work.
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2.6 conclusion

This work describes a method to create an anthropometric shape
model from 100 MRI scans that can be used to accurately predict
and analyze the shape of the human scalp for a Western population.
The shape model was parametrized by the anthropometric features
head length, face width, bitragion width, ear height, horizontal position of
the ear, vertical position of the ear, projected ear height, circumference, arc
length and arc width. Several combinations of these anthropometric
measurements offer good predictions, but the best one is obtained by
combining all of them except for the ear height or projected ear height:
1.60± 0.36 mm. The sample size was verified using a cross-validation
analysis on the anthropometric model, which revealed that the av-
erage geometric error levels at a sample size of 90 individuals. The
sensitivity of the model to errors in input measurements was ana-
lyzed and it was shown that the arc length measurement is the least
sensitive to measurement errors, while the (projected) ear height is the
most sensitive one. Furthermore, the ear height seems to have no cor-
relation with the overall shape of the head. It is not clear whether
this is due to actual physical properties or due to the effect of the
morphological operations that are applied to the input scans. It was
shown that 3D scalp shapes generated with the proposed method
look realistic and retain all information on the variability of the entire
head. However, when the input measurements lie in extreme ranges
or when an incompatible combination of values is used, realism is no
longer guaranteed. Further research is needed to find the correlations
between all anthropometric measurements values and to determine
the correct input boundaries.

Two use cases were demonstrated for the model. The first case is
an application for anthropometric research, discussing the shape vari-
ability between the male and female scalp. Using the anthropometric
shape model, it was shown that the main difference between male
and female head shapes is the overall size or volume of the head. Fur-
thermore, when predicting a female scalp shape with a male shape
model or vice versa, most errors seem to be located in the region of
the forehead. A literature review confirmed that the main differences
between male and female skull are indeed the size of the head and
the size of the eyebrow ridge. This demonstrates that the anthropo-
metric shape model can be used to accurately find variations in shape
between different populations. A second use case was the CAD de-
sign of an elementary brain-computer interface (BCI) headset for two
types of use cases: assisted communication and BCI research. A CAD
design of a BCI headset was created for both cases using the data
presented in this paper. Because the CAD design was linked to the
shape model, it could automatically be adapted to various head sizes
while retaining the correct electrode positions. This implies that the
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anthropometric shape model can indeed be used to aid the design
of BCI-headsets and other near-body products such as helmets or
glasses.

The current results demonstrate the usability of a shape model
parametrized by anthropometric measurements for ergonomic stud-
ies and design. In summary, to determine the optimal combination
of anthropometric measurements for product design or analysis, the
prediction accuracy, cumulative distribution and sensitivity should
be taken into account. The importance of each of these factors de-
pends on the intended application. By incorporating the anthropomet-
ric model into CAD software, digital designs can be directly driven
and verified before prototyping. It is expected that the implementa-
tion of the proposed methodology will save time and significantly
improve the design process.

2.7 acknowledgments

Data collection and sharing for this project was provided by the Inter-
national Consortium for Brain Mapping (ICBM; Principal Investiga-
tor: John Mazziotta, MD, PhD). ICBM funding was provided by the
National Institute of Biomedical Imaging and BioEngineering. ICBM
data are disseminated by the Laboratory of Neuro Imaging at the
University of California, Los Angeles.

This work was partially supported by Interuniversity Attraction
Poles Programme - Belgian Science Policy (IUAP), Grant number:
IUAP P7/11, Institute for Technology (iMinds), a research institute
founded by the Flemish Government, URL: http://www.iminds.be/
en.

http://www.iminds.be/en
http://www.iminds.be/en




3
E R G O N O M I C D E S I G N O F A N E E G H E A D S E T U S I N G
3 D A N T H R O P O M E T RY

Daniël Lackoa,b,c, Jochen Vleugelsa, Erik Fransend, Toon Huysmansb,
Guido De Bruynea, Marc M. Van Hullec, Jan Sijbersb, Stijn Verwulgena.

a Product Development, Faculty of Design Sciences, University of
Antwerp, Antwerp, Belgium
b iMinds-Vision Lab, University of Antwerp, Antwerp, Belgium
c Laboratorium voor Neuro- en Psychofysiologie, KU Leuven, Leuven,
Belgium
d StatUa Center for Statistics, University of Antwerp, Antwerp, Belgium

Original research article published in Journal of Applied Ergonomics,
vol. 58, p. 128-136, 2017.

3.1 abstract

Although EEG experiments over the past decades have shown numer-
ous applications for brain-computer interfacing (BCI), there is a need
for user-friendly BCI devices that can be used in real-world situations.
3D anthropometry and statistical shape modeling have been shown
to improve the fit of devices such as helmets and respirators, and
thus they might also be suitable to design BCI headgear that better
fits the size and shape variation of the human head. In this paper,
a new design method for BCI devices is proposed and evaluated. A
one-size-fits-all BCI headset frame is designed on the basis of three
digital mannequins derived from a shape model of the human head.
To verify the design, the geometric fit, stability and repeatability of
the prototype were compared to an EEG cap and a commercial BCI
headset in a preliminary experiment. Most design specifications were
met, and all the results were found to be similar to those of the com-
mercial headset. Therefore, the suggested design method is a feasible
alternative to traditional anthropometric design for BCI headsets and
similar headgear.
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3.2 introduction

3.2.1 Brain-computer interfacing

Brain activity can be captured by a technique called electroencephalog-
raphy (EEG), which detects voltage difference between certain points
on the human cranium [125]. EEG measurement requires a number
of electrodes to make electrical contact with the scalp on certain loca-
tions, specified by the international 10-20 system of electrode place-
ment [23], see figure 36 (black circles). Traditionally, this placement is
done either manually by an expert or, more commonly, using flexible
electrode caps which stretch over the user’s head and are fastened be-
neath the chin. In both cases, electrode placement starts by identifying
four anatomical points: the nasion (Na), inion (I) and left and right
preauricular points (respectively LPA and RPA) [23], see figure 37. All
electrodes are then placed on relative distances between these points.
First, a second set of reference points is determined by measuring
the surface distance for the curve going from nasion to inion through
the left preauricalar curve. The first 10-20-points on this curve are
placed at a 10% increment of the measured distance from the start
and end points (nasion and inion). Intermediate points are placed at
20% increments of this distance. The procedure is then repeated on
the other side of the head for the curve between nasion and inion
going through the right preauricular point. Then, the points between
nasion and inion on the curve on the plane that divides the head into
a left and a right part -the midsagittal plane- are determined in a sim-
ilar fashion to find the centerline reference points. Finally, all remain-
ing 10-20-points are set by following the same procedure for each
coronal curve from the lateral reference points through the centerline
reference points. Electrodes are placed at a predetermined subset of
these 10-20-points. Later on, alternative electrode placement systems
were derived from the 10-20 system to improve the spatial resolu-
tion, namely the 10-10 system in which all electrodes are placed at
10% increments and the 10-5 system in which they are placed at 10%
and 5% distances instead of 20% and 10% distances. The most com-
monly used electrodes are Ag/AgCl-electrodes, in combination with
conductive gel to bridge the distance (and hair) between the electrode
and the user’s scalp [125].

EEG research focuses both on understanding human cognition and
on applying EEG signals to affect the external world (brain-computer
interfacing or BCI). Most of this research is done in medical or aca-
demic institutions [33]. While experiments in controlled environments
have their advantages, there is also an urgent need to study the brain
in real-world situations [126, 127]. Furthermore, there is a large group
of potential applications outside of the research lab, such as control
of prosthesis, communication without motor function, therapy and
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Figure 36: Electrode locations for the 10-20 system (black circles). The elec-
trodes used throughout these work are circled in orange, includ-
ing locations from the 10-10 (grey circles) and 10-5 (white circles)
systems.

gaming [1, 2]. However, a number of problems arises when applying
EEG outside of the laboratory. Experts are not always available, elec-
trode caps are complex and time-consuming to put on, conductive gel
requires users to wash their hair after each session. Devices that are
easier to use and provide more accurate electrode placement would
open up more real-world applications for BCI [1, 4, 26, 42].

3.2.2 BCI headsets

Several companies are targeting the consumer market with the devel-
opment of low-cost commercial BCI headsets [2]. The most notable
ones are the Emotiv Epoc (launched in 2009, see figure 38) and the
Neurosky Mindwave (2007). While Neurosky offers a wide range of
BCI-related software applications, Emotiv’s Epoc has been the most
popular device amongst BCI researchers and hobbyists [4]. One rea-
son for this success is that the Epoc has 14 electrode channels, more
than any other commercial BCI headset. Apart from that, the headset
is wireless, uses saline electrodes instead of gel-based ones and offers
access to the raw EEG signals.

Even though commercial headsets caused a spike in BCI-related
research, real-world BCI applications are still rare [4]. Despite all of
their advantages, these headsets often do not fit as well as EEG caps
[26]. A bad fit causes electrodes to lose skin contact, shift during use
and deviate from their target positions. A number of reasons for this
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Figure 37: Reference points annotated on the average human head. RPA (not
visible) is on the other side off the head, opposite LPA.

can be found in the history of the 10-20 system. First and foremost,
human heads vary in size and shape. To date, the only EEG devices
that can accommodate both size and shape variation are traditional
EEG caps. The Epoc, for example, provides a good fit for different
head shapes, but not for different head sizes [26]. Secondly, it was
found that the 10-20 system can be used to place over 200 electrodes
on the head, if -and only if- they were placed by an expert follow-
ing a detailed placement procedure [23]. If the procedure is not fol-
lowed exactly (as with commercial devices), electrode positions tend
to vary more widely. This is especially true for the electrodes on the
parasagittal and occipital regions of the head, such as P7-8, F3-4 and
O1-2 [23, 128], see figure 36 (note: points P7-8 are referred to as T5-6
in [128], as was customary at the time. A modified nomenclature for
these electrode positions has been introduced in 2006 [129]). Finally,
some anatomical points on the head are difficult to locate by palpa-
tion, especially the inion [23]. The most easily identifiable anatomical
positions are the nasion, the LPA and the RPA. However, none of the
commercial devices use these reference points to mount the headset.
Instead, the user is advised to place the reference electrodes on the
mastoids, which are the bony areas behind the ears [130]. Because the
mastoids have a surface area of several centimeters, it’s impossible to
precisely and reliably place the headset on the user’s head. Electrode
positions will thus vary between sessions.

Several papers call for more user-friendly EEG devices that better
fit the variation in head shapes, sizes and anatomical points [26]. In
order to improve the usability and accuracy, the headset should be de-
signed in a way that brings the electrodes as close as possible to their
ideal 10-20 positions and that ensures repeatability between measure-
ment sessions.
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Figure 38: Emotiv Epoc BCI headset.

3.2.3 3D anthropometry and ergonomics

Anthropometry is the field of science that deals with the morpholog-
ical analysis of the human body [55]. Traditionally, anthropometrists
used tools such as calipers and measuring tapes to take limited sets
of measurements describing the body shape [131]. Ergonomics deals
with the implementation of this knowledge in order to make better
fitting products. In ergonomic product design, descriptive statistics
(most commonly mean and standard deviation) are performed on
a number of anthropometric measurements and a design equation
is created to link these measurements to the shape and size of the
product [132, 133]. For example, in the design of helmets, the head
circumference is often used. A mannequin corresponding to the av-
erage circumference is made, and then linearly scaled up or down to
correspond to different circumference values. The EN 960 standard
prescribes a new design mannequin for every 10 mm increase of de-
crease in head shape [84].

Just as with electrode placement, for accurate measurement it is
important that anthropometrists follow prescribed procedures [134].
When the measurements are performed by non-experts, the variation
in measurements made by the same observer on the same subject
(intra-observer) is in some cases even higher than the variation be-
tween those made by different observers (inter-observer) [54]. Though
there are a number of procedures to quantify measurement errors,
this is not done in all anthropometric or ergonomic studies [55]. There-
fore, not all anthropometric tables correspond to each other, or to the
actual body shapes, and products based on some of these tables will
not fit the intended population very well.

Another disadvantage of traditional anthropometry is the assump-
tion that several body dimensions vary uniformly, e.g. if the head
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length increases, the head width is expected to also increase by the
same amount. This is not always to case. For example, figure 39 shows
the actual human head shape variation as derived from a 3D MRI
scan database of a Western population [135]. It appears that head
shape does not scale linearly with size: smaller heads are rounder,
larger heads are more elongated. This indicates that products de-
signed for different head sizes will also need to have different shapes.

Figure 39: Shape variation for Western heads.

In the last decade, new methods for registering body shapes have
become available, the most important of which is 3D scanning [136].
Anthropometrists can now capture the complete shape in a manner
of seconds. This has led to the development of 3D anthropometry,
in which statistical shape analysis is performed on large collections
of 3D scans. Shape modeling reveals valuable information on local
and global shape variation and has been demonstrated to lead to im-
provements in product fit [137]. The benefits of 3D anthropometry
have already been discussed for products such as helmets [138] and
respirators [139, 140], though few studies verifying the fit of devices
or products created using 3D anthropometry have been reported.

It is reasonable to presume that 3D anthropometry will become a
valuable asset for the design of BCI headsets. In this paper, the im-
pact of more ergonomic headset design on electrode positioning is
discussed. The hypothesis is that 3D anthropometry can be used to
create a BCI headset that meets all design requirements in terms of
electrode placement, stability and repeatability. A one-size-fits-all BCI
headset is created using a statistical shape model of the human scalp,
and the electrode fit is verified with a 3D-printed prototype (section
3.3). Apart from the deviations of the electrode positions to the ideal
10-20 locations, the stability after controlled and spontaneous move-
ment, and the repeatability (or test-retest reliability [141]) of electrode
set-up are also verified. The same measurements are also performed
on a commercial BCI headset for comparison (section 3.4. Finally, the
findings are discussed in section 3.5 and concluded in section 3.6.
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3.3 methods

The first part of this chapter, section 3.3.1, describes the design method
for the prototype BCI headset. Section 3.3.2 contains the methods that
were used to verify the prototype in terms of electrode positioning.

3.3.1 Prototype design

The design specifications for the prototype were as follows: it should
only be available in a single size (i.e. one-size-fits-all), it should cover
the same electrode locations as Emotiv’s Epoc (AF3, AF4, F7, F3, F4,
F8, FC5, FC6, T7, T8, P7, P8, O1, O2), fit a Western population, remain
as close as possible to their original location during movement (max-
imum displacement of 5 mm), have an average positioning error of
maximum 25 mm (cord length between electrode position and 10-20

location, based on [26]) and should be easy to place on the head by
non-experts.

The design was based on a statistical shape model of the human
scalp containing 100 North-American individuals, described in a pre-
vious paper [135]. In order to determine the shape variation, princi-
pal component analysis (PCA) was performed on this dataset. PCA
results in an ordered set of "directions" of variation, of which the first
principal component (PC) will explain most of the variation, the sec-
ond PC will explain the second largest part, etc. The resulting model
consists of 9975 vertices, the position of which is represented by 99

principal components in total. In this case, the first PC was found
the contain 71,21% of the variation. Three digital mannequins were
created by taking the average head surface, the average head surface
added with three standard deviations below the average PC weights
and with three standard deviations above the average PC weights,
representing the average head and the smallest and largest extremes
respectively (see [135] for a detailed discussion). The mannequins
were then imported in SolidWorks 2014 [122] as templates for the
further headset design. The 10-20 system was constructed on the man-
nequins according to the procedure described in [23]. The heads were
aligned according to the Frankfurt plane [84] so the local variation
at the anatomical reference points Na, LPA and RPA was minimal.
These points were chosen as reference since they are the easiest to
identify by non-experts [23, 142]. Once the surfaces were aligned, the
variation for the selected electrode positions could be visualized, as
in figure 40.

The prototype frame was then designed around these distances and
angles. The minimal configuration needed to cover all required points
was a combination of two fixed horizontal rings (in transversal plane),
connected with supporting struts. The headset’s base rings were de-
signed with an offset of 15 mm to the largest mannequin to provide
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Figure 40: Electrode positions visualized on the smallest, average and
largest design mannequin.

space for electrode parts and hair. Retractable cylindrical struts were
created at the base of the headset in order to help the user identify
the Na, LPA and RPA points and align the device properly. Sliding
electrode mounts were then designed for each electrode according to
the specific variation angle. Elastic bands (orthodontic MediMark 10

mm Heavy 4 oz. Elastics) were used in order to keep the electrodes
in place on the head. Figure 41 shows the finished prototype, which
will be referred to as the "Headset 2" in the remainder of this work.

Figure 41: Prototype headset (headset 2) frame.
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To place the headset on the user’s head, first all of the electrodes
should be retracted to the maximal position and fixated there. The
headset is then placed on the user’s head, aligning the reference struts
to the anatomical landmarks described above. Then, the electrodes
are released one by one until all of them make contact with the user’s
head. Finally, the reference struts can optionally be retracted. To re-
move the headset, the process is reversed.

3.3.2 Experiment design

A preliminary experiment to verify the design method was performed
by 7 groups of graduate students (1st-year Masters in Product Devel-
opment, University of Antwerp). The goal of the experiment was to
investigate whether the design specifications could be met using the
proposed method, and whether the electrode positioning, stability
and repeatability of the prototype created using the 3D shape model
were comparable to those of a commercial headset. This was tested
by comparing the 3D locations for the fourteen electrode positions
described in section 3.3.1 to those of a MedCat EEG cap (reference as
"Cap" in the results) and by measuring electrode position deviation
after movement and after repeated set-up. The same measurements
were also performed on the Emotiv Epoc (referred to as "Headset 1"),
which was chosen as a reference for commercial headsets. All 3D lo-
cations were digitized using a Microscribe MX digitizer connected to
Rhinoceros 4 [143] and saved as text files for further processing.

3.3.2.1 Sample size

The sample consisted of 13 students (6 male, 7 female), all of which
were Caucasian and between the ages of 20-25. None of the subjects
had head deformations or a history of head trauma. In each of the
7 groups performing the experiment, one person (designated as op-
erator) was responsible for performing the 3D measurements. The
measurements were repeated by 4 different operators for the 6 male
subjects and by 3 different operators for the 7 female subjects.

