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ABSTRACT
While numerous anthropometric surveys have been conducted to capture
anthropometric 3D data of lightly clad individuals (semi-nude) with whole-body
scanners, there is a lack of data to characterise individuals encumbered by protective
clothing and equipment. The collection of clothed anthropometric data in addition to
the semi-nude data allows the relationship between the two to be determined. Adding
the offset to the semi-nude database permits estimates of passenger space to be
established and statistically valid digital human models of clothed user populations to
be developed. The precise replication of postures during the scanning process is a
prerequisite for determining the offset between semi-nude and clothed data. To this
end, four generations of mechanical positioning aids for the standing and a positioning
aid for the seated posture were developed. The overarching objective of the iterative
design process was to restrain the individual without compromising data integrity. In
two studies utilising a structured light scanner and two different laser scanners it was
shown that in the standing posture head, shoulder, arms, hips and feet and in the seated
posture head, elbows, arms, hips, knees and feet must be effectively restrained to
reduce the mean absolute variability in longitudinal and lateral directions to ≤ 10 mm.
Plexiglas tubes and wires below the resolution of the scanners were used as
predominant design elements to ensure that they remain invisible on scans. This way,
the prerequisite was created to evaluate space claim differences between semi-nude
and clothed anthropometric data collected in a study from military personnel.
Methodologies for the preparation of the clothed 3D data for analysis were presented,
which included the precise alignment of scans as well as the reduction of the data to
be analysed without compromising the validity of the results. Furthermore, 1D, 2D
and 3D techniques were described for the space claim analysis. Finally, a case study
showed, how the data collected in the PhD research and the methods developed for
their analysis were applied for the validation of a clothed digital human model.
Ultimately, the tools and methods presented in this thesis allow the provision of easyto-use, clothed data for better workplace design.
Keywords: Body scanner, Positioning aid, Posture, Variability, Accuracy,
Encumbrance, Clothed anthropometry, Space claim
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1 CHAPTER 1 – THESIS OVERVIEW

1.1 Motivation for the research
Three-dimensional (3D) human models are increasingly used in ergonomics
applications to evaluate whether a workplace suitably accommodates individuals with
diverse sizes and shapes (Allen, Curless and Popović, 2003a). Particularly in the
automotive and aerospace industry, 3D digital human modelling has become an
essential tool in product development (Chaffin et al., 2001; Parkinson et al., 2007).
Ideally, these 3D human models are derived from body dimensions (anthropometric
data) obtained through anthropometric surveys of the target user population for the
product. Numerous such anthropometric surveys have been conducted worldwide in
the last two decades (D’Apuzzo, 2007; Han, Nam and Choi, 2010; Gupta and Zakaria,
2014). All these surveys have in common that anthropometric data of semi-nude
individuals1 has been captured utilising 3D body scanning technology (Figure 1-1).

Figure 1-1: Anthropometric surveys based on data capture with 3D scanning technology

1

wearing compression shorts, caps to cover the hair and sports bras for females

1

CHAPTER 1 – THESIS OVERVIEW
The Loughborough Anthropometric Shadow Scanner (LASS) was the first 3D fullbody scanning system developed in 1989 by the University of Loughborough with the
aim of conducting anthropometric surveys (D’Apuzzo, 2009). However, it was not
before the turn of the millennium that the performance of personal computers allowed
the rapid and comprehensive visualisation and evaluation of the data ascertained with
3D body scanners. State-of-the-art 3D whole-body scanners like the VITUSbodyscan
laser scanner shown in Figure 1-1 allow taking high resolution coloured scans and
extracting from them more than 100 body dimensions without physical contact in less
than 10 seconds (VITRONIC GmbH, 2016). The digital 3D image of an individual
generated by the scanning system can be revisited for analysis and research at any time
(Daanen and Ter Haar, 2013). These are valuable benefits compared to manual
measurements utilising traditional instruments such as calipers, stadiometers and
anthropometers.
Therefore, there is a good understanding of the semi-nude anthropometry of a wide
range of different user populations. However, the semi-nude body dimensions are
inadequate for designing workspaces and equipment for specialised user populations
who wear bulky and multi-layered protective clothing that results in increased body
size (Carrier & Meunier, 1996; Kozey, Brooks, & Dewey, 2009). Although it seems
to be obvious that additional clothing and equipment leads to an increased space claim,
there is a lack of current data to characterise size and shape of individuals encumbered
by protective clothing and equipment like boots, helmets, life- or fragmentation vests,
respirators and rucksacks (Guitierrez, C. M. and Gallagher, 2008; Jones, EbertHamilton and Reed, 2016). This applies to user populations such as firefighters, search
and rescue units, police, soldiers, military aircrew, astronauts etc. Thus, the proposal
is that utilising the advantages of the 3D scanning technology to capture shape and size
information of personnel wearing protective clothing and equipment would provide
substantial benefits for the design of workspaces. However, conducting large-scale
surveys to collect 3D clothed anthropometric data in the same way as semi-nude data
is hardly viable in terms of cost, time and human resources. A large number of different
encumbered user populations, the almost infinite number of possible clothing
configurations and the short replacement cycles for protective equipment call for a
more expedient and efficient approach. Ascertaining clothed anthropometric data in
addition to semi-nude data of a limited representative sample of a user population
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allows the relationships between the two configurations to be determined. Adding this
offset between standardised semi-nude dimensions and clothed dimensions to the
extensive semi-nude database already existing permits statistically valid estimates of
passenger space to be established (Jones, Farrell and Keefe, 2013). This approach
could also act as the prerequisite for the development and validation of statistically
optimised families of clothed 3D digital human models for computer-aided design.