3.3.2.2 Dependent and independent variables

The independent variables are the EEG devices (Cap, Headset 1, Head-
set 2). Dependent variables are the locations of the electrodes after
each stage in the experiment. From these, the positioning of the elec-
trodes, stability of the headset and repeatability were calculated. The
following conditions were tested:

1. FIT –– distance of electrode’s 3D locations to those of the ideal
10-20 positions
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2. CM —- deviation of the headset’s electrodes from their original
positions after controlled movement

3. SM —- deviation of the headset’s electrodes from their original
positions after spontaneous movement

4. REP —- average deviation of the headset’s electrodes to the 10-
20 positions after repeated set-up

The distances for the first three variables were calculated using the
formula for euclidean distance between a reference 3D point v (con-
taining an x, y and z coordinate) and a measurement 3D point v ′, as
in equation 13. For example, in the case of FIT, v would be the 3D
position of an ideal 10-20 location as determined by the MedCat and
v ′ would be the 3D position of the same location for the headsets.

d(v, v ′) =
√

((vx − v ′x)
2 + (vy − v ′y)

2 + (vz − v
′
z)

2) (13)

In the case of REP, the arithmetic mean of the FIT distance between
three subsequent headset set-ups was determined as in equation 14,
with i being the number of the repetition and dFIT being the average
distance between all pairs of corresponding points (electrode loca-
tions).

REP =
1

3

3∑
i=1

dFIT,i (14)

3.3.2.3 Equipment used

The following equipment was used during the experiment:

• Microscribe MX digitizer

• Desktop computer running Windows XP SP3 and Rhinoceros 4

• Medcat caps 52, 54 and 58 cm (Cap)

• Emotiv’s Epoc (Headset 1) (see figure 38)

• Prototype headset (Headset 2) (see figure 41)

3.3.2.4 Determining the electrode’s 3D coordinates

Placing the tip of the digitizer underneath the electrodes would cause
undesirable shifts in the headset’s position. Therefore, an alternative
method was used to determine the electrode’s coordinate positions. A
3D-printed plate was added parallel to the electrode contact surface
at the end of the electrode mount, at a distance of 47.5 mm from the
electrode. This plate contained three holes at fixed distance and on a
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concentric alignment (see figure 42 (a)). Similarly, custom plates were
printed for the Cap (at a distance of 5.5 mm) and for Headset 1 (at
15.5 mm).

(a)

(b)

Figure 42: Measuring plate at the end of Headset 2 (left), Cap (middle) and
Headset 1 (right) electrode (a) and visualization showing the or-
der in which the points were always measured (b).

The 14 points were measured in the order shown in figure 42 (b).
On each electrode plate, three points were digitized by subsequently
placing the digitizer tip in the holes in clockwise order, as in figure
42 (b).

The middle point between p1 and p3 was directly above the elec-
trode. First, equation 15 was used to determine the coordinate for
this point. Then, the cross product was used to determine the normal
in the direction of the subject’s head, as in equation 16. Finally, the
midpoint p4 was moved along this normal for a distance x specific to
the headset (5.5 mm for the Cap, 15.5 mm for Headset 1, 47.5 mm for
Headset 2) to find the electrode coordinate pe, see Equation 17.

p4 =
1

2

(
p1 + p2

)
(15)

n =
(p2 − p1)× (p3 − p2)

|(p2 − p1)× (p3 − p2)|
(16)

pe = p4 + (x ∗ n) (17)
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3.3.2.5 Experiment

The experiment was divided into two sessions, one for Headset 2 and
one for Headset 1. At the start of each session, the subject was asked
to take place in front of the custom set-up (see figure 43) and to bite
down on a mouthpiece to ensure that their head was in the same
position for each measurement.

Figure 43: Experiment setup. The test subject was seated on the red chair,
biting down on the white mouth piece to stabilize their head.
The box fixating the MicroScribe was positioned such that the
experimenter could comfortably move the digitizer’s arm around
the person’s head.

First, the Cap was placed on the user’s head to serve as a reference
for the ideal electrode positions. The fourteen relevant electrode loca-
tions on the cap were digitized using the MicroScribe. Then, Headset
1 was set up on the user’s head, using the instructions in the electrode
quickstart manual [130]: the reference electrodes were placed on the
mastoids and the headset was positioned so that the frontal electrodes
were approximately three fingers from the subject’s eyebrow. When
the device was properly in place, the electrode locations were again
digitized (FIT). The subject was then asked to move the head 90 de-
grees to the left, then up, then down and finally to the right (using
markers on the walls for reference). After this, the electrode positions
were recorded (CM). The headset was then removed and remounted,
and the electrode positions were again digitized. The subject was then
asked to play “Just Dance” on the Nintendo Wii for three minutes,
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in order to examine the stability of the headset during spontaneous
movement (as in a real-world scenario). When the game was done,
the electrode positions were digitized (SM). Finally, the headset was
removed and remounted, and the positions were recorded for the last
time (REP). In a second session of the experiment, the above proce-
dure was followed using Headset 2, with the set-up instructions from
section 3.3.1.

3.4 results

This section contains the results of the experiment. The distances be-
tween all electrodes were calculated using custom PHP- and Python-
scripts, and statistics was done in R.

3.4.1 Verification of design specifications

Table 13 shows the descriptive statistics for the deviation of Headset
2 electrode positions as compared to the Cap.

Mean St. dev. Median Min. Max.

FIT 21.97 10.14 20.71 3.63 56.23

CM 8.47 4.85 7.57 0.99 30.93

SM 10.52 7.22 8.91 1.37 68.89

REP 11.28 6.11 9.87 2.06 47.88

Table 13: Descriptive statistics for Headset 2 measurements (in mm). FIT
was compared to the Cap, REP was averaged over three headset
set-ups for each test subject.

The deviation from the ideal 10-20 electrode positions was 21.97±
10.14 mm, which is within the design specification of 25 mm. Sur-
prisingly, the stability did not meet the specifications: the average
electrode displacement after movement is larger than 5 mm in both
cases (8.47± 4.85 mm and 10.52± 7.22 mm). After placing the head-
set on user’s heads on three separate occasions, the average electrode
displacement was 11.28± 6.11 mm.

3.4.2 Comparison to commercial reference

Table 14 shows the same statistics for Headset 1. A Shapiro-Wilk test
revealed that the data is not normally distributed, with p-value 3.87e-
33 (<0.05) for FIT, 8.60e-26 (<0.05) for CM, 1.87e-16 (<0.05) for SM
and 3.87e-33 (<0.05) for REP. Therefore, the Mann Whitney U-test
was used to test for significant differences between the headsets. The
distances were compared using the median because, like the Mann
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Whitney U-test, it is non-parametric and thus not sensitive to outliers.
Boxplots of the results for all dependent variables per headset are
shown in Figure 44 (data shown is comprised of all observations for
all electrode positions for all repetitions for each test subject).

Mean St. dev. Median Min. Max.

FIT 26.10 15.02 23.37 3.32 91.04

CM 9.63 8.47 7.97 0.00 84.12

SM 13.37 11.88 9.32 1.09 71.69

REP 14.55 11.03 12.17 0.66 99.27

Table 14: Descriptive statistics for Headset 1 measurements (in mm). FIT
was compared to the Cap, REP was averaged over three headset
set-ups for each test subject.

Headset 1 FIT
Headset 2 FIT

Headset 1 CM
Headset 2 CM

Headset 1 SM
Headset 2 SM

Headset 1 REP
Headset 2 REP

Figure 44: Box plots showing the distances between each headset and the
Cap (FIT), the deviation in position after controlled movement
(CM) and spontaneous movement (SM), and the average devia-
tion of the electrodes to the 10-20 position after repeated set-up
(REP).

For geometric fit of electrode positions there was a significant me-
dian difference of 2.67 mm, p-value 9.39e-5 (<0.05). Controlled move-
ment resulted in a non-significant difference of 0.40 mm, p-value 0.51

(>0.05), spontaneous movement in a significant difference of 0.41 mm,
p-value 0.01 (<0.05). For repeatability there was also significant differ-
ence of 2.30 mm, p-value 1.01e-16 (<0.05).

Stability was tested 4 times for 6 male subjects and 3 times for
7 female subjects, giving a total of 45 measurements for controlled
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movement and 45 for spontaneous movement. Headset 1 fell off 2

out of 45 times for CM and 27 out of 45 times for SM. Headset 2

never fell off.
Finally, the median difference between individual electrode posi-

tions can be seen in Figure 45.
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Figure 45: Effect size (median difference between Headset 1 and Headset 2)
per electrode position as compared to 10-20 reference (FIT), be-
fore and after controlled movement (CM), before and after spon-
taneous movement (SM) and the average median difference after
three repeated set-up measurements (REP). Positive values indi-
cate a better fit for Headset 2, negative values are in favor Headset
1. Triangles (red) represent significant differences.

3.5 discussion

In this chapter, the results are discussed, starting with the implica-
tions of 3D anthropometry for the product design process in section
3.5.1. The following sections all deal with one of the tested aspects:
electrode fit (section 3.5.3), stability (section 3.5.4) and repeatability
(section 3.5.5). Limitations of the current study and suggestions for
future work are found in 3.5.6.
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3.5.1 3D anthropometry in product design

3D anthropometry was a considerable asset in the design process.
By using the statistical shape model of the scalp, a number of time-
consuming steps from traditional anthropometry could be omitted.
For example, there was no need to limit the fit to a single measure-
ment such as circumference, or to create a design equation in order
to link this measurement to a CAD product (as in [132]). Nor was
there a need to interpolate the remaining head shape once an appro-
priate number of mannequins for these measurements were created
(as in [84]). Instead, three representative digital mannequins could
be created in a matter of seconds using the shape model, and then
imported into SolidWorks for immediate CAD design.

Furthermore, 3D anthropometry offers more flexibility in the cre-
ation of mannequins. Though the first PC was chosen in this work
because it represented the largest part of the variation (section 3.3.1),
shape models contain sufficient information to allow for many other
parametrizations. For example, a number of principal components
could be combined to cover even more of the shape variation. Al-
ternatively, more intuitive parameters such as circumference or head
length could be used in combination with the shape model, as dis-
cussed in [135]. This will be explored in future work.

In addition to one-size-fits-all design, a number of other design
strategies can be considered, e.g. performing clustering analysis on
the shape model to create non-linear sizing systems [133].

There are a lot of opportunities for 3D anthropometry in product
design, and these should be explored in further research. Once a num-
ber of optimal methods has been established, 3D anthropometry will
be invaluable for the design of all products that need to physically fit
the human body.

3.5.2 Choice of variables

To the best of the authors’ knowledge, the only variable that has been
quantified in previous research is the fit to the 10-20 system, albeit in
slightly different ways (e.g. Hairston et. al. used cord length instead of
euclidean distance [26]). In this work, a number of new variables have
been introduced in order to objectively quantify the stability (CM
and SM) and repeatability (REP). Because there was no data available
for comparison, these variables were compared to commonly used
EEG positioning tolerances (e.g. electrodes within 1-2 cm diameter
of the ideal 10-20 locations, as well as to the same measurements
for Headset 1. However, since CM, SM and REP are all based on
the measure of geometric fit to 10-20 location, they are expected to
be valid for future verifications of the ergonomics of EEG and BCI
headsets.
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3.5.3 Fit to 10-20 electrode positions

The results relating to geometric fit of the headset were well within
the design specifications and are similar to other commercial BCI
headsets [26]. Compared to Headset 1, there’s even a slight improve-
ment in electrode positioning.

When considering the individual electrode positions, there’s an no-
tably high difference in geometric fit for the electrodes at the occipital
region of the head (O1 and O2). Interestingly, Headset 1 offers a better
geometric fit for locations T8 and F4. It’s unclear why this is the case.
Since these are the most variable electrode positions, a more detailed
study on how to realize an optimal fit for these locations would result
in insights with a large impact on the ergonomics of BCI devices.

Whether or not this will result in improved functionality is an open
question. In-house experience indicates that because of the low spatial
resolution of EEG, electrode locations can vary by 1 or 2 cm without
notable effects on the EEG signal. However, to the author’s knowl-
edge this has not yet been verified. More research is required to de-
termine exactly how critical the electrode positions are for the signal
quality.

Even so, if the location for electrode position O1 in one paper de-
viates from the O1 position in another paper by 3 cm, can they be
considered to compare the same EEG signals? Improved electrode
positioning is important for the replication and comparison of ex-
periments. Using 3D anthropometry for design will result in EEG
equipment that follows the 10-20 standard and its derivatives more
precisely.

3.5.4 Stability

Neither controlled (CM) nor spontaneous movement (SM) values met
the design specifications. It is possible that the specification of 5 mm
was too strict and that some displacement is inevitable after move-
ment, although a stronger fixation method should also be considered.

The resulting values are close to those of Headset 1, and no sig-
nificant differences could be found for individual electrode positions.
While there is an overall significant difference for spontaneous move-
ment, it is very small. It was observed that Headset 2 never fell of the
user’s head, which supports the specifications that it should be easy
to use. However, this may be partly due to the fact that the prototype
did not yet include electronics and was thus relatively light-weight.

In any case, because the results for stability were still within the
general practice for EEG (<15 mm), and since they were comparable
to those of the commercial reference, these results should not form
an objection for the use of the proposed method.
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3.5.5 Repeatability

Repeatability is important for several reasons. Firstly, a good inter-
session fit is crucial is scientific research: more reliable electrode po-
sitioning will reduce inter-observer variability as a source of signal
variability. Secondly, if the same electrode positions are consistently
covered between sessions, the user might not need to recalibrate the
BCI device each time it is used, resulting in a better user experience.
Finally, repeatability reduces the complexity of the headset. If the
electrodes always cover the same locations on the user’s head, there
is less need for electrode adjustment based on impedance measure-
ments. There’s also no longer a need for experts to position the elec-
trodes; the headset can be mounted by the user’s family members or
caretakers.

While the average electrode displacement after repeated set-up was
slightly higher than expected, the prototype shows similar results to
the reference headset for most electrode locations, and even a slight
improvement in general. This confirms the validity of the proposed
method and is within general practice (see section 3.5.4, Stability),
though further research should be conducted in order to find how
better repeatability can be achieved.

3.5.6 Limitations of current study

The largest limitation of the current work is the small sample size
and high number of outliers in the data. Therefore, no strong con-
clusions can be drawn from the quantitative data. However, while
the sample may not be representative for the general population, the
average head circumference of the test subjects was found to be simi-
lar to the values reported in other studies, e.g. the MRI dataset used
to create the shape model (North American sample, 20-40y) [71] and
the DINED dataset (Dutch sample, 20-30y) [75]: 566.9± 18.0 mm com-
pared to 564.9± 25.7 mm and 562.0± 25.0 mm, respectively. Still, the
described experiment should be repeated with a representative sam-
ple in order to obtain conclusive results.

A second limitation regards the prototype design: Headset 2 was
created primarily to verify the electrode positioning of BCI headgear
based on 3D anthropometric data. Functionality, usability, aesthetics
and user comfort were considered out of scope for this work. How-
ever, for a BCI headset to be truly ergonomic, all these aspects will
need to be incorporated in the design process.

Even so, the results do indicate that using the proposed design
method results in BCI headsets that adhere to current industry stan-
dards with regards to electrode positioning and repeatability, while at
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the same time offering more efficiency, flexibility in region or points
of interest, and clear visual feedback to the product developer.

3.6 conclusion

3D anthropometric data was used in the design process of a BCI head-
set. A one-size-fits-all BCI headset frame was based on a statistical
shape model of the human scalp and 3D printed. In order to verify
the ergonomics of the device, the electrode positions of the printed
prototype headset were compared to those of a medical-grade EEG
cap, electrode positions were compared before and after movement,
and repeatability of the headset set-up was measured.

All of the target specifications were met, with the exception of those
related to stability (average displacement after movement lower than
5 mm). The electrode positions deviated from the ideal 10-20 loca-
tions by 21.97 ± 10.44 mm on average. The electrodes had shifted by
8.47 ± 4.85 mm after controlled movement and by 10.52 ± 7.22 mm
after spontaneous movement. Between-session deviation was 11.28 ±
6.11 on average. These values are all within the deviations accepted
in EEG measurement and were found to be similar to those of a com-
mercial reference device.

The results demonstrate that 3D anthropometry is a feasible tool
for the design of ergonomic BCI headsets. Alternatively, the proposed
method can also be applied to improve the ergonomics of other head-
based products such as glasses, helmets and respirators.
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4.1 abstract

Aside from anthropometric data tables, 3D shape models of the hu-
man body are becoming increasingly common and call for new prod-
uct sizing methods based on 3D anthropometry. Though some shape
model-based methods exist, most of them focus on mathematical
clustering and do not discuss the usability of the clustering results
for product design. In this paper, a new shape-model based cluster-
ing method for product sizing is presented that takes into account
both shape information and usability for designers. The new method,
called constrained k-medoids clustering, is applied on a shape model
of 100 human heads. It is compared to a partitioning around medoid
(PAM) clustering of anthropometric measurements of the same 100

heads (i.e., feature-based), as well as to PAM clustering of the shape
model (i.e., shape based). Several metrics were used to evaluate the
quality of the clusters, including the Ray-Turi index, the size-weighted
variance and the average within-cluster point-to-point distances. Re-
sults show that both shape-based and constrained clustering perform
better than feature-based clustering, with an average size-weighted
variance (SWV) of 0.22± 0.07 and 0.23± 0.03 as compared to 0.29±
0.05, respectively. The average point-to-point distances in shape-based
and constrained k-medoids were found to be similar to those of feature-
based k-medoids, indicating that using 3D-anthropometry for prod-
uct sizing will not have a negative impact on designer workload
and/or a higher cost to implement more sizes. The results suggest
that for head-based products, which require accurate shape and size
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fit, sizing systems should be created using either shape-based or con-
strained k-medoids, with the latter being slightly less accurate but
more intuitive for further design and verification.
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4.2 introduction

Ideally, products such as clothing or headgear should fit the shape
of the human body, because in many cases badly fitting products
will cause discomfort or even pain [45, 49]. The best product fit can
be achieved by having clothing or apparel tailored to the individ-
ual’s shape. However, custom-tailored products are expensive. On
the other hand, while mass-production might be cheaper, it makes it
less straight-forward to create well-fitting products. Instead of having
precise measurements of the customer, clothing and wearables com-
panies have to infer measurement data from small samples of their
intended markets. In addition, globalization has resulted in the need
to fit wearables to increasingly large and ethnically diverse popula-
tions. For these reasons, a number of product sizes is developed to fit
several subgroups of the targeted customer population. The required
number of product sizes and dimensions is determined by a sizing
system based on anthropometric body measurements on a popula-
tion sample. This section gives an overview of a number of methods
for creating sizing systems based on traditional anthropometry and
3D anthropometry.

4.2.1 Product sizing based on anthropometric features

Traditionally, sizing systems are created on the basis of one or two
measurements that the designers deem most relevant. The product
dimensions for each product size are based on the percentage of the
population that has predetermined measurement values, e.g. for a
product with three sizes the 5th, 50th and 95th percentile (respectively
P5, P50, P95) are commonly used [45, 46, 132]. While this method has
been the industry standard for quite some time, it does not take into
account the correlation between various body measurements.

To overcome this problem, multivariate statistics are used to deter-
mine the relevance of and correlation between anthropometric mea-
surements. In multivariate sizing, principal component analysis (PCA)
is performed on an anthropometric data table. PCA is a method that
finds the structure of the variation in the anthropometric data by
defining a new coordinate system with its axis in the directions of
data variance [144]. It can be used to discover which measurements
contribute most to the shape variation [133] (for a detailed descrip-
tion on how this is done, please see section 4.3.2).

Once the most important measurements have been determined,
their percentile values are used to create physical or digital manikins.
The required number of product sizes depends on the total percent-
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age of the population covered by all sizes, also called the accommo-
dation rate. Once the required number of sizes is known, products
are modeled according to the manikins for each size and a design
equation is determined in order to assign anthropometric measure-
ments to different product sizes [46, 132]. Even with multivariate siz-
ing, however, this often results in an incorrect fit [133, 145].

4.2.2 Product sizing based on 3D anthropometry

Over the past decade, there has been a growing set of 3D shape
data collected either via medical imaging or by 3D scanners of var-
ious kinds. Because 3D data contains a complete representation of
the human shape, it is a more versatile source of information than
traditional anthropometric data tables, provided that the collected
3D shapes are represented in the same coordinate system and con-
sist of corresponding points. A collection of 3D shape surfaces with
corresponding orientation and points is called a shape model [107].
Apart from the fact that anthropometric measurements can still be
performed on shape models digitally, a statistical analysis of shape
models results in a complete and accurate representation of the local
and global shape variation [145, 146].

Various research groups have suggested methods to incorporate
3D anthropometry in product sizing. For example, Wuhrer et al. per-
formed anthropometric measurements on a shape model of the hu-
man head in order to support the design of glasses or helmets [147].
They achieved this by representing each head surface as a single point
in a multi-dimensional space determined by two or three relevant
feature dimensions. They then found the best possible way to cover
most individuals in this feature space by a predetermined number
of "boxes", the area or volume of which is defined by predetermined
tolerances for each dimension. Manikins were created by taking the
mathematical average of all head surfaces within each box. The idea
was based on an optimization method for the production of electronic
VLSI-chips [148, 149] and resulted in manikins with a realistic appear-
ance, though no verification was provided that this results in better
fitting product sizes.

Luximon et al. created a shape model of the human foot from 3D
scans of 70 males [133]. They performed PCA on the shape model
to find the structure of variation in shape space instead of in feature
(measurements) space, as in traditional multivariate sizing. By cal-
culating the correlation coefficient between the anthropometric mea-
surements and the principal components, they were able to define
which measurements mostly influenced shape variation. By assum-
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ing a linear relationship between these two measurements and the
first two PCs, they predicted new foot shapes using anthropometric
measurements as parameters. To evaluate, they compared prediction
errors resulting from the method using PC-correlated measurements
with prediction errors from shape prediction with PC scores, as well
as with traditional anthropometric measurements. They found that
PC-prediction has the lowest prediction errors, but that prediction
using correlated measurements still outperforms traditional measure-
ments. This observation is similar to [135], which can be regarded as
an extension of the correlation method, applied to the human head.

Niu et al. present a method in which the corresponding 3D surfaces
are divided into uniform patches (or blocks) and are represented by
vectors describing the average and standard deviation of the inter-
subject distances within each patch [150, 151]. They refer to these
vectors as block-distance based vectors and create a sizing system by
performing k-means clustering on block distances. k-Means is an al-
gorithm that divides data into k groups of surfaces with similar shape,
based on the distance between each surface and the group means.
In [152], the authors compare the results of k-means clustering on
1D measurements, on a set of principal components of 1D measure-
ments and on block-distance based vectors. Their results show that
k-means based on principal components or on block-distances based
vectors results in clusters with less internal variation than k-means
performed on anthropometric features. Since the differences between
PC based and block-vector based k-means were small, block-distance
based vectors were preferred as they yield a feasible input to product
sizing.

While the methods discussed above have the potential to render
mass-production design more effective by automating the creation of
sizing systems, none of them utilize the full 3D shape information
contained in the shape model. Instead, sizing is based either on tra-
ditional anthropometry or by simplified parameters which inevitably
leave out part of the shape information, and the shape models are
effectively only used at the beginning of the sizing process. Further-
more, while a number of design applications are suggested, including
product sizing, it is not specified how these mathematical clustering
methods should be implemented by product designers. As discussed
in [135], statistical analysis on shape models results in a set of sta-
tistical parameters (e.g. high-dimensional vectors of principal compo-
nents and principal component scores) that are not intuitive for de-
signers, leading to a slow adoption of 3D anthropometry for product
development. As long as the end-users are not considered in develop-
ment and discussion of new shape modeling and clustering methods
[145, 146], the use of these methods in design will be limited to the-
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oretical applications. Alongside the development of new clustering
methods, it should be made clear how designers should interact with
shape models [146].

Recently, Baek and Lee were the first to perform clustering based
on 3D shapes and to consider the representation and interaction re-
quired by product developers [153]. In their paper, they focused on
updating the anthropometric design process for shoe design. They
created a statistical shape model of the human foot, based on a database
of 350 3D scans, and then performed hierarchical clustering to group
these 3D scans into 8 similarly shaped clusters. An average geometric
foot shape for the entire dataset was determined as a reference, and
average shapes per cluster served as manikins, along with a color
map of how the manikins differed from the clusters. From the statis-
tical model, they derived the anthropometric features that are most
important for the shape variation. They then virtually measured these
features for each cluster and set up new sizing tables for each group.
They proposed that shoe makers use these measurements, as well as
the cluster manikins, to create new virtual shoe lasts for each group.
Intuitively, their their approach should perform much better than tra-
ditional anthropometric clustering based on foot length only. How-
ever, they did not provide a comparison between their 3D-based clus-
tering method and foot length-clustering. They also suggested that
apart from eight clusters, two, three or four would be possible as
well, but did not elaborate on how a shoe maker or designer should
make this choice. Furthermore, while their statistical analysis, virtual
measurements and 3D manikins provide valuable insights into the
shape variation of the human foot, using only geometric averages as
CAD-manikins for each cluster will exclude many individuals which
shapes that are more extreme within this group [45]. Finally, their pro-
posed solution is a return to anthropometric sizing tables, where new
customer would need to be measured for seven different foot dimen-
sions. This increases complexity for the user compared to memorizing
only one measurement (foot length) and using that as a reference for
buying new shoes.

In this paper, a new method based on k-medoids clustering on (cor-
responding) 3D coordinates of all points in a shape model of the hu-
man scalp [135] is suggested. Because clustering is performed on all
3D points instead of on intermediate parameters, the resulting clus-
ters more accurately represent morphological differences in the un-
derlying population. Furthermore, a novel version of the k-medoids
algorithm is provided, where clustering is still based on morphologi-
cal differences between scalp surfaces, but is also constrained by one
or more anthropometric features, in order to make product sizing
more intuitive to designers and potentially also to end-users. Both
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methods are verified by comparing the within- and between-group
variation of the resulting clusters to those of k-medoids clustering
based on traditional anthropometric features, the hypothesis being
that k-medoids clustering will perform better than traditional anthro-
pometric clustering. Finally, in addition to comparing the clustering
methods, a workflow for the application of the clustering method for
product sizing is discussed, including a method to select the optimal
number of product sizes.

4.3 methods

In this section, the examined clustering algorithms and evaluation
methods are described. The sample used for clustering consisted of
100 scalp surfaces and is briefly described in section 4.3.1. The in-
dependent variables for the experiment were the clustering methods
and number of clusters, dependent variables were the metrics used
to assess the obtained clusters. The existing methods that were used
as a reference are described in sections 4.3.2 to 4.3.4, the new cluster-
ing methods (constrained clustering) is presented in 4.3.5. The met-
rics used to compare these methods where Ray-Turi index and size-
weighted variance, outlined in section 4.3.6, and the point-to-point
distances within each cluster, described in section 4.3.7.

4.3.1 Data acquisition

The analysis below was performed on a data set of 100 MRI images of
the human scalp, which were used in previous work of the authors to
develop a statistical shape model [135]. The shape model consists of
an equal amount of males and females, between 20 and 40 years old.
The following anthropometric measurements were used as features:
head length (hL), face width (fW), bitragion width (bW), ear height
(eH), horizontal position of the ear (hE), vertical position of the ear
(vE), projected ear height (pE), circumference (cF), arc length (aL) and
arc width (aW).

4.3.2 Statistical analysis of shape variation

In a preprocessing step, each of the 100 head surfaces obtained from
the MRI scans is converted into a point set of 10 000 points that are
approximately uniformly distributed over the head and are at corre-
sponding locations. Such a corresponding point set representation is
obtained using a three-step, group-wise correspondence optimisation
procedure [107, 135]. First, a one-to-one flattening of each surface to
a common square planar region is calculated. This brings the sur-
faces into an initial correspondence. Second, the correspondence is



98 product sizing with 3d anthropometry and k-medoids clustering

improved by applying a non-rigid transformation to each of the flat-
tenings, in a multi-resolution fashion using B-spline grids. The Min-
imum Description Length criterion, favouring compact shape mod-
els, is used as the optimisation objective and it is optimised with the
LBFGS-algorithm. In the final step, the correspondence is used to cal-
culate the average head shape and a set of 10 000 points is uniformly
distributed over this average head. The corresponding locations in
the common planar square domain are used to sample each of the
100 surfaces, finally resulting in a 100 corresponding point sets.

After processing, each head surface can be represented by a vector
of 3D coordinates ẋi = [vi,1, . . . , vi,np

] = [xi,1,yi,1, zi,1, . . . , xi,np
,yi,np

, zi,np
]

with np the number of vertices (in this case, np = 10000) and com-
bined in an 3np × ns shape matrix X = [ẋT1 , . . . , ẋTns

] with the 3np

coordinates in rows (as variables) and ns individual head surfaces in
columns (as observations, in this case ns = 100). In order to study the
variability in shape, PCA was performed on shape matrix X using
singular-value decomposition (SVD), as described in [107]. A short
summary of the technique is given below; readers are referred to the
original work for further details. First, X is zero-centered: the mean
head shape is calculated coordinate-wise as in equation 18 and sub-
tracted from the columns of X to form matrix Xz in equation 19:

x̄ =
1

ns

ns∑
i=1

ẋi (18)

Xz = [ẋT1 − x̄T , . . . , ẋTns
− x̄T ] (19)

The SVD of this zero-centered landmark matrix is defined as:

1√
ns − 1

Xz = PSQT (20)

with P a 3np × 3np orthonormal matrix containing the left singu-
lar vectors as its columns, which describe the principal component
vectors or shape modes. S is a 3np × ns matrix with singular values
in descending order, which are the standard deviations for the cor-
responding shape modes (i.e. the squares of these are the variances
contained in each shape mode). Finally, Q is an ns ×ns orthonormal
matrix with the right singular vectors as it’s columns. Note that Xz

is divided by
√
ns − 1 to calculate the covariance PCA, as explained



4.3 methods 99

in [144]. However, it is computationally more efficient to factorize the
ns ×ns covariance matrix C = XT

z Xz as follows:

C = QS2QT (21)

Q and S can then be used to determine the first m columns of P,
i.e. the m shape modes for this shape model:

Pm =
1√
ns − 1

XzQS−1
m (22)

P is then used to project the points in Xz on the shape modes, result-
ing in an nm ×ns-matrix of shape mode scores (also called weights),
represented in equation 23:

B = PTXz (23)

The principal components of X capture all shape variation already
contained in the individual shape vectors (3D coordinates of a large
number of points on the scalp surfaces), which is much more accurate
than if PCA were to be performed on an anthropometric measure-
ment table and are also referred to as shape modes. The first shape
mode (PC1) represents the largest shape variation, the second shape
mode (PC2) the next largest variation (but does not contain any of
the variation contained in PC1) and so on [144]. PCA is often used
for dimensional reduction or data compressing. The scalp shapes can
be represented and parametrized by the shape mode scores B, with
99 scores for each head instead of 30 000 points coordinates. New
shapes x ′ can also be constructed as a linear combination of principal
component vectors (matrix P by setting new scores (score vector b ′,
as in equation 24:

x ′ = x̄ + Pb ′ = PMfT (24)

Since X was zero-centered to perform the PCA, the result is added
to the mean shape coordinates x̄. Because the shape modes are dif-
ficult to interpret, a mapping M can also be calculated between the
shape mode scores and a nf×ns matrix of anthropometric features F,
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with nf the number of features (in this work nf = 10) by multiplying
the scores by the pseudoinverse of the features (described in [135]),
as in equation 25:

M = BF+ (25)

This results in an intuitive parametrization that can be used to pre-
dict new head shapes accurately, as shown in equation 26, and is
discussed in detail in a previous publication [135].

x ′ = x̄ + PMfT (26)

When PCA is used for dimensionality reduction, the elements on
the main diagonal of S2 are added until a desired percentage of to-
tal variance is reached, and all remaining shape modes are discarded
[144]. While there is a number of methods to determine which princi-
pal components are most relevant to the shape variation [144], a gen-
erally accepted method is to select those components that explain a
cumulative percentage of the population [132, 133, 154–156]. A thresh-
old between 70% and 90% is sufficient for most applications [157].
The percentage of variance explained by each shape mode was cal-
culated by dividing each element of the diagonal of S2 [133] by the
total variance, which is the sum of all diagonal elements λi of S2,
with i = 1, . . . ,ns.

To determine which measurements are the most relevant for shape
variation, the correlation of each anthropometric measurement with
the shape modes was determined. This was done by finding the Pear-
son’s correlation coefficient ρ between the features (or measurements)
in F and the scores in B for those shape modes that add up to explain
70% of shape variation. The correlation between pc score Bi and fea-
ture Fj can be found as in equation 27:

ρBi,Fj
=
cov(Bi, Fj)
σBi

σFj

∀i ∈ 1, . . . ,nm, j ∈ 1, . . . ,nf (27)

4.3.3 Dissimilarity between 3D shapes

As discussed in the introduction, clustering is the process of grouping
data into clusters that share similar characteristics. The dissimilarity



4.3 methods 101

of two individuals is determined by the average difference between
their characteristics, and is used to determine which cluster an indi-
vidual belongs to. In clustering based on traditional anthropometry,
the characteristics are anthropometric measurements and the dissim-
ilarity between two individuals is determined by taking the average
distance between their measurements.

In shape model based clustering, the Euclidean distance between
each point coordinate on each individual head surface can be used in-
stead. The average of the Euclidean distances between all correspond-
ing points of two individual heads determines their dissimilarity, as
in equation 28, resulting in a symmetric ns ×ns-matrix D with main
diagonal 0 and the difference between individual l and j at index (l, j)
and (j, l):

Dj,l =
1

np

np∑
i=1

d(vj,i, l, j) =
1

np

np∑
i=1

√
(xj,i − xl,i)2 + (yj,i − yl,i)2 + (zj,i − zl,i)2

(28)

4.3.4 Mathematical clustering of 3D shape model using k-medoids

k-Medoids is a variant of k-means clustering that involves the dis-
tance to the cluster medoids instead of cluster means [158]. The medoid
of a cluster is the individual in that cluster that is closest to the mathe-
matical mean shape. The most commonly used k-medoids method is
partitioning around medoids, as described in [158] and implemented
as in algorithm 1, similar to the implementetation presented in [159].

The only required input for algorithm 1 is the desired number of
clusters, the desired number of trials and a ns ×ns dissimilarity ma-
trix D. Since D can be precomputed for any dataset, the same al-
gorithm can be used for clustering by difference in anthropometric
features and clustering by geometric differences. The row and col-
umn indices of D correspond to the scalp surfaces represented in the
columns of X. A random set of k indices is selected from D for each
of the k clusters, and the remaining ns − k surfaces are assigned to
a cluster based on which medoid they are the most similar with, i.e.
the minimum dissimilarity according to D. This is done by making
a copy of the rows from D at the medoid indices, D ′ (line 8). In D ′,
the rows then correspond to the currently selected cluster medoids
and the columns correspond to the differences between the medoids
and the other surfaces in X. Therefore, in line 11, the indices of the l
array (length ns) correspond to the indices of the columns in D, D ′,



102 product sizing with 3d anthropometry and k-medoids clustering

and X. Because the rows of D ′ corresponds to the k clusters, its row
indices can be used to label which cluster each surface belongs to. In
line 12, after the closest medoid for a certain surface found, the en-
tire column is marked as traversed (after all, there’s no need to check
whether that surface is closer to another cluster medoid). Once all
the entries in D ′ are traversed, the currently used medoid indices are
stored (line 14), and new medoid indices are selected by considering
the dissimilarity of surfaces within clusters: the surface with a mini-
mum total dissimilarity to all other surfaces in the cluster is chosen
as a new medoid (lines 15-25). The cluster medoid reassignment is re-
peated until the cluster medoids converge, meaning that the surfaces
in each cluster are indeed the most similar to that cluster’s medoid
and that the clustering is optimal (lines 7-26). Finally, the cost of this
clustering is determined by adding the sums of the dissimilarities of
each cluster medoid to the other surfaces within that cluster (lines
27-30). To find an optimal clustering, this entire process is repeated
n times. If the cost of a clustering iteration is lower than the previ-
ous lowest cost, that iteration’s medoid indices and labels are saved
(lines 31-35). The algorithm then returns the final medoid indices, the
cluster labels for each surface and the total cost of clustering around
these medoids at line 37.