Figure 1-2: Superimposition of scans (c) to determine the difference between
clothing configurations (a, b)

A prerequisite for establishing these differences is the precise replication of postures
during the scanning process. Only if the scans of the same individual ascertained in
different clothing configurations can be precisely superimposed, it is possible to
reliably determine the differences between semi-nude and clothed data (Figure 1-2).
However, only very limited research has been undertaken to address these challenges
associated with utilising 3D scanning technology for clothed anthropometry. The focus
so far has been on developing protocols and standards to capture semi-nude
anthropometric data with 3D body scanners (Jones et al., 2014). These were derived
from traditional techniques predominantly leading to one-dimensional data extracted
from the scans. In this way, data is obtained that is useful for the categorisation and
quantification of populations but not satisfying the designers’ need for 3D and shape
information of personnel encumbered by protective clothing and equipment.

3
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1.2 Research aim
As established in the preceding section, the large number of different user populations
encumbered by protective clothing and the almost infinite number of possible clothing
configurations prohibit conducting large-scale surveys to collect clothed 3D data in
the same way as semi-nude data. Thus, a more expedient approach to clothed
anthropometry is needed.
The aim of the research described in this thesis is to develop the tools and
methodologies required to reliably capture 3D data of individuals semi-nude as well
as in different clothing configurations and to accurately determine the offset utilising
3D scanning technology. As a top priority, a positioning aid for the use in 3D body
scanners is to be developed, which allows the precise superimposition of scans taken
of the same individual in different clothing configurations without impairing the data
quality. This way, the prerequisites are to be created for subsequently investigating
options how to best analyse 3D clothed anthropometric data.

1.3 Research questions
When compared to the collection of semi-nude anthropometry data alone, there are
particular challenges when capturing and analysing 3D scans of clothed individuals
with regard to
▪

the positioning of individuals,

▪

the relation between semi-nude and clothed data,

▪

the physical properties of protective clothing and equipment.

Positioning of individuals
In order to examine the relationship between semi-nude and clothed anthropometric
data, individuals need to be scanned in both configurations. A precondition for the
precise superimposition of images to establish the differences between semi-nude and
clothed data is to restrict the individual’s postural variations between the two
configurations. It is common practice that the individuals are instructed verbally by
the scanner operator how to adopt the scanning posture. Since they are either standing
4
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or sitting unrestrained on the scanner platform, variations in the posture, e.g. due to
body sway and poor replication of postures are inevitable when scanned repeatedly. A
number of studies provided evidence that this human variability limits the
reproducibility of scan derived measurements (Daanen, Brunsman and Robinette,
1997; Mckinnon and Istook, 2002; Lu and Wang, 2010; Lu, Wang and Mollard, 2010).
To date only very few studies are known (Guitierrez, C. M. and Gallagher, 2008; Reed,
2013; Reed and Ebert, 2014) in which first attempts have been made to improve the
replication of postures and consequently the reproducibility of the scan derived
measurements by introducing rudimentary mechanical positioning aids (Figure 1-3)