Algorithm 1 k-medoids clustering - part 1

Input:
k - number of clusters (scalar)
D - precomputed nsxns dissimilarity matrix (multidimensional

array)
n - number of trials (scalar)

Output:
m - medoid indices (array)
l - ns vector containing cluster labels (array)
c - total clustering cost (scalar)

1: m := empty array of size k
2: l := empty array of size ns

3: for i := 0; i < n; i++ do {for a specified number of trials}
4: m := k random indices from D
5: m ′ := empty array of size 0 {list of saved medoid indices}
6: while m /∈ m ′ do
7: D ′ := Dm,: {copy full rows with indices m from D}
8: while all values in D ′ 6= ∞ do {∞ marks traversed entries}
9: get index (row, col) for minimum value in D ′

10: lcol := row {set label for surface with index col}
11: D ′

:,col := ∞ {mark entire column col of D ′ as traversed}
12: end while
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Algorithm 1 k-medoids clustering - part 2

13: append m to m ′

14: for j := 0; j < k; j++ do {for all clusters}
15: jIndices := all indices of lind for which lind = j

16: minDis := ∞ {minimum dissimilarity for this cluster}
17: for o := 0; o < len(jIndices); o++ do {for all surfaces in

this cluster}
18: tempDis :=

∑
D:,o {dissimilarity of surface m}

19: if tempDis < minDis then
20: minDis := tempDis
21: mj := o {surface m is new cluster medoid}
22: end if
23: end for
24: end for
25: end while
26: c ′ := 0 {cost of this clustering trial}
27: for j := 0; j < k; j++ do {for all clusters}
28: c ′ := c ′ +

∑
D:,mj

{add within-cluster dissimilarity to current
cost}

29: end for
30: if c ′ < c then
31: m := m ′

32: l := l ′

33: c := c ′

34: end if
35: end for
36: return m, l, c

This algorithm was applied to both the anthropometric features
(dissimilarity based on difference between measurements) and the
geometric shape (dissimilarity based on Euclidean distance between
coordinate points). The former is referred to as "feature-based cluster-
ing", the latter as "shape-based clustering". In both cases, n was set
to 100 iterations, as in [159]. k was varied from 2 to 10 clusters, since
a single product size for an entire population requires a different de-
sign approach ("one-size-fits-all" design), and few head products exist
in more than 10 sizes.

4.3.5 Constrained clustering

Finally, the k-medoids based algorithm was slightly modified by con-
straining the clustering in the most important feature dimensions (as
determined by the PC-feature correlation in section 4.3.2). This modi-
fication makes the clustering method more applicable to product de-
sign by linking it to commonly used anthropometric measurements,
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and is described in algorithm 2.

The main difference with algorithm 1 is that in this case, a ma-
trix F containing features to constrain the clustering is also required
as input. F in this case has a number of features in its rows (e.g.
head length and circumference) and the scalp surfaces correspond-
ing to the columns of X, D and B in its columns. The clustering is
again based on the dissimilarity between the medoids and the other
surfaces. However, in this case the minimum and maximum feature
boundaries of each cluster are also determined dynamically as each
cluster grows. Before assigning any surface to the cluster with the
closest nearest medoid at line 42, first a check is made to see if assign-
ing the surface to this cluster would result the cluster to overlap in
all feature dimensions with any other cluster (lines 28-38), i.e. to fol-
low the previous example: if the maximum head length of one cluster
is larger than the minimum head length of another, there is overlap
in the head length dimension. If all features overlap with any of the
other clusters, the surface is not assigned to the cluster (line 40) but is
instead grouped with the next closest medoid - again provided that
this does not cause all features to overlap. As long as there is at least
one feature dimension for which the clusters can be clearly separated,
the overlap test passes and the surface can safely be assigned to the
current cluster. Just as before, the algorithm is performed 100 times
for 2 to 10 clusters, and the medoid indices, cluster labels and cost of
the clustering with the lowest possible cost is returned.
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Algorithm 2 constrained k-medoids clustering - part 1

Input:
k - number of clusters (scalar)
D - precomputed nsxns dissimilarity matrix (multidimensional

array)
n - number of trials (scalar)
F - nfxns matrix with features in rows and scalps in columns

(multidimensional array)
Output:

m - medoid indices (array)
l - ns vector containing cluster labels (array)
c - total clustering cost (scalar)

1: m := empty array of size k
2: l := empty array of size ns

3: c := ∞
4: for i := 0; i < n; i++ do {for a specified number of trials}
5: m := k random indices from D
6: m ′ := empty array of size 0 {list of saved medoid indices}
7: minBoundaries := empty multidimensional array of size nf×k
8: maxBoundaries := empty multidimensional array of size nf×k
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Algorithm 2 constrained k-medoids clustering - part 2

9: while m /∈ m ′ do
10: D ′ := Dm,: {copy full rows with indices m from D}
11: for j := 0; j < k; j++ do {for all clusters}
12: minBoundaries:,j := F:,muj

13: maxBoundaries:,j := F:,muj

14: end for
15: while all values in D ′ 6= ∞ do {∞ marks traversed entries}
16: get index (row, col) for minimum value in D ′

17: minBoundaries ′ := minBoundaries
18: maxBoundaries ′ := maxBoundaries
19: for o := 0; o < nf; o++ do {for all features}
20: if Fo,col < minBoundarieso,row then {if feature for this

surface is smaller than corresponding feature for medoid}
21: minBoundaries ′

o,row := Fo,col

22: end if
23: if Fo,col > maxBoundarieso,row then {if feature for this

surface is larger than corresponding feature for medoid}
24: maxBoundaries ′

o,row := Fo,col

25: end if
26: end for
27: overlap := false
28: for j := 0; j < k; j++ do {for all clusters}
29: if j = row then
30: continue {skip comparing features of current cluster

with itself}
31: else
32: if (all features in maxBoundaries ′

:,j > all features in
mathbfminBoundaries ′:,i) OR

33: (all features in minBoundaries ′
:,j < all features in

mathbfmaxBoundaries ′:i) then
34: overlap := true
35: break {exit loop}
36: end if
37: end if
38: end for
39: if overlap = true then
40: D ′

row,col := ∞
41: else
42: lcol := row {set label for surface with index col}
43: D ′

:,col := ∞ {mark entire column col of D ′ as traversed}
44: minBoundaries := minBoundaries ′

45: maxBoundaries := maxBoundaries ′

46: end if
47: end while
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Algorithm 2 constrained k-medoids clustering - part 3

48: append m to m ′

49: for j := 0; j < k; j++ do {for all clusters}
50: jIndices := all indices of lind for which lind = j

51: minDis := ∞ {minimum dissimilarity for this cluster}
52: for o := 0; o < len(jIndices); o++ do {for all surfaces in

this cluster}
53: tempDis :=

∑
D:,o {dissimilarity of surface m}

54: if tempDis < minDis then
55: minDis := tempDis
56: mj := o {surface m is new cluster medoid}
57: end if
58: end for
59: end for
60: end while
61: c ′ := 0 {cost of this clustering trial}
62: for j := 0; j < k; j++ do {for all clusters}
63: c ′ := c ′ +

∑
D:,mj

{add within-cluster dissimilarity to current
cost}

64: end for
65: if c ′ < c then
66: m := m ′

67: l := l ′

68: c := c ′

69: end if
70: end for
71: return m, l, c

Note that adding constraints to the clustering will not be as opti-
mal as unconstrained clustering, and will result in clusters (product
sizes) with higher within-cluster shape variability. Depending on the
number and nature of the constraining features, this will have an ef-
fect on the runtime on the clustering algorithm and -as there is more
shape variation to take into account- will make it more difficult for
the designer to create a product size that fits each cluster. However,
if the clusters can be distinguished by a distinct set of anthropomet-
ric features, this enables the creation of a sizing table to assign any
individual to the correct cluster (i.e. product size) without perform-
ing a 3D scan or trial-and-error fitting of several sizes. Therefore, the
benefits to the user of the products might be higher than the incon-
venience of more geometrically heterogeneous clusters. For further
discussion on this, see section 4.5.6.
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4.3.6 Evaluating clustering quality using cluster validity indices

A number of metrics exist to evaluate the quality of k-means or k-
medoids clustering. These metrics, referred to as cluster validity in-
dices, are generally defined in terms of intra- and inter-cluster vari-
ance. For example, the Ray-Turi index is the ratio of the squared dis-
tances between all points in a cluster and their barycenter (usually the
mean) to the minimum of the squared distances between all barycen-
ters [160]. As such, it is a relative measure of dissimilarity.

For the application to 3D clustering methods, the medoids were
used as barycenters and the squared Euclidean distances between
the 3D-coordinates of each individual shape were used as a distance
metric (see section 4.3.3). Niu et al., however, observed that the Ray-
Turi index has a sensitivity problem and propose a modified version
where the numerator is the average instead of the minimum inter-
cluster distance [151]. In this work, their suggestion is adopted and
the modified Ray-Turi index, which will be referred to as CVI (cluster
validity index), is calculated as in equation 29, with k the number of
clusters, nc

s the number of surfaces in cluster c and mc the medoid
for cluster c:

intra =
1

N

k∑
c=1

nc
s∑

i=1

‖ẋci − mc‖2

inter =
2

k(k− 1)

k−1∑
c=1

k∑
c ′=c+1

‖mc − mc ′‖2

CVI =
intra

inter

(29)

In addition, the size-weighted variance (SWV) was calculated as a
measure of absolute dissimilarity with equation 30:

SWV =
1

ns

(
k∑

c=1

nc
s ×

1

np

np∑
i=1

Var(ẋci )

)
(30)

The reason for selecting the Ray-Turi index and SWV as metrics is
twofold. Firstly, while most cluster metrics have been used primarily
for image processing purposes, these metrics were used in previous
research regarding clustering for product design [151]. Secondly, a
number of relative and absolute clustering metrics from [161] were
calculated alongside the CVI and SWV and were found to give sim-
ilar results for the clustering algorithms in this work. Because the
minor differences in performance or precision were not relevant for
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distinguishing between clustering methods and because a full com-
parison between metrics was considered out of scope, other metrics
were not included in the present study.

4.3.7 Product-related clustering metrics

When using mathematical clustering for product development, each
cluster respresents a group in the population that required a separate
product size. While cluster validity indices provide a good overall
measure of clustering quality, they are not directly usable in product
design or sizing systems, since they represent geometric shape varia-
tion in a manner that is not clearly applicable to subject-product dis-
tances. Therefore, this section introduces a number of product-related
metrics. Each of these metrics has some general rules of thumb, but
their specific relevance and thresholds will vary on a product-to-
product basis. In order to provide a tangible example, a prototype
EEG (electroencephalography) headset that is currently under devel-
opment at the University of Antwerp will be used, shown in figure 46.
EEG is the measurement of electrical activity in the brain, either by
electrodes implanted in the brain or electrodes on the scalp. One ma-
jor challenge in designing EEG headsets such as the Epoc+ by Emotiv
[34], is getting the electrodes in the correct position and maintaining
contact with the skin throughout measurement. For the UAntwerp
prototype, the goal is to create a headset in a number of product sizes
without any adjustable or movable parts, thereby eliminating posi-
tioning errors by the user as much as possible. While the device is
still under development at the time of writing, the following product-
related metrics have been considered.

• Number of clusters. The number of product sizes is generally a
trade-off between cost and complexity: the fewer sizes are used,
the faster and cheaper the product can be produced. However,
with each product size accommodating a larger set of shapes,
the within-cluster variability becomes larger, which makes it
more difficult to design a fitting product.

For example, the first version of the EEG headset was printed
in three sizes due to budget and time constraints. Initial tests
revealed that while the positioning and stability of the device
were good and the overall fit was acceptable, two frontal elec-
trodes didn’t make contact with the head of a number of head
subjects in all three clusters. This indicates that there is one
or more head geometry types (e.g. elongated heads) which are
now spread over the other clusters. In this case, increasing the
number of clusters would result in an extra product size specif-
ically suited for people with this head type.
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Figure 46: One product size for a prototype EEG headset currently under
development at UAntwerp.

• Population percentage covered by each cluster and by all clus-
ters combined. The accommodation rate or population covered
by a set of product sizes should be as large as possible. Further-
more, each cluster should ideally contain equivalent portions
of the population, because it is economically undesirable to de-
sign for outliers and to produce a specific product size for an
extremely small portion of the population. In practice, design-
ers will often opt to design for a specific part of the population,
such as those people between the 5th and the 95th percentile.
However, the feature-based, shape-based and constrained clus-
tering algorithms described above assign each surface in the
dataset to a cluster and will thus result in a total accommoda-
tion rate of 100%, theoretically providing a solution for all mem-
bers of a population. When comparing this kind of clustering
methods, only the proportion of the population represented by
each cluster should be compared, and methods that provide few
clusters containing outliers will be favoured. (Of course, these
methods can always be adapted so as to only accommodate a
certain population percentage.)

To use the example of the EEG headset again, it might be that
increasing the number of clusters reveals that the extra head
type discussed above only represents a very small percentage of
the populations, e.g. the accommodation rates for the four clus-
ters are 50%, 20%, 25%, and %5 (the latter being the new head
type). Instead of developing and producing a separate cluster,
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the designers could choose to find another solution, such as us-
ing extra padding or a more flexible material. Alternatively, they
could decide not to take this part of the population into account
at all.

• Point-to-point distances for each cluster. The point-to-point
distance is defined as the Euclidean distance between corre-
sponding points of two surfaces in the dataset. To determine
and visualize point-to-point distances within clusters, the min-
imum and maximum cluster envelopes are created by calcu-
lating the standard deviation of each point in a cluster in the
normal direction, then moving the medoid point in the normal
direction by three times that standard deviation. The normal
direction at each vertex point in this case is the normalized
average of the surface normals of the three faces that contain
the vertex [162]. This results in (aesthetically unrealistic) head
shapes that show the minimum and maximum location of each
point within the cluster and thus the physical boundaries for
products designed for that size.

Figure 47: Detailed view of electrode holder and compressed sponge of the
prototype EEG headset. Minimum and maximum surface points
for the cluster are shown as blue stars.

Choosing a clustering with appropriate point-to-point distances
depends heavily on the desired flexibility or adjustability of the
product, as well as on the contact points of the product with the
user’s head. In completely fixed products, the desired point-
to-point distances will depend on the maximum allowable er-
rors in the product shape. On the other hand, in flexible or
adjustable products the optimal point-to-point distance is deter-
mined by the degree of product flexibility/adjustability. If the
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allowable range of point-to-point distances is sufficiently large,
a good clustering can decrease the required flexibility or even
eliminate the need for flexibility altogether, although in the lat-
ter case a larger range of product sizes needs to be designed
and manufactured.

In the case of the EEG headset, the most important contact
points are between the electrodes and the user’s scalp. Each
electrode has a removable and compressible sponge in front of
it, that is soaked in a saline solution before use in order to en-
sure good electrical contact. A detailed view of the CAD design
with the sponge in compresses state and the maximum and min-
imum surface points in the cluster is visualized in figure 47. The
sponges are 10 mm thick and can be compressed to 1 mm. This
means that for this prototype, each product size can accommo-
date 9 mm of variation within its respective cluster. Thus, when
selecting clustering methods or determining the number of clus-
ters, the within-cluster point-to-point variations should be no
more than 9 mm.

As became obvious from the discussion above, even for a single
product, the choice of clustering metrics (relevance and threshold val-
ues) requires design experience, a good understanding of the target
market and familiarity with the user. Therefore, it is difficult (if not
impossible) to provide a general set of guidelines. However, when
the target product is known, these metrics offer are a good solution
to compare clustering methods and guide product sizing.

4.4 results

In this section, first, the results of the comparison between feature-
based, shape-based and constrained clustering are presented in sec-
tion 4.4.1. Next, constrained clustering is explored in more detail,
with section 4.4.2 showing example headforms constructed from the
resulting clusters and showing within-cluster point-to-point differ-
ences when the number of clusters is varied. Section 4.4.3 shows
which features should be selected as clustering constraints, based on
their individual contribution to the scalp shape variation. Finally, sec-
tion 4.4.4 shows the effect of varying the number of constraints on
the composition and shape variation of the clusters.

4.4.1 Comparison of clustering methods using cluster validity indices

Table 15 shows a summery of the results for the three clustering meth-
ods. The average CVI was 0.29 ± 0.05 for feature-based clustering,
0.22± 0.07 for shape-based clustering and 0.23± 0.03 for constrained
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clustering. The average SWV was 70999± 11931, 61616± 16750 and
66311 ± 3475, respectively, and the average point-to-point distances
were 8.93± 1.88 mm, 8.33± 2.30 mm and 8.43± 0.89 mm, respectively.
As expected, 100% of the population is covered by each of the cluster-
ing methods.

method # clusters comb. % pop. CVI SWV mean avg pt-pt (mm)

feature-based
3 100 % 0.40 86335 10.89

5 100 % 0.23 69118 8.90

7 100 % 0.28 63742 7.96

shape-based
3 100 % 0.30 79779 10.73

5 100 % 0.22 59106 8.47

7 100 % 0.18 53229 7.11

constrained
3 100 % 0.31 78979 10.58

5 100 % 0.23 63151 8.67

7 100 % 0.16 59782 7.50

Table 15: Summary of clustering results for three different methods and
three different numbers of clusters.

In figure 48, the clustering results for the three methods are visu-
alized in 2D for k = 3 and using circumference and arc length as
constraints. Note that in all three methods, all clusters are mutually
disjoint and cover the entire space of models, meaning that an individ-
ual can never belong to two or more product sizes at the same time.
However, when using sizing tables (visualized by the black boxes in
figure 48), there is more ambiguity as to witch cluster an individual
should belong. Using constrained clustering, with features from the
sizing table as constraints, mitigates this problem and clearly sepa-
rates all three clusters in at least one feature dimension.

Figure 48: Clustering results in 2D for the three different clustering meth-
ods.

Figure 49 shows the response of the cluster validity indices for an
increasing number of clusters, as well as for the three different clus-
tering methods. While this figure confirms the results from table 15,
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it is also clear that feature-based clustering has a less stable progres-
sion as the number of clusters is increased. Although the CVI should
not necessarily be perfectly linear at small intervals of clusters, the
CVI value between two adjacent data points (numbers of clusters)
should not differ too much and a higher number of clusters should
usually show a lower CVI score (due to lower intra-cluster and higher
inter-cluster distances). Figure 49 (a) shows that CVI fluctuates less in
shape-based or constrained clustering (with the exception of the peak
at 8 clusters for constrained-clustering), suggesting that the latter two
methods are more robust.

(a) (b)

Figure 49: Ray-Turi cluster validity index (a) and size-weighted variance (b)
for the three different clustering methods using different num-
bers of clusters.

4.4.2 Point-to-point distances and minimum-maximum envelopes in k-medoids
constrained clustering

Table 16 shows the average of the minimum, maximum and average
point-point distances for different numbers of clusters in constrained
clustering using the circumference.
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# clusters cluster % pop. avg pt-pt std pt-pt min pt-pt max pt-pt cF min. cF max.

2

1 47 % 12.85 3.70 5.18 31.14 557 626

2 53 % 13.09 3.62 6.71 36.15 511 566

3

1 24 % 10.52 2.91 4.51 30.97 581 626

2 26 % 9.13 2.88 3.61 21.71 557 586

3 50 % 13.01 3.49 6.71 34.78 511 566

4

1 20 % 10.13 3.07 3.52 31.07 589 626

2 13 % 8.98 3.00 2.48 25.62 511 539

3 40 % 10.22 3.49 4.31 24.75 538 566

4 27 % 8.59 2.89 3.26 21.67 563 586

5

1 10 % 7.68 2.69 2.85 18.77 598 626

2 15 % 8.87 3.20 2.99 26.17 581 599

3 39 % 10.12 3.53 4.31 24.65 538 566

4 13 % 8.98 3.00 2.48 25.62 511 539

5 23 % 8.85 2.96 3.03 20.85 557 585

6

1 10 % 7.68 2.69 2.85 18.77 598 626

2 17 % 7.86 2.49 2.66 18.95 529 547

3 9 % 7.69 3.14 1.52 25.73 511 531

4 23 % 8.85 2.96 3.03 20.85 557 585

5 26 % 8.90 3.10 3.84 24.48 547 566

6 15 % 8.87 3.20 2.99 26.17 581 599

7

1 16 % 8.93 3.20 2.98 26.19 581 599

2 12 % 8.37 3.06 2.48 25.64 511 536

3 9 % 7.44 3.20 2.00 19.10 538 551

4 16 % 7.42 2.94 2.10 24.57 547 565

5 16 % 8.53 2.72 3.64 25.03 539 566

6 22 % 8.34 2.87 3.03 20.84 563 585

7 9 % 6.68 2.21 2.08 18.77 605 626

8

1 18 % 9.62 3.26 3.07 26.99 581 612

2 16 % 7.95 3.05 2.64 24.54 547 565

3 9 % 7.69 3.14 1.52 25.73 511 531

4 7 % 7.12 2.20 1.49 18.75 590 626

5 9 % 6.74 2.24 1.52 19.26 545 572

6 14 % 7.58 2.41 2.66 18.60 529 547

7 15 % 7.22 2.65 2.52 20.84 571 585

8 12 % 7.64 2.84 2.43 25.41 547 566

9

1 11 % 5.86 2.24 1.31 16.68 579 598

2 8 % 8.54 3.39 1.57 28.07 572 606

3 19 % 7.99 2.99 3.17 24.54 547 566

4 9 % 7.05 2.63 1.67 17.94 557 572

5 8 % 7.11 3.34 0.70 17.62 538 551

6 8 % 6.61 2.22 2.45 18.86 599 626

7 16 % 8.12 2.59 2.90 20.32 529 552

8 9 % 7.69 3.14 1.52 25.73 511 531

9 12 % 6.17 2.32 2.31 16.23 571 585

10

1 7 % 7.46 2.77 1.58 18.59 598 626

2 9 % 6.35 2.20 1.90 19.75 529 547

3 14 % 7.90 3.05 2.44 24.55 547 557

4 12 % 7.85 2.66 1.98 20.28 535 552

5 15 % 7.22 2.65 2.52 20.84 571 585

6 4 % 5.01 2.35 0.12 17.67 590 610

7 14 % 8.74 3.22 2.99 26.23 581 599

8 9 % 7.69 3.14 1.52 25.73 511 531

9 8 % 5.79 1.95 1.20 17.23 557 572

10 8 % 5.26 2.13 1.33 20.96 559 566

Table 16: Population percentages, point-to-point differences in
mm, and measurements for each cluster in constrained
clustering (by circumference). Note: clusters are not
sorted according to size in this table.
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The medoids for three clusters are shown in figure 50. The mini-
mum and maximum envelopes for three clusters are shown in figure
51.

Figure 50: Side, front and top view of medoid surfaces for three clusters,
using constrained clustering with circumference as constraint.

Figure 51: Side, front and top view of minimum (red) and maximum (white,
transparent) envelopes for three clusters, using constrained clus-
tering with circumference as constraint.

4.4.3 Selecting features for sizing and constraints

Table 17 shows the squared eigenvalues of the first ten principal com-
ponents of the shape model. The first principal component already
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explains 71 % of shape variation, so the only features that need to be
considered are those that are strongly correlated with this PC.

PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 PC 8 PC 9 PC 10

0.71 0.09 0.04 0.02 0.02 0.01 0.01 0.01 0.01 0.01

Table 17: Percentage of shape variation explained by each shape-space prin-
cipal component.

Table 18 shows Pearson’s correlation coefficients between the an-
thropometric measurements and the first 10 principal components.

Feature hL fW bW eH hE vE pE cF aL aW

PC 1 0.87 0.57 0.83 0.40 0.68 0.75 0.42 0.97 0.80 0.74

PC 2 0.43 0.22 0.39 0.08 0.42 0.20 0.08 0.12 0.12 0.34

PC 3 0.06 0.17 0.15 0.05 0.01 0.43 0.02 0.03 0.30 0.33

PC 4 0.05 0.21 0.01 0.01 0.17 0.02 0.02 0 0.19 0.17

PC 5 0.0 0.08 0.06 0.30 0.21 0.20 0.31 0.11 0.05 0.13

PC 6 0.04 0.20 0.09 0.09 0.06 0.09 0.08 0.02 -2.53 0.13

PC 7 0 0.16 0 0.05 0.26 0.08 0.05 0.01 0.02 0.01

PC 8 0.03 0.04 0.07 0.10 0.05 0.13 0.11 0 0.01 0.06

PC 9 0.01 0.06 0.08 0.09 0.08 0.06 0.09 0.01 0.01 0

PC 10 0.01 0.01 0 0.15 0.02 0.07 0.15 0.01 0.06 0.03

Table 18: Pearson correlation coefficients between principal component
scores and anthropometric measurements. (0 is no correlation, 1

indicates strong positive correlation, and -1 indicates strong nega-
tive correlation.)

The most important features for variation seem to be circumference,
head length and arc length, all of which have a correlation of >0.75%
on the first principal component.

4.4.4 Varying the number of constraints in constrained clustering

The effects of varying the number of constraints can be seen in ta-
ble 19 for a clustering with three clusters. There seems to be no dif-
ference for within-cluster accommodation rates when more features
are added, suggesting that only one distinguishing dimension is re-
quired.

4.5 discussion

The aim of this article was to compare the application of several math-
ematical clustering methods to product sizing. While the methods
and results sections focus mostly on the clustering algorithms, this
section aims to define a clustering method that is maximally useful
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constraint # clusters cluster % pop. avg pt-pt std pt-pt min pt-pt max pt-pt

cF
3 1 18 % 9.69 2.95 3.77 31.10

3 2 38 % 9.71 3.09 4.24 24.41

3 3 44 % 12.35 3.19 5.79 31.11

cF + hL
3 1 18 % 9.69 2.95 3.77 31.10

3 2 38 % 9.71 3.09 4.24 24.41

3 3 44 % 12.35 3.19 5.79 31.11

cF + hL + bW
3 1 18 % 9.69 2.95 3.77 31.10

3 2 38 % 9.71 3.09 4.24 24.41

3 3 44 % 12.35 3.19 5.79 31.11

constraint cF min. cF max. hL min. hL max. bW min. bW max.

cF
511 541 n.a. n.a. n.a. n.a.

542 565 n.a. n.a. n.a. n.a.

566 626 n.a. n.a. n.a. n.a.

cF + hL
511 541 169 194 n.a. n.a.

542 565 183 202 n.a. n.a.

565 626 193 222 n.a. n.a.

cF + hL + bW
511 541 169 194 131 149

542 565 183 202 136 153

565 626 193 222 141 167

Table 19: Point-to-point distances in mm and measurements ranges in mm
for constrained clustering in three clusters using circumference, a
combination of circumference and head length, and a combination
of circumference, head length, bitragion with.

for designers. Chapter 4.5.2 discusses the results of the comparison,
and chapters 4.5.3 to 4.5.6 describes how the proposed metrics and re-
sults should be incorporated into product design and development.

4.5.1 The effect of the statistical shape modeling characteristics

Several properties of the statistical shape model used for shape-based
or constrained clustering might have an effect on the results. Firstly,
because shape-based clustering is completely based on geometric dif-
ferences between the surfaces, the sampling method and resolution
for the original input scans are extremely important. In this work,
the surfaces were sampled from MRI images with a resolution of
1× 1× 1 mm, using a uniform grid based on the triangle area dis-
tortion when the original surfaces are projected into a planar rectan-
gle, as discussed in [107]. Each surface in the dataset is represented
by 10000 points and all further statistical analysis is based on these
points. Increasing the resolution to 100000 points did not have a large
effect on previous statistical analyses with this shape model, so the
current resolution was deemed sufficient for the clustering of human
scalp shapes. However, for more complex shapes with many large
surface angles or high local shape variation, it would be more ap-
propriate to use higher resolutions, and to experiment with different
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sampling methods.

Secondly, using more principal components might result in differ-
ent clustering results for constrained clustering, since it would require
a different set of anthropometric features. For example, if a thresh-
old of 80% explained variation was chosen (see section 4.3.2), PC2

would have to be included in constrained clustering. From table 18,
the most important feature for PC2 is head length. Therefore, circum-
ference and head length would have to be used as constraints. How-
ever, from table 19, it appears that adding head length does not affect
the clustering results in this case. This is due to the fact that the cir-
cumference provides a clear separation between clusters each time, as
is further discussed in section 4.5.4. For more complex body shapes
where the shape variation is spread out over more principal compo-
nents, more PCs and more features might be required. Note that this
has no further implications for the purely shape-based clustering, as
the underlying shape model contains all principal components.

Finally, principal component analysis is a linear method, which as-
sumes the underlying data to be Gaussian distributed. In this work,
a comparison of different dimensionality reduction methods for the
underlying model were considered out of scope. Following general
practice ([153, 155]) and for the sake of simplicity, other dimension-
ality reduction methods were not considered. However, non-linear
methods might provide significantly different clustering results, es-
pecially for more complex shapes.

However, the statistical shape model in this work suffices to com-
pare clustering methods for the scalp shape and to demonstrate the
product sizing workflow, which is the main topic of this work.

4.5.2 Performance of clustering methods

From table 15 and figure 49, it appears that shape-based clustering
performs better than the other two methods in terms of cluster va-
lidity indices, although the difference between shape-based and con-
strained clustering is small. As expected, feature-based clustering
scores worse than the other two methods for all metrics. This is be-
cause there is much more information to base the clustering on: in-
stead of a limited set of measurements the clustering can take into
account the dissimilarity between tens of thousands of points, i.e. the
full geometric shape of the head. Since the implementation of both
methods is equally simple, if a statistical shape model is available
and close product fit is important for functionality or comfort, de-
signers should always use shape-based or constrained clustering.
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A surprising result is that the average point-to-point distances be-
tween clustering methods do not differ significantly. This could be
explained by the observation that the spacing between the minimum
and maximum envelopes does not change a lot between clustering
methods. In shape-based clustering, however, the point-to-point dif-
ferences can be explained due to shape and size differences in a clus-
ter, whereas in feature-based clustering the overall size is the most
important factor (shape changes only for a small set of features).

The population percentages are also similar for the different cluster-
ing methods. The current method of evaluating the accommodation
rate is therefore not suitable to distinguish between cluster methods.
Even so, population percentages could be relevant for product design
and should be reevaluated in future studies.

4.5.3 Interpretation of cluster metrics

The cluster metrics chosen to evaluate the clustering methods were
the Ray-Turi index (CVI) and the size-weighted variances (SWV). As
mentioned in [152], the former is a good relative measure of the shape
variability in each cluster, while the latter is a good absolute measure
for the overall variability resulting from the clustering method. This
can clearly be seen in figure 49, where SWV shows a gradual -almost
linear- progression, whereas CVI shows more local fluctuations. As
such, SWV is better suited to compare clustering methods to each
other, whereas CVI is a good measure to determine the clustering
quality for changes in the number of clusters.

The point-to-point differences show an expected decrease as the
number of clusters increases and the clusters become smaller. Since
there is hardly any difference between clustering methods, it is better
not to use them for clustering comparison.

However, knowing the point-to-point differences can help design-
ers to select the optimal number of product sizes, as discussed in sec-
tion 4.5.5. Furthermore, dividing the point-to-point distances by the
standard deviation within a cluster, or by the number of members,
might be a more suitable measure of clustering quality because it
would give less weight to cluster with less individuals or with higher
inter-cluster variability. Another way to perform a more product-based
cluster evaluation might be to only select a predefined region of in-
terest or points of interest when calculating point-to-point differences.
Alternatively, using only the dissimilarity between these points might
provide a more product-specific clustering result, at the expense of
losing overall accuracy. These options should be explored in future
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research.

4.5.4 Selecting features for sizing and constraints

In this paper, circumference, arc length and head length were chosen
as most significant features because they have the highest loading on
the first principal component, see section 4.4.3. However, arc length
and head length are highly correlated. Furthermore, head length is
more difficult to measure than arc length. Therefore, in real-life sce-
narios it might be more efficient to choose a different measurement.
The next best feature is the vertical position of the ear, but since this is
even more difficult to measure than the head length, it will not result
in a good sizing system. When using three constraining features, arc
width would be the next best choice, with a 63% loading on PC1.

Based on the results in table 19, using multiple constraining fea-
tures should be avoided when using a small number of clusters, as in
this case it has no effect on the clustering, but complicates product siz-
ing. Furthermore, the most intuitive sizing tables are those with only
one feature, e.g. as for shoe sizes. However, multiple constraints are
likely to have a bigger impact for higher numbers of clusters, or when
sufficiently distinctive constrainst can not be found, e.g. when multi-
ple features have the same loading on the relevant principal compo-
nents. Further research into the effect of using different numbers of
clusters is required to verify this.

4.5.5 Selecting the optimal number of sizes and creating representative
manikins

In theory, it would be possible to automatically select the optimal
number of clusters. However, several cluster metric algorithms tend
to get stuck at the extremes of the cluster ranges, which in most cases
is not desirable for product development. For example, the Ray-Turi
index will generally favor a small number of clusters, because in this
case the inter-cluster distances are large while the intra-cluster dis-
tances are small, resulting in a small Ray-Turi index [160]. On the
other hand, the average point-to-point distances in a cluster will con-
tinue to decrease as the number of clusters grows. Ray and Turi ad-
vised to circumvent this problem by not considering anything below
four clusters. Though this might be feasible for their intended appli-
cation (color clustering in 2D images), there are many products that
are limited to three sizes (e.g. small, medium, large). Thus, the Ray-
Turi index will not be ideal for fully automated product sizing.
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In practice, a product designer will usually need to set some bound-
aries for the right number of sizes. A combination of the point-to-
point distance plot and the CVI plot can be used for this purpose.
The designer should first set the upper boundary for the number
of sizes, depending on the manufacturing constraints (i.e., the maxi-
mal number of sizes that is economically feasible). Then, they set the
lower limit by looking at the point-to-point distances. As discussed
in section 4.5.3, point-to-point distances will decrease as the num-
ber of clusters increases. The designer should determine the maxi-
mum admissible point-to-point distance based on material properties
and prior experience (i.e., if the material is flexible, larger within-
cluster point-to-point differences can be accommodated). The maxi-
mum point-to-point distance will determine the minimum possible
number of product sizes. Finally, the optimal number of product clus-
ters is the one with the minimum CVI within this range. A visualiza-
tion of this method is shown in figure 52.
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Figure 52: Workflow for product sizing using clustering based on 3D an-
thropometry. The presented workflow can be used with shape-
based clustering and -after anthropometric feature constraints
have been selected- with constrained clustering.
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Once the optimal number of product sizes is determined, a num-
ber of representative head forms can be created by using 3D infor-
mation from the statistical shape model. For example, the minimum
and maximum envelopes shown in figure 51, section 4.4.2, can be
used as manikins: the contact points of the product should fit within
these two envelopes. Alternatively, the shape model can also be used
to predict realistic minimum and maximum shapes within a cluster
by using the constraining feature (in this case, circumference) as a
parameter (see [135]). Minimum and maximum shapes for three clus-
ters are shown in figure 53. Another option is to use the average or
medoid head forms as manikins and use markers such as colors or
arrows to show the required offset at that point. For example, figure
54 shows the average head forms for three clusters with a color map
indicating the offset.

Figure 53: Side, front and top view of minimum (red) and maximum (white,
transparent) shape for three clusters, using constrained clustering
with circumference as constraint.

Various visualization options exist within 3D anthropometry, and
the choice heavily depends on the type of product and the preferences
of each designer. Therefore, the best solution might be to develop a
tool that gives designers the flexibility to select their own visualiza-
tion options. Further research is needed in order to find out which
kind of manikins are preferred, if any, as well as the specifications of
the required software interfaces.
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Figure 54: Side, front and top view of medoid shapes for three clusters, us-
ing constrained clustering with circumference as constraint, with
color map indicating the average point-point distances.

4.5.6 Creating intuitive sizing tables

Using constrained k-medoids clustering results in groups that have a
very different shape and can be clearly separated for one or a num-
ber of measurements. From section 4.4, it is evident that constrained
clustering performs only slightly worse than pure shape-based clus-
tering. The biggest advantage is that once the product has been cre-
ated in different sizes, new individuals can easily be assigned to their
product size by taking a small number of measurements. Because the
cluster mannequin represents the underlying shapes better than in
traditional sizing systems, it is expected that no fitting is required,
which is especially advantageous for products distributed through
online shopping.

In fact, table 19 indicates that for most types of headgear, only the
circumference is required: each cluster has exclusive ranges for the cir-
cumference while there is some overlap in the other measurements.
The other measurements have no impact on the clustering methods.
Therefore, a very simple size table can be made to assign a product
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size to a new individual. See figure 55 for an example.

product size circumference (mm)

A 511 - 541

B 542 - 565

C 566 - 626

Table 20: Sizing table for three product sizes using constrained clustering
based on head circumference.

Figure 55: Size manikins for sizing table 20 (cluster medoids with colors
showing the point-point distances).

An advantage of using a one-dimensional size table is that this is
faster and more intuitive, because people are used to finding fitting
clothing items based on single measurements, e.g. hats (head circum-
ference) or shoes (foot length). The only reason not to use constrained
clustering is when the accuracy of the clustering is more important
than the usability of the method. This might occur with the design of
products containing biosensors, such as the EEG headset discussed
in section 4.3.7, but this needs to be evaluated case by case.

4.5.7 The disadvantages of shape-based clustering

As has been demonstrated in the previous sections, clustering based
on 3D shape surfaces instead of anthropometric data table has a great
potential to deliver better fitting products and to optimize a range of
product sizes. However, shape-based clustering also has a number of
disadvantages when it comes to feature-based clustering. While 3D
scanners are becoming cheaper and statistical shape modeling is be-
coming more widespread, the financial cost and the time investment
in creating a 3D shape database are still significant and requires sev-
eral trade offs. For example, if the entire body is 3D-scanned, the
local resolution of various body parts will be low, resulting in less
representative shape models. If, instead, a specific body part of in-
terest is scanned, the 3D model will be better, but the entire process
will have to be repeated for each body part and will thus be much
more expensive. Furthermore, the number of individuals that should
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be included in the dataset in order to properly represent the underly-
ing population is not clear. There are models with less than 100 and
models with more than 1000 individuals, but as of yet there is no in-
dustry standard to ensure representative models. Finally, in contrast
to feature-based clustering (and traditional anthropometry), there are
currently few publicly available 3D datasets and their suitability for
product design has not yet been established.

Therefore, 3D anthropometry and shape-based clustering are not
necessarily appropriate for each type of product. Currently, for most
commercial products, it would still be advisable to use traditional an-
thropometry in combination with previous experience and/or fitting
experiments with population samples. However, products which re-
quire a correct fit to multiple points of the human body and which
are now mostly provided through high cost customized solutions,
would benefit from using 3D anthropometry. For this type of prod-
ucts, shape-based clustering will provide new opportunities for mass-
customization which will benefit all parties involved: users, designers
and manufacturers.

4.5.8 Future work

While this work indicates that shape-based and constrained cluster-
ing are feasible methods for product sizing, the verification was purely
theoretical. Further steps are required before the proposed workflow
can be implemented in product design. Apart from repeating the de-
scribed analyses using different data sets and parameters, a number
of practical aspects should be resolved:

• The parameters of the underlying shape model should be var-
ied, such as the sampling method, resolution, and non-linear
dimensionality reduction methods (see section 4.5.1). The effect
of this on the clustering should be evaluated.

• The optimal input parameters for the clustering algorithms should
be determined: the number of trials, the range of clusters, and
the dissimilarity metric.

• User research should be performed with designers in order to
discover whether the proposed clustering method is indeed suf-
ficiently intuitive, and whether the clustering metrics are suffi-
ciently informative. If necessary, the methods should be com-
pared again using a different set of metrics.

• The clustering for the prototype EEG headsets described in sec-
tion 4.3.7 should be repeated with a larger allowable number
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of product sizes, and the effect of this on product fit should be
evaluated.

• The clustering method described in this article should be used
to create a set of prototypes for other products requiring a close
fit to the human head (i.e. sports helmets). The physical fit of
these prototypes should be verified on a representative sample
of the intended population.

• The usability of the workflow presented in section 4.5.5 should
be verified. For example, by giving a set of ergonomic prod-
uct specifications for a relatively simple product (e.g. a hat or
earphones) to two groups of experienced designers, with one
group using traditional anthropometry (or feature-based clus-
tering) and the other using 3D anthropometry (either shape-
based or constrained clustering) and comparing the two meth-
ods in terms of time, effectiveness, learning curve ease of use.

4.6 conclusion

In this paper, a method is presented to incorporate 3D anthropomet-
ric data in product sizing by applying k-medoids clustering on a sta-
tistical shape model of the human head. When compared to tradi-
tional sizing based on the head circumference, k-medoids clustering
resulted in superior clusters based on both the Ray-Turi index and
size-weighted variance. In order to make the method more easily ap-
plicable in product design, the k-medoids algorithm was modified by
adding the constraint that clusters should not overlap in one or more
key dimensions. This constrained clustering was found to perform
almost as good as traditional feature-based clustering, with an aver-
age CVI of 0.23 ± 0.03 compared to 0.29 ± 0.05. While shape-based
k-medoids clustering was slightly better, constrained clustering sup-
ports the creation of sizing tables and is more intuitive to use.

Furthermore, a method was presented to select the optimal num-
ber of product sizes, given manufacturing constraints, within-cluster
point-to-point distances and the Ray-Turi cluster validity index as a
measure of sizing quality. An example of creating sizing tables and
digital manikins from constrained clustering was also provided.

The results show that shape-based and constrained clustering are
feasible methods for creating sizing systems, and that they are prefer-
able to traditional feature-based sizing for head products requiring
an accurate fit, e.g. EEG equipment. It is expected that constrained
clustering based on 3D anthropometry will result in better fitting and
more comfortable headgear.
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D I S C U S S I O N

In this section, the answers to the three research questions are dis-
cussed. The chapter is then concluded with a section on suggestions
for further research.

5.1 summarized answers to the research questions

5.1.1 How well can the global and local shape variation of the human scalp
be quantified in a statistical shape model?

In chapter 2, it was shown that the 3D shape of the human scalp
can be adequately captured using statistical shape modeling with an
input dataset of at least 90 MRI scans. Individual shape predictions
using this model resulted in average prediction errors of 0.64± 0.12
mm. Since this is well below the spatial resolution of the input sur-
faces (1 mm in all dimensions), the model could be said to represent
the underlying shapes properly. Local shape variation can be visual-
ized on a statistical shape model by projecting a color map on the
average scalp shape, as has been demonstrated in chapter 2, or by
showing various points of interest in 3D space, as was done in chap-
ter 3 an discussed in chapter 4. Various distance metrics can be used
to quantify the variation in this case, including euclidean distances or
Frobenius norms. Global variation can be visualized by varying the
principal component weights as in chapter 2, by showing the mini-
mum and maximum envelopes within a population, or by moving all
points of the average head surface in their normal direction by a spec-
ified number of standard deviations of their point-to-point distances,
as in chapter 3, and then visualizing the resulting 3D surfaces. It can
be quantified by averaging the distance metrics used for local varia-
tion and by studying the correlations between principal component
weights, anthropometric measurements or even semantic parameters.
By mapping a set of anthropometric measurements of each scalp to its
principal component weights, the local and global variation can also
be quantified using intuitive parameters that designers are already
familiar with.

5.1.2 Does the use of shape models have an impact on the geometric fit,
stability and repeatability of EEG sensors in BCI-equipment?

In chapter 3, a one-size-fits-all BCI headset was created using the
anthropometric shape model from chapter 2. The impact of 3D an-
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thropometry on the geometric fit of the EEG sensors was determined
by comparing the 3D locations of the EEG sensors of the prototype
headset with those of a commercially available BCI device, using a
standardized EEG cap as reference. It was shown that the prototype’s
electrode positions by 21± 10.44 mm, which is accepted in EEG prac-
tice and closer than the sensor positions of the commercial device.
Stability of EEG sensors was tested by measuring the electrode dis-
placement after movement, which was no more than 10.52± 7.22 mm
on average. Furthermore, the prototype headset remained fixated on
the user’s head during movement, while the commercial device often
fell off. In terms of repeatability, the average electrode displacement
after mounting the headset three times was 11.28± 6.11 mm, again
within the accepted distance and slightly better than that of the com-
mercial device. While more extensive experiments will need to be per-
formed in order to definitively quantify the difference in EEG sensor
positioning, it is clear that 3D anthropometry has a positive impact
on sensor placement and stability.

5.1.3 How can 3D anthropometry be implemented in product sizing to
create better fitting headgear?

Chapter 4 compared a number of methods to cluster anthropometric
data into groups for product sizing. Clustering based on the 3D shape
model was shown to be more effective at separating the scalp shapes
into groups than clustering based on traditional anthropometric fea-
tures. The best performance was offered by performing k-medoids
clustering on the 3D surfaces of the scalps, using the euclidean dis-
tances between the 3D coordinates of those surfaces as a measure
of dissimilarity. A variation of k-medoids which also takes into ac-
count the possible overlap in anthropometric features, named con-
strained clustering, also resulted in better groups than traditional
feature-based clustering, and supports the creation of sizing tables
to assign correct product sizes to individuals. In chapter 4, a work-
flow was also presented to select the optimal number of product
sizes based on the performance of the chosen clustering method and
on a number of product-specific metrics such as point-to-point dis-
tances and population coverage. Therefore, performing k-medoids
clustering or constrained clustering on a 3D anthropometric model
(i.e. a statistical shape model) results in more representative clusters,
meaning clusters with lower intra-cluster shape variation and higher
inter-cluster variation, than traditional clustering. By using the sub-
set of the statistical shape model that belongs to a cluster as a digital
manikin for that cluster, a headgear can be designed in a similar man-
ner as the BCI headset from chapter 3. Since using 3D anthropometry
resulted in a better fitting one-size-fits-all headset, using the same
techniques on clusters of the statistical shape model is likely to result
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in better fitting BCI headsets in specific, as well as fitting headgear in
general.

5.2 shape variation of the human scalp

The first research question to answer was how to quantify the shape
variation of the human scalp. It was shown in chapter 1 that tradi-
tional anthropometry does not suffice to study the shape variation at
specific locations on the human head, and that a new method was
required. In chapter 2, a new representation for the human scalp was
introduced: a statistical shape model showing the overall shape vari-
ation and the variation for specific regions, i.e. electrode contact loca-
tions.

Before making any claims about the morphology of the scalp (for
this population), the results from chapter 2 should be verified. In
order to truly evaluate whether the measurements are realistic for
the measured population, ISO 20685 recommends that the measure-
ments should be repeated by an experienced anthropometrist [163].
The measurement error between the measurements reported in chap-
ter 2 and the anthropometrist’s measurements should then be com-
pared, and if the difference is below certain thresholds (detailed in
the norm), the measurements can be said to be correct. However, this
would require a significant amount of time and (for physical measure-
ments) access to the individuals of which the MRI scans were taken,
and thus was considered out of scope for this work.

Instead, the measurements are compared against various other an-
thropometric studies. The earliest study used for comparison is the
anthropometric survey of U.S. army personnel by Gordon et al. [164],
with a total sample of 3982 participants (1774 male, 2208 female),
ages 17-51. Next, the anthropometric head-and-face study of U.S. res-
pirator users by Zhuang et al. [165] was used, who report using a
stratified sample of a total of 3997 voluntary participants, ages 18-66.
While the reported tables are separated into male and female, it is un-
clear how many members of each gender were included in the study.
The DINED data [75] was also considered, although in this case only
the ages of the sample are certain: 20-30 years. The only sample size
available on the website refers to anthropometric measurements per-
formed on Dutch students in 1985 and 1986, whereas the sample that
was used for comparison is labeled as "Dutch adults, dined2004". Fi-
nally, the DINBELG website [166] was also considered. Although the
author of DINBELG reports a sample of 150 000 Belgian people aged
18-65, it seems that only body height was measured. All other mea-
surements reported in the DINBELG tables were extrapolated based
on the correlation between the DINED 2003 measurements.
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A direct comparison between these studies was more difficult than
expected, not only because of the uncertainty about the samples and
the ethnic and geographic difference between the sampled popula-
tions, but also due to the difference in measurement techniques, in-
struments and anatomical landmarks (in the few cases that these are
unambiguously reported). Nevertheless, tables 21, 22, and 23 show
the comparison between the mean (and standard deviation), mini-
mum, and maximum of anthropometric measurement values reported
in chapter 2 and those found in the studies mentioned above. Note
that only those measurements were chosen that appear in all studies.

study head length bitragion width circumference

Study head length bitragion width circumference

mean st. dev. min max mean st. dev. min max mean st. dev. min max

Lacko et al. 2013 198.50 10.60 168.60 221.50 147.70 8.00 130.70 166.60 564.90 25.70 511.00 626.10

DINED (20-30y) 194.00 11.00 168.00 220.00 148.00 8.00 129.00 167.00 562.00 25.00 504.00 620.00

DINBELG (18-65y) 188.00 8.10 169.00 207.00 145.00 6.20 131.00 159.00 569.00 23.00 515.00 623.00

Mean diff. 7.50 1.00 0.10 8.00 1.20 0.90 0.70 3.60 -0.60 1.70 1.50 4.60

Table 21: Comparison between anthropometric measurements from chapter
2 and previous studies for mixed population. All values are in mm.

study head length bitragion width circumference

mean st. dev. min max mean st. dev. min max mean st. dev. min max

Lacko et al. 2013 191.10 7.40 168.60 206.10 142.10 5.20 130.70 152.00 545.90 16.10 511.00 585.60

Zhuang et. al. 2005 (18-66y) 187.50 7.20 152.00 215.00 146.80 5.60 129.00 165.00 554.90 17.80 475.00 654.00

Gordon et. al. 1989 186.70 5.80 158.00 211.00 145.60 5.20 126.00 167.00 546.50 14.30 500.00 611.00

DINED (20-30y) 189.00 8.00 170.00 208.00 144.00 5.00 132.00 156.00 550.00 17.00 510.00 590.00

DINBELG (18-65y) 184.00 6.60 169.00 199.00 142.00 5.00 130.00 154.00 553.00 16.00 516.00 590.00

Mean diff. 4.30 0.50 6.40 -2.20 -2.50 0.00 1.40 -8.50 -5.20 -0.20 10.80 -25.70

Table 22: Comparison between anthropometric measurements from chapter
2 and previous studies for female population. All values are in
mm.

study head length bitragion width circumference

Study head length bitragion width circumference

mean st. dev. min max mean st. dev. min max mean st. dev. min max

Lacko et al. 2013 205.80 7.90 189.20 221.50 153.30 6.30 139.80 166.60 584.00 18.30 550.60 626.10

Zhuang et. al. 2005 (18-66y) 197.30 7.40 174.00 225.00 153.00 6.00 135.00 179.00 575.70 17.10 520.00 639.00

Gordon et. al. 1989 196.80 6.90 173.00 220.00 153.60 5.30 128.00 173.00 570.90 15.50 514.00 627.00

DINED (20-30y) 199.00 7.00 183.00 215.00 152.00 6.00 138.00 166.00 573.00 18.00 531.00 615.00

DINBELG (18-65y) 193.00 6.80 177.00 209.00 149.00 5.50 136.00 162.00 584.00 18.00 542.00 626.00

Mean diff. 9.30 0.90 12.50 4.30 1.40 0.60 5.60 -3.40 8.10 1.20 23.90 -0.60

Table 23: Comparison between anthropometric measurements from chapter
2 and previous studies for male population. All values are in mm.

The small absolute differences between the average, minimum and
maximum values suggest that the measurements performed in this
work and the measurements from previous studies are very similar.
For the bitragion width and circumference, the average difference is
never above 0.5 cm, and it is still below 1 cm for head length. The
reason for the larger difference in head length might be twofold.
Firstly, different reference points might have been chosen. While the
databases from Gordon et al. and from Zhuang et al. seem to use the
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same reference points (glabella and ophisthokranion) as this work, it
is unclear which anatomical locations were used in the DINED and
DINBELG studies. Secondly, even if the same reference points were
chosen theoretically, these points might have been identified differ-
ently because the anatomical points at the occipital region of the head
are difficult to identify by palpation or on sight (see sections 1.1.2 and
chapter 3). The reference points for the other two measurements are
not as difficult to locate.

study head length bitragion width circumference

t p-value t p-value t p-value

DINED (20-30y) mixed 4.21 0.00 -0.39 0.69 1.13 0.26

DINBELG (18-65y) mixed 9.85 0.00 3.32 0.00 -1.58 0.12

Zhuang et. al. 2005 (18-66y) M 7.59 0.00 0.30 0.77 3.17 0.00

Gordon et. al. 1989 M 8.04 0.00 -0.37 0.71 5.00 0.00

DINED (20-30y) M 6.08 0.00 1.40 0.17 4.20 0.00

DINBELG (18-65y) M 11.42 0.00 4.73 0.00 -0.01 1.00

Zhuang et. al. 2005 (18-66y) F 3.45 0.00 -6.37 0.00 -3.92 0.00

Gordon et. al. 1989 F 4.21 0.00 -4.74 0.00 -0.28 0.78

DINED (20-30y) F 2.03 0.05 -2.58 0.01 -1.80 0.08

DINBELG (18-65y) F 6.77 0.00 0.13 0.90 -3.10 0.00

Table 24: One sample t-test of difference between head measurements in
sample from Lacko et al. 2013 [135] and those reported in various
other studies.

A one-sample t-test was used to compare the means reported in
the anthropometric studies with the sample from chapter 2, the null
hypothesis being that the reported means come from the same sam-
ple. At a significance level of 0.05, for p-values >0.025 the null hy-
pothesis cannot be rejected and thus the means can be considered to
not be significantly different. The p-value threshold of 0.025 was cho-
sen because the means can be either significantly smaller or larger,
meaning an area of 0.025 at eather end of the distribution, or 0.05 in
total. The results are shown in table 24. P-values >0.025 are shown
in italics. Surprisingly, most of the head length differences and half
of the bitragion width and circumference differences were found to
be significantly different from the sample from chapter 2. While the
populations of DINED and DINBELG are indeed different from the
North American sample used in chapter 2, the samples from Gordon
et al. and Zhuang et al. were drawn from the same population. Since
no pattern can be discerned in table 24, it is not clear why this is not
the case. In other words, while the absolute measurement values be-
tween the examined studies are similar, most of them seem to come
from a different population than the one in chapter 2.
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Apart from the one-dimensional measurements, the three-dimensional
shape was also discussed in chapter 2: figure 24 shows the first five
shape modes of the head, meaning the directions of variation in de-
scending order. The first five principal components were found to
account for 88.2% of the variation. PC1 corresponds to the size or vol-
ume of the head, PC2 to the elongation of the head, PC3 to the shape
and height of the head. PC4 and PC5 are much less clear to interpret.
Similar studies have been performed by Roger Ball in 2011 [50] on a
population of 600 Western and 600 Chinese heads, and by Liu et. al.
in 2015 [167] on a dataset of 350 Chinese heads. Their definitions of
the shape modes are similar to that from chapter 2. Ball concludes
that PC1 corresponds to the overall size or volume of the head, PC2

to the height and "change from oval to round", PC3 to the proportion
of the face to head and the height of the cranium, PC4 to the depth of
the head and PC5 to the jaw area and the shape of the cranium. For
Liu, PC1 represents the overall size, PC2 the width and flatness of the
head, PC3 the shape of the face (long and narrow versus short and
wide), PC4 the protrusion of lower face and forehead and PC5 the
shape change of the head and face width. A comparison of the first
shape mode for the three studies can be seen in figure 56. The reason
for their clearer interpretations of PC4 and PC5 is probably due to the
fact that their shape model included the lower part of the face. Even
so, it is remarkable how even with different populations, the shape of
the head seems to vary in the same way: the most variation is always
in the volume or size.

According to the results reported in chapter 2, volume is also a
determining factor between male and female populations, as well as
the shape of the eyebrow ridge, which is more prominent in males.
In mixed populations (including the one from [145]), smaller heads
(according to PC1) seem to show a number of Asian features, such
as slightly tilted eyes and rounder heads. Larger heads show rather
African facial traits such as wide noses and large eyebrow ridges.
When designing head products, going from smaller to larger heads,
contact points on the sides of the head will only need to move lin-
early from the inside to the outside of the head. Contact and fixation
points on the frontal or parietal regions of the head will need to be
moved in a lateral and posterior-anterior direction and will provide a
greater challenge to the designer.

Considering the mapping between anthropometric measurements
and shape modes, the measurements that most influence shape pre-
diction are circumference, head length and bitragion width (or head
breadth). If only a limited set of measurements can considered for
design, these three should be included. Ear height seems to have the
least influence on head shape, although this could also be explained
by the fact that the ear was not well represented in this shape model,
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(a)

(b)

(c)

Figure 56: Comparison of first shape mode (variation according to first prin-
cipal component) of this work (a) with the shape models of Ball
[50] (b) and Liu et al. [167] (c).

i.e. due to image artefacts caused by supportive struts that were used
for head stabilization in the MRI scan.

It is unclear to which extent the shape model from chapter 2 is
appropriate for Belgian or Dutch populations. While the sample sta-
tistically appears to be from a different population, this might mean
that the North American and West European populations have sig-
nificantly different head shapes, or it might be that different ethnic
groups were included in the samples (e.g. African-American, Cau-
casian,. . . ). Unfortunately, since it is unknown which ethnicities were
present in the shape model from chapter 2 (and it a manual clas-
sification based on the head surfaces was ineffective), or in which
proportion, it was impossible to determine the effect of ethnicity on
shape variation. Not much literature was found on the shape vari-
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ation within and between different ethnicities, apart from the work
of Roger Ball [50], which showed that Chinese and Caucasian heads
do have sufficiently different head shapes to require specific anthro-
pometric models and methods. Most other work on morphological
differences in head shape between ethnicities is focused on the fa-
cial area, e.g. [168, 169], in which significant differences are reported.
Other factors that might explain the discrepancies in anthropometric
measurements are age ranges included in the samples or BMI, al-
though the scalp shape does not change much after the age of thirty
[170] and obesity seems to have only have a minimal effect on it [171]
(if any, since the differences reported in [171] are measured in per-
centages of other body dimensions which are also subject to change
with rising fat mass).

In any case, the initial results related to product fit for BCI head-
sets designed using the model from paper 2 are promising. Both the
quantitative results from chapter 3 and the preliminary evaluation in
section 5.4 indicate that the model is indeed useful for Belgian males
and females between 20 and 30 years old. Even if this was not true,
since the modes of variation between samples from different popula-
tions are very similar, the methods and techniques presented in this
dissertation are relevant to statistical shape models from any popu-
lation. The only requirement is that an appropriate shape model is
created as input for the methods. Due to the increasing amount of
3D body images and scans that are currently available, this should
not pose much difficulty, and as soon as one shape model has been
verified to correctly represent a target population, it can be reused for
any application within that region of the world.

5.3 the use of 3d anthropometry in the product design

process

Figure 57 shows the product design process according to Roozen-
burg and Eekels [172]. (Note that they make a distinction between
the product development and product design process, where product
development contains additional phases that precede and follow the
design phase, including brainstorming and ideation as well as distri-
bution and sales.) Although alternative models exist, this model and
its derivates are taught at multiple universities, including the Univer-
sity of Antwerp (Product Development) and the Technical University
of Delft (Industrial Design).

According to this model, product design is an iterative process in
which the designer cycles through analysis, synthesis, simulation and
evaluation phases until a predefined set of specifications has been
achieved. The second research question of this doctorate was how
3D anthropometry should be included in product design. In sev-
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Figure 57: Basic product design process according to Roozenburg and
Eekels [172]

eral of the previous chapters, applications have already been demon-
strated and discussed separately. Furthermore, in the past few years
3D shape models have been used in a number of student assignments
and master theses at Product Development [58, 173, 174]. In the next
few paragraphs, these experiences are summarized and are consid-
ered from the perspective of Roozenburg and Eekels’ model.

A first application of shape models in the Analysis phase was
demonstrated in chapter 3, where a first step in the design of a one-
size-fits-all BCI headset was to find out whether one-size-fits-all was
actually possible or whether there was too much variation in head
shape. For this purpose, the shape variation for four reference points
was visualized (figure 58) and measured. Based on these measure-
ments and on the spread of the variation (showing that the varia-
tion was mostly linear), one-size-fits-all design was deemed to be
a feasible solution. In effect, 3D anthropometry can be used to an-
alyze and visualize head variation for the entire head, for various
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sub-populations (as in figure 31 in chapter 2) or for specific contact
points.

(a) (b)

(c) (d)

Figure 58: Shape variation of reference points visualized.

On the other hand, one thing that became clear when working with
students is that the accuracy in local shape variation for the BCI head-
set is not necessarily an asset for all kinds of products. In a number of
master theses, it was considered to be too complex for the student’s
purposes. Usually, this was the case for products such as helmets or
glasses, which do not contain biosensors and do not require a spe-
cific placement of contact points. In these cases, the student (or their
supervisor) decided that a traditional approach to ergonomic design,
such as the ones described in sections 1.3.4.2 and 1.3.4.3, was more
appropriate. Even so, it often occurred that the desired anthropomet-
ric measurements were either not available in literature, or were only
available for other population than the student’s target population.
When this happened, the shape model of the scalp was used to per-
form the anthropometric measurements digitally. Instead of organiz-
ing and performing a measurement session, a shape model was used
to predict surfaces for certain shape percentiles (e.g. 5th, 50th and
95th percentile according tot the first principal component). Since the
shape model generates accurate and realistic predictions of the full
shape (as shown in chapter 2), any measurement on these percentile
predictions can be assumed to correspond to the value that would be
obtained by taking that percentile of a set of 1D measurement values.
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Measurements can be taken in CAD-software or in custom software,
as shown in figure 59.

Figure 59: Screenshot of new anthropometric measurement performed on
representative manikin (average head) derived from shape model.
(custom software)

In the Synthesis phase, 3D shape models can be used as digital
or physical design templates or manikins. For example, in chapter 3

the 1st, 50th and 99th percentiles of shape variation along the first
principal component were used to determine the total displacement
distance and angle for each of the contact points (also referred to as
points-of-interest or POI further on). In this way, the designer knows
precisely how much customization or flexibility will be required in
his or her product. It might also occur that, based on these value,
a different design approach is chosen (e.g. creating multiple sizes)
because the differences are too great.

Furthermore, physical manikins of representative shapes can be a
valuable tool during brainstorming and ideation, see figure 60 for
some examples. In the annual Workshop Week of 2015, a group of
students at Product Development were given three foam manikins
representing the P1, P50 and P99 headforms and asked to gener-
ate concepts for commercial BCI headsets. While brainstorming and
ideation usually results in drawings and sketches, the students work-
ing with the physical manikins started considering size and shape
differences early on and were quick to create cardboard prototypes
to test their (preliminary) concept’s viability as soon as possible. On
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the basis of the physical manikins, several concepts could be rejected
much sooner than in a traditional design process, where problems
with fit would only become apparent during prototype evaluation.
Some sketches of the final concepts can be seen in figure 61.

(a)

(b)

Figure 60: Examples of physical manikins based on shape models: 3D-
printed average head shape with color map showing variation
(a) and manikins in blue foam (b).
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(a) (b)

Figure 61: Two quickdesign sketches based on ideation and concept genera-
tion workshop with physical shape model templates.

Apart from creating realistic 3D manikins, Simulation is probably
the most intuitive application of 3D anthropometry. Many contempo-
rary papers on shape models suggest a combination of shape mod-
eling with finite element modeling in order to simulate the physi-
ological effects of the designed product on the human body. Some
applications already exist, such as Siemens Jack and Jill, in which hu-
man models from different populations can be generated and their
interaction with the product can be simulated. On a more localized
scale, shape models of the underlying structures of the human head
could be used to accurately predict skin and bone thicknesses in or-
der to simulate user comfort or safety, e.g. in sports helmets, although
this will be no trivial task. Furthermore, a CAD model of the product
could be compared against a large number of random head shape
predictions for a target population. Since the product contact points
on these predictions correspond to the points on other shape model
representations that might have been used in the Synthesis phase to
create 3D models of the product (e.g. average headform), the distance
between or intersection of the validation head surfaces and the con-
tact points of the CAD-model of the product could be determined
and visualized in CAD software.

Finally, the results from the Simulation phase (e.g. number of in-
tersections between product and skin surfaces) can be used to either
accept the design or continue to the next iteration of the design pro-
cess. In the Evaluation phase, the shape models could be used to
provide suggestions for this decision, based on numerical analysis of
these parameters.

5.4 case study : simplified design process for bci head-
set in three sizes

In chapters 3 and 4, two methods were introduced to create BCI
headgear using 3D shape models: one for designing a one-size-fits-all
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headset, and one for creating a headset in a number of different sizes.
In order to demonstrate the place and the value of 3D anthropome-
try in the product design process, the latter method was applied to
create a BCI headset in three different sizes. A simplified product de-
sign process was be followed, in which the only design criterion was
that the headset should have 14 electrodes that make contact with
the user’s head, as in chapter 3. A number of important portions of
the design process have been left out of this discussion. Furthermore,
only one iteration of the design process is shown.

5.4.1 Analysis phase

A first step in the analysis process was to analyze the overall shape of
the head. A preliminary analysis of the shape models, as in chapter 2,
showed that the most global variation is in the head volume or size
(first principal component) and that the circumference is a good mea-
surement to use for the sizing process and the size chart. Secondly,
figure 31 in chapter 2 shows that the difference between male and fe-
male heads is only 5 mm on the largest part of the head and that most
of the variation is localized in the face (especially the eyebrow ridge),
while the scalp (i.e. parietal) region only shows small morphological
differences. Thus, the same shape model could be used for both male
and female heads, and there was no need for a separate product line
for males and females; at least not for this population.

Next, the process presented in chapter 4 was used to determine
how many product sizes should be created. In this example, elec-
tric contact between the user’s scalp and the electrode is made with
sponges soaked in a saline solution. The sponges are about 10 mm
long and can be compressed to 1 mm, which gives 9 mm of flexibil-
ity. Furthermore, the prototypes were to be 3D printed, and the pho-
topolymer used in most 3D printers is not completely rigid. Therefore,
a combined within cluster average point-to-point distance of 12 mm
was deemed acceptable for this specific application. To determine the
average point-to-point distances, the tables and graphs from chapter
4 can be used, as well as custom software that performs the cluster-
ing and generates template models (e.g. the average or medoid for
each size) as in figure 62. As can be seen in figure 63, three clusters
would be a minimum under these constraints. Ideally, according to
the method described in chapter 4 and visualized in figure 52, four
clusters should be used (lowest cluster validity index within the se-
lected range of sizes). However, due to time and budget constraints,
three clusters were used for this first iteration.
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Figure 62: Example GUI program for creating any number of clusters given
a shape model in HDF5-format, a dissimilarity matrix (dissimi-
larity between the shapes in the shape model) and optional con-
straints.

Measurement Cluster A Cluster B Cluster C

head length 182.8 - 201.6 192.8 - 221.5 168.6 - 193.8

bitragion
width

135.6 - 153.5 141.0 - 166.6 130.7 - 149.4

circumference 542.3 - 565.3 565.6 - 626.1 511.0 - 541.4

arc width 313.1 - 374.4 327.5 - 388.8 298.3 - 353.7

Table 25: Sizing table according to four anthropometric measurements. All
values are in mm.

5.4.2 Synthesis phase

The feature-constrained clustering discussed in chapter 4 was used
in order to create three clusters of the human head, as in figure 64.
Four anthropometric measurements were chosen as constraints: cir-
cumference, bitragion width, head length and arc width. (In fact, as
discussed in chapter 4, only the circumference would have sufficed.
However, this work was done in parallel with the publication of that
paper. The detailed comparison of clustering methods and analysis
of the results was not yet available at that point.) Finally, a sizing ta-
ble based on the circumference, head length, bitragion width, and arc
width was then determined (see table 25), to be used to assign new
individual to their representative clusters.

The next step was to determine the variation (distance and angle)
for each of the electrode locations. To achieve this, the desired 10-
20 locations were marked on the average head shape, after which
a construction line was drawn in the normal direction for each of
those points. Minimum and maximum envelopes were then created
for each of the clusters, as in figure 51 in chapter 4. The intersection
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Figure 63: Graph showing the average point-to-point distances for clusters
after constrained clustering.

between the envelopes and the 10-20 construction lines marked for
each cluster, representing the absolute minimum and maximum dis-
tance that would have to be accommodated for in this population, see
figure 65. Note: because the envelopes do not represent realistic head
surfaces, using these to determine the variation angle for the 10-20 lo-
cations would not be representative for the studied population. Since
the results in chapter 3 revealed that the distribution of points was
mostly linear, the normal direction of the average head was deemed
to be more appropriate.

In SolidWorks, the electrodes were then placed at 80% of the minimum-
maximum envelope distance for each point. Electrodes were drawn
with the sponge in compressed state, see figure 66. The rationale for
choosing 80% was that the absolute maximum point might be an out-
lier and that the flexibility of the photopolymer would ensure that the
electrode did not cause discomfort in this kind of extreme cases. The
rest of the distance between maximum to minimum envelope was to
be covered by the flexibility of the sponge. Finally, the electrodes were
oriented so the plane at the contact points was parallel to the average
head surface. Another option would be to place them perpendicular
to the 10-20 construction lines, but the normals of individual vertices
might not represent the direction of the complete surface covered by
the sponge, and electrodes oriented in this manner might cause dis-
comfort.

After all electrodes were drawn, the remainder of the headset was
designed. The minimum and maximum envelope surfaces were used
as a template to ensure that the rest of the product would have the



5.4 case study : simplified design process for bci headset in three sizes 147

Figure 64: Top view of three clusters of the head, clustered using con-
strained clustering with circumference, bitragion width, head
length and arc width as constraint.

Figure 65: Construction lines showing minimum and maximum electrode
locations for each product size (i.e. cluster).

correct shape and would not make contact with the user’s head, see
figure 67. The final prototypes are shown in figure 68. One thing that
was immediately apparent is how different the shape of the three
headsets is. Using traditional anthropometry, this exercise would have
resulted in three headsets of different sizes but with the exact same
shape (e.g. small, medium, large). From the 3D models in figure 64,
it’s clear that this would have result in a bad fit for at least two of the
population clusters. Instead, the shape model-based designs provide
more difference in shape than in size, corresponding to the findings
in section 5.2 - the smallest headset is rounder where as the larger is
more elongated.
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Figure 66: Example of electrode design with minimum and maximum 10-20

point location.

Figure 67: Prototype headset designed with maximum envelope of cluster B
as manikin.

5.4.3 Simulation phase

In the simulation phase, 3D-printed prototypes of the three headset
sizes were fit onto the heads of 49 test subjects. The fit of the three
headset sizes was verified digitally and physically. For the physical
verification, the 3D locations of the 14 electrode points (i.e. product
contact points) were measured using a Microscribe MX, as in chap-
ter 3. In this case, an EEG-cap derived from the MedCat caps was
put on each subject’s head, and the Microscribe pointer was moved
through the holes corresponding to the electrode locations until it
made contact with the skin. The 3D surface of each subject’s head
was predicted (or simulated) using the method discussed in chapter
2. The measured 3D coordinates were then aligned to the predicted
skin surfaces using iterative closest points (ICP) and compared in
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(a)

(b)

Figure 68: Final design of BCI headset prototypes in three sizes.

order to quantify the accuracy of the prediction, see figure 69. The
average prediction error was found to be −0.86± 0.6 mm, with the
negative sign indicating that the measured point coordinates in gen-
eral are located on the inside of the predicted head surface. Next,
the 3D coordinates of the electrode points for each subject were com-
pared to the electrode locations used to create the CAD models for
the three headset sizes. The headset size for which these distances
were the smallest was deemed to be the best fit, and these distances
were used for further analysis.

For the physical simulation of fit, each participant was asked to
qualitatively evaluate the fit of their assigned product size (accord-
ing to the sizing table) and to indicate a better fitting product size, if
applicable (see figure 70). Most participants found the headset to be
comfortable, although for two students with smaller heads, no prod-
uct size fit comfortably. Most subjects also noted that the electrodes
at the front of the head, 10-20 locations AF3 and AF4, didn’t make
contact with their head, even for the best fitting product size.

Finally, various methods of assigning product sizes to individuals
were tested. Initially, assignment was done on the basis of the siz-
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Figure 69: Example of measured 3D coordinates of electrode locations over-
laid on predicted head surface. (custom software)

ing table, using the participant’s head circumference, head length,
bitragion width and arc width. Furthermore, the predicted head sur-
face for each individual was compared to the representative (digital)
manikins of the product sizes (i.e. cluster medoids, as described in
chapter 4) and the product size for the manikin with the smallest
average difference to the predicted head was selected. This will be
referred to as assignment by shape. In a similar manner, the distance
between the 14 product contact points of the CAD models and the
predicted head surface was compared, called assignment by points
of interest. Compared to the best fitting size as selected by the physi-
cal prototypes, assignment by sizing table only managed to correctly
assign sizes for 14% of the subjects. With assignment by shape, 27%
of the subjects were assigned a correct headset, which was still much
lower than expected. Assignment by points of interest (POI), on the
other hand, did manage to assign the correct size in 64% of the cases.
The reason for the poor performance of assignment using sizing ta-
bles might be explained by the fact that inappropriate constraints
were chosen for this amount of clusters (see section 4.4.3). In a next
iteration of the design process, using circumference as first (or only)
constraint might result in better sizing tables.

5.4.4 Evaluation phase

From the subjective physical verification, it appears that the chosen
clusters do not fit the population very well, with at least two of the
frontal electrodes hardly ever making contact with the skull.
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(a) (b)

Figure 70: One of the test subjects wearing the prototype for product size B.
Published with permission of the subject.

This might be due to several reasons. Firstly, as mentioned in sec-
tion 5.4.1, a higher number of product sizes would offer better clus-
tering. As shown in chapter 4, the clustering quality improves when
using four clusters (shown by the lower cluster validity index), but
decreases again at five clusters. It might be that there is a specific
head shape with higher surface at the location of the AF3 and AF4

electrodes, but that this very local variation has caused the cluster-
ing algorithm to prioritize other shape variations and spread subjects
with these types of heads over the three current clusters, biasing the
design for each cluster. Allowing one additional cluster might have
resulted in these head types being grouped in a separate cluster.

Another possibility is that the electrode sponge flexibility (estimated
at 9 mm) was misjudged or that the sponges had lost part of their
flexibility due to reuse. Using a different type of sponges or changing
the sponges between subjects might have helped in this case. Alter-
natively, a lower average point-to-point distance should have been
chosen, which would have again resulted in the requirement to have
four clusters.

A third possibility is that in the synthesis phase, placing the elec-
trodes at 80% of the distance between minimum and maximum en-
velopes was still too high. Since no subjects reported discomfort from
electrodes exerting too much pressure or the headset being too rigid,
a lower distance might have been better suited, e.g. 60% or even 50%.

Furthermore, the sizing table was not effective in assigning the cor-
rect product size to individuals. Instead, comparing the product’s
contact points with the predictions of the user’s head shape (based
on anthropometric measurements) resulted in the best product size
assignment.
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Based on these results, it would be advisable to do a next design
iteration, using either a different clustering method that performs the
clustering based on the product’s contact points instead of on the full
surfaces, using a higher number of clusters, or adjusting the design
so the problematic electrodes are more likely to make contact, e.g. by
using different materials with more flexibility (or another solution to
allow some variation in electrode positioning).

Finally, as mentioned in section 5.2, the scalp shape model might
not be representative for a Belgian population. A shape model based
on a Belgian sample might result in far better initial clusters, less
design iterations and of course a better fitting overall design.

5.5 evaluation of prototype bci headsets according to

essential design requirements

In table 26, the two BCI headset prototypes developed in the course of
this work, referred to as the POpoc 1 and the POpoc 2, are evaluated
according to the design criteria for consumer-grade BCI headgear de-
fined in section 1.2.3. Because these devices were not intended as fully
functional BCI headsets, a number of design requirements could not
be verified. Even so, evaluation the prototypes against the design re-
quirements should give an indication of whether 3D anthropometry
is the right method to design BCI headgear.

For each prototype, the table shows a "Y" (yes) if the requirement
was met, "N" (no) if it was not, and "n.a." (not applicable) if it was
considered out of scope or not verified. If the requirement was met,
references are included to the sections, tables or figures where it was
verified.

For electrode positioning (req. 1), both prototypes were with elec-
trode locations according to the 10-20 system. POpoc 1 was found to
fit those locations with an adequate positioning accuracy, and while
the physical verification for POpoc 2 was only done subjectively, a
physical verification of the electrode positions on the predicted sur-
faces used as the basis for POpoc 2 confirmed that the predicted con-
tact points were very close to the correct electrode positions.

POpoc 1 could not be self-applied by the user because of the elabo-
rate manner in which the electrodes need to be adjusted before apply-
ing the headset (req. 4). However, if the adjustment method is opti-
mized in a redesign, the reference struts should make it very easy for
the user to place the headset on correctly. In POpoc 2, test subjects had
no problems mounting the applying the product sizes themselves.

However, POpoc 2 did require a brief instruction on how to apply
the headset, since the design currently allows to place it on the head
backwards (req. 5.1). This is not the case for POpoc 1, which does not
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fit comfortably if it is put on backwards, and for in which the Na,
LPA and RPA reference points can be used for guidance.

POpoc 1 displayed better repeatability than a commercial BCI head-
set (req. 5.2), and while the electrode positions did deviate slightly
after repeated set-up, electrode displacement was not more than cur-
rently accepted within EEG practice.

None of the test subjects reported (or showed marks of) any dis-
comfort while wearing either prototype headset (req. 6.1), although
further research is required to verify whether this holds true for pro-
longed use (e.g. an hour) as well.

Finally, POpoc 1 often exceeded the required sensor set-up time
(req. 7.2), again due to the necessary electrode adjustments before set-
up. However, test subjects were able to apply or take off POpoc 2 in
a manner of seconds.

This preliminary evaluation indicates that using statistical shape
models is a promising design technique for BCI headset: for those re-
quirements that were considered during the design of BCI headsets.
Table 26 shows that, for those requirements that were considered, at
least one of both prototype headset passes. With further refinement
of the design methods and optimization of the prototypes, it should
be possible to meet the remaining requirements.

ID POpoc 1 POpoc 2 Reference

1 Y Y sections 3.4.1, 3.4.2,
and 3.5.3, table 13,
figure 45

2.1 n.a. n.a.

2.2 n.a. n.a.

2.3 n.a. n.a.

3 n.a. n.a.

4 N Y section 5.4.3

5.1 Y N section 3.3.1

5.2 Y n.a. sections 3.4.1, 3.4.2,
and 3.5.5, table 13

5.3 n.a. n.a.

5.4 n.a. n.a.

6.1 Y Y section 5.4.3

6.2 n.a. n.a.

6.3 n.a. n.a.

7.1 n.a. n.a.

7.2 N Y section 5.4.3

7.3 n.a. n.a.

Table 26: Evaluation of POpoc 1 and POpoc 2 prototype headsets.
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5.6 expected impact of shape models on the design of

bci headgear

The examples in chapter 3 and section 5.4 indicate that the use of
shape models has three major implications for BCI headsets: an im-
proved electrode fit, better stability or robustness during movement
and a higher repeatability.

• Improved fit of electrodes will likely result in lower electrode
impedance and thus higher signal quality [43, 44, 175]. Com-
bined with new types of electrodes that don’t require conduc-
tive gel or saline solution (i.e. [41, 176]), better fitting electrodes
will also improve user comfort. A better knowledge of shape
variation at 10-20 systems will also allow for more optimal place-
ment of electrodes, possibly minimizing the required number of
electrodes and allowing for custom electrode channel selection
per headset or application. This results in higher convenience,
higher user comfort, and maybe most importantly: more pleas-
ing aesthetics, which will in turn affect user acceptance of the
new technology [4, 42, 127]. Furthermore, there are indications
that custom electrode channel selection could also increase EEG
performance [25, 177].

• A better understanding of the human head shape variation will
result in better headset stability during movement, because de-
signers will be able to not only position electrodes more pre-
cisely, but also to study how and where to place contact points
that fixate the product on the user’s head. The ability to move
around freely while wearing a BCI headset will positively in-
fluence the convenience and especially the mobility of EEG de-
vices [42, 178]. New electrode design practices might also lead
to a reduction of motion artifacts, which would again increase
EEG performance [178].

• The largest benefit from higher repeatability will be a lower
need for calibration and a shorter set-up time, which was found
to be an important factor in BCI headset usage, both in our own
work (section 1.2.1) and in previous literature [26, 42, 127, 179].

In turn, these three factors could have a significant impact on the
field of brain-computer interfacing. First and foremost, a more user-
friendly and better fitting BCI headset could cause a resurgence of
BCI research, similar to the one observed around the 2012 when the
Epoc was introduced [4]. If better electrode fit indeed improves the
performance of EEG electrodes, dry electrodes might finally become
recognized as feasible alternatives to gel-based ones, making it easier
to recruit participants for studies and greatly reducing the duration
of experiments. Higher repeatability indicates that BCI researchers
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would be able to use such a headset to quickly prototype, test and
demonstrate new BCI algorithms, speeding up the development of
new paradigms and applications. Due to the higher stability, BCI ap-
plications could be tested in real-world scenarios, improving the us-
ability and the shortening of their time to market.

Aside from academic research, more convenient and better looking
BCI headsets would increase the public awareness and technology ac-
ceptance. Combined with a higher number of applications that were
verified in dynamic environments, this would inevitably lead to the
long expected use of BCI headsets for games and other home appli-
cations [4, 26, 180]. Furthermore, if the user requirements set forth by
Nijboer in [42] were met and applications for alternative communica-
tion and control could be tested with real patients more often, people
suffering from conditions such as ALS or MS -who have been the sup-
posed target users for ’mindspeller’ applications for decades- might
finally benefit from BCI technology.

To summarize, the expected effects of 3D anthropometry on the
design of BCI headgear are a higher user comfort, lower calibration
and set-up time, higher convenience, better looks, increased mobil-
ity, increased signal quality (at least compared to current commercial
devices), resulting in an increased amount of BCI research and thus
a higher number of potential BCI applications. However, because re-
searchers tend to overestimate how soon BCI technology will be ready
for home use [4], it’s important to realize that the first benefits from
more user-friendly BCI headsets will be seen in research. The integra-
tion of BCI as a new human-machine interface in everyday life is a
commendable goal, but researchers should be careful about commu-
nicating these expectations to the outside works, so as to not create an
unrealistic view of BCI in the eyes of the general public, which could
push people away from the technology out of fear for ’mind reading’,
as well as disappoint early adopters when current applications find
their way to their homes.

5.7 suggestions for future research

Suggestions for research in statistical shape modeling and 3D anthro-
pometry:

• A head (scalp) shape model from CT or MRI scans of a Belgian
or Dutch sample should be created and verified by comparing
its predicted shape surfaces to the physical head shapes of the
individuals included in the sample.

• Head shape models should be created for various ethnicities
and regions. Using the techniques described in section 2.5.3,
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these models should be compared in order to determine which
ethnicities or regions require separate shape models. For exam-
ple, it would be interesting to know whether a single European
head or scalp shape model would suffice for product design
across Europe, or whether separate shape models should be cre-
ated for individual regions or even countries.

• The influence of different hair types on the product fit should
be quantified. Even in people with short hair, the shape model
might not offer the best fit because a (flattened) layer of hair
would alter the actual contact point of the product. If it’s found
that hair has a significant impact on the product fit, this im-
pact should be measured and hair types should be included as
parameters for the shape model.

• Shape models of the internal structures of the cranium should
be created. By combining the external shape model with shape
models of the internal bone layers and brain, it would be pos-
sible to study the correlation between external features and in-
ternal structures, resulting in three-dimensional information on
the variation of skin and skull thickness on each point of the
cranium. This could be combined with finite element modeling
in order to simulate user comfort or to perform impact simula-
tions (e.g. for helmets).

Suggestions for research in product development and industrial
design:

• The sizing system prototypes should be remade according to
the insights and results from section 5.4, which was still un-
der development when the first design iteration was performed.
The method used for simulation and evaluation in chapters 3

and 4 should be adapted to an experiment protocol and a scien-
tific study should be performed to verify the effectivity of the
constrained clustering method.

• The 3D anthropometric methods described in this work should
be verified by comparing a design process based on traditional
anthropometry with one based on 3D anthropometry. This should
preferably be done with two groups of multiple designers, with
one group using the traditional method and one group using
the new methods, so as to avoid biased results due to designer
skill levels. Both methods should be compared for efficiency
and effectivity in meeting a set of predetermined design speci-
fications.

• The methods described in this work should be implemented
into software interfaces that can be used by designers. A first
version of such an interface in the form of a SolidWorks plugin
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has been developed during the CADANS project [181], but this
interface should be tested and expanded to other platforms.

• Other applications of parametric shape models should be con-
sidered. For example, 3D anthropometry might benefit the de-
sign of prosthetics, the cost and effectivity of pressure masks to
prevent scarring after severe burns and many others.

Suggestions for research in brain-computer interfacing:

• Further experiments should be performed with the one-size-fits-
all prototype. Since the study in chapter 3 was a performed
as a pilot study with students, a more extensive experiment
should organized. The prototype should be adapted to include
the weight of the electronic components (e.g. the OpenBCI board
and electrodes) and battery in order to fairly compare stability
to commercial devices. It should also be compared with multi-
ple commercial headsets instead of just the Epoc.

• The expected improvements described in section 5.6 should be
tested. Electronics should be incorporated into the one-size-fits-
all prototype to test whether better electrode positioning has a
significant impact on signal-to-noise-ratio and electric impedance.

• The existence and effect of motion artifacts should be compared
between traditional EEG caps, current commercial devices and
prototypes based on 3D anthropometry.

• It would also be interesting to see whether the higher repeata-
bility might decrease the need for calibration and thus improve
the convenience of using the headsets.





Part IV

C O N C L U S I O N





6
C O N C L U S I O N

3D anthropometry offers a major potential to help designers under-
stand the shape variation of the human body. Ever since the first
research papers about statistical shape models were published, re-
searchers have pointed out their possibilities to assist in designing
products with a better fit. However, no standardized methods exist
for 3D anthropometry. Even for traditional anthropometry, most de-
signers depend on intuition and experience in to make products fit
their users, rather than relying on the vast set of anthropometric data
that is currently available. Data is only considered after the product
is introduced on the market, at which point further changes to prod-
uct fit are driven by sales figures. While it might work in some cases,
this approach is highly dependent on the skills of individual design-
ers. In companies that employ designers without much experience, or
companies that wish to create new products with which their design-
ers do not have any experience, it can take years to get the fit quite
right. Apart from the unnecessary production costs that inevitably re-
sult from this experimental way of working, unsatisfied users might
switch to competing products in the meantime. Or even worse, some
users might not even find comfortable products that properly fit. A
new, evidence-based approach would benefit everyone involved in
the design of products that need to fit closely to the body.

In this thesis, instead of focusing on general and abstract methods,
the use of 3D anthropometry in product design and development was
studied through the application on a specific type of products that
would greatly benefit from a closer contact with the user’s skin, but in
which design is often an afterthought: headgear for brain-computer
interfacing or BCI. While the initial goal was to explore all aspects of
BCI headset design (including electronics and software) and to for-
mulate an integrated method to create fully functional, user-friendly
BCI headsets, it quickly became clear that the lack of accurate anthro-
pometric data on the shape variation of the human head, as well as
a lack of standardized methods for using the data that was available,
was a major limiting factor in BCI headgear design. Curiously, despite
many claims on the potentials of this technology to change the lives
of users by offering new possibilities for communications, well-being
and entertainment, said user is hardly ever considered during the re-
search or implementation. Considering these observations, the scope
of the doctorate was at the same time limited to only those aspects of
BCI that relate to usability and user comfort, as well as broadened to
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the application of 3D anthropometry in product design.

First, a statistical shape model of the human head was created in
order to study the size and shape variation of the scalp. The largest
variation of the scalp shape was found to be in the overall size or
volume of the head, which is also the most important distinguish-
ing difference between male and female head shapes, along with the
shape of the eyebrow ridge. Apart from studying the ability of this
model to accurately predict and represent head shapes, the statistical
parameters were also mapped to traditional anthropometric measure-
ments (features), which are more intuitive to use in product design.
The more features that were used, the better the shape prediction
and the narrower the distribution of errors across the scalp. The head
circumference was found to be the best single parameter for shape
prediction and manipulation, although a combination of head length,
bitragion width (head breadth), circumference and arch width (bitra-
gion coronal arc) is a good compromise between ease of measurement
and accuracy of predictions, resulting in an average prediction error
of only 1.64± 0.39mm. The ear height was not a good parameter, and
including it actually decreased the prediction accuracy. This seems to
indicate that the ear height has no correlation with the overall head
shape, it might also be due to the limited fidelity of ear shape result-
ing from the shape modeling method.

Secondly, a number of methods were created to apply the statis-
tical shape model in product design process. The shape model was
used to create a (non-functional) one-size-fits-all BCI headset and to
create a headset in three different sizes. For the one-size-fits-all proto-
type, the method was verified by comparing the electrode placement,
stability during movement and repeatability of electrode positions to
those of a current consumer-grade BCI headset. On average, the elec-
trode positions differed from the ideal 10-20 locations by 21.97± 10.44
mm, shifted by 10.52 ± 7.22 mm after movement and deviated by
11.28 ± 6.11 mm, which was comparable to the commercial device
and within accepted values in EEG practice. While the prototypes re-
sulting from product sizing were not systematically verified, they fit
reasonably well in an initial fitting test, although assigning the prod-
uct sizes based on a sizing table with anthropometric measurements
was only correct in 14% of cases. On the other had, assigning product
sizes digitally based on the distance between electrode contact points
and the user’s head shape was much more more reliable.

A number of conclusions could be drawn from these experiments.
Using 3D anthropometry during the analysis phase results in a better,
more robust understanding of head shape and in more accurate de-
sign specifications, eliminating the need for the intuition or previous
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experience with similar products. However, the skill of the designer
still plays an important role during the synthesis phase of the design
process, e.g. during CAD design, in which creative solutions need to
be found in order to conform to the product contact points derived
from the shape analysis and at the same time still offer a pleasing
aesthetic look (which, admittedly, was not entirely achieved for the
prototypes produced in this work). Furthermore, contact points -or
points of interest (POI)- were also found to play an important role in
product sizing. Whenever possible, shape models and especially their
derived manikins should be created for specific product applications,
as opposed to relying on general manikins for multiple types of prod-
ucts. Taking regions and points of interest into account during shape
modeling will greatly improve product design and will enable a cor-
rect fit in less design iterations. Finally -and perhaps surprisingly- 3D
anthropometry should be considered as an advanced product design
method that is not necessarily applicable for all types of products. It
will mostly benefit products that require close contact with the body,
such as products containing biometric sensors. For most other types
of products, training designers to use 3D anthropometry during the
entire product design process is not required and might even result
in decreased productivity. However, even for ’simple’ products, an
analysis based on 3D anthropometry can support the definition of
accurate design specifications. Therefore, shape models eliminate the
need to perform large-scale measuring studies or to rely on limited
and outdated anthropometric data.

In conclusion, this work shows that 3D anthropometry can be a
valuable asset in multiple phases of the product design process. Us-
ing head shape models for the design of EEG measuring devices will
result in better fitting and more convenient BCI headsets that can
function in dynamic environments. If a user-centered design process
is followed in the design of BCI applications, this will no doubt re-
sult in a resurgence of BCI research and real-world applications. By
putting the user first, the coming decade might finally see the promise
of brain-computer interfaces be fulfilled.
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