Figure 1-3: Rudimentary Positioning Aids to replicate the scanning posture
(Reed 2012 (left); Guitierrez, C. M. & Gallagher 2008 (right))

Irrespective of how the precise replication of the scanning posture is achieved, it is
essential that it must not compromise the scan quality and the integrity of the scan
derived anthropometric data. To overcome the challenges related to positioning of
scanned individuals and replication of postures, the research addresses the following
research questions:
Q1: How can postures be accurately replicated between two scanning sessions?
Q2: If mechanical positioning aids were to be used, what is the minimum amount
of positioning required to achieve the desired result?
5
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Q3: What form would mechanical aids need to take to avoid significantly
compromising the scan data?
Q4: What is a suitable definition of the precision with which postures can be
replicated?
Relation between semi-nude and clothed data
Anthropometric body dimensions are distances between or circumferences through
anatomical landmarks. Whilst anthropometrists use palpation techniques, state-of-theart scanning software solutions analyse the surface geometry to identify anatomical
landmarks on the body. When wearing protective clothing, the anthropometric
landmarks are neither visible nor can they be felt underneath the thick layers of
clothing. Hence, a methodology needs to be developed to overcome this difficulty.
Alternatively, a “non-anthropometric” reference system could be established.
Regardless of the specific solution, a reference system is required, that permits the
comparison of 3D data semi-nude and clothed as well as between different clothing
configurations. Provided that a suitable reference system can be established a
differential analysis can be conducted to establish the linear, circumferential or
volumetric relation between nude and clothed data. In this context, a number of
research questions arise:
Q5: Which differential techniques (1D, 2D or 3D) support best the definition of
the relationship between semi-nude and clothed scans?
Q6: What set of dimensions best describes the relationship between semi-nude
and clothed measurements?
Q7: Would a non-anthropometric reference scheme provide practical advantages?
Physical properties of protective clothing and equipment
Protective clothing and equipment lead to an increased space claim that must be
accounted for when designing workspaces and equipment. Typically, protective
clothing and equipment consist of flexible (e.g. clothing), semi-flexible (e.g. rucksack)
and non-flexible elements (e.g. oxygen containers, helmets). In particular, the flexible
elements like clothing are not a tight fit and constitute an additional “bulk”. When
scanning individuals wearing protective clothing with a loose fit, the measured volume
6
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most probably exceeds the actual volume requirements since the textile and soft
elements of protective clothing can be compressed (e.g. when sitting down on a seat).
This calls for an approach to address the diverse physical properties of protective
clothing and equipment and to avoid overestimating space requirements.
Consequently, the research aims to answer the following associated research
questions:
Q8: How can protective clothing and equipment (or parts of it) sensibly be
categorised to describe their physical properties, e.g. in terms of
compressibility?
Q9: Should the different categories of clothing be treated differently when
analysing the scan data?

1.4 Research objectives
To address the research questions as set out, the following objectives have been
identified:
a. To undertake a literature review to understand the context for the development
of a methodical approach to clothed anthropometry
b. To develop positioning aids that reduce postural variability without impairing
the scan quality
c. To determine the effectiveness of the newly developed positioning aids
d. To obtain data of personnel wearing protective clothing and equipment in
different clothing configurations
e. To develop a methodical approach to precisely superimpose repeated scans of
the same individual in different clothing configurations
f. To explore options to best measure and characterise the differences between
clothing configurations.
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2.2.3.4 3D measurements
Physically measuring a human body requires well trained and experienced measurers,
involves physical contact with the individual and is time-consuming. Furthermore,
manual measurements pose limitations, with traditional tools unable to analyse the
body as a three-dimensional object (Jones et al., 1989; Daanen and van de Water,
1998). The development of the 3D whole-body scanner in the 1990s revolutionised the
collection of anthropometric data since it allowed the generation of truly representative
3D human models of an individual in 8 to 12 sec with unlimited access for further
analysis (Daanen and Ter Haar, 2013). Such 3D human models can be used to extract
1D anthropometric measurements, to generate shape and contour information in all
conceivable planes and also to extract skeletal landmarks for biodynamic models
, 2014). The comparison of repeated measurements
of the same individual allows to characterise changes in body dimensions and shape
over time. Furthermore, 3D data of a user populations captured in a survey allows
representative families of digital human models to be generated that can be used to
optimise workstation and product design (Zerehsaz, Ebert and Reed, 2014). While 2D
and 1D measurements can be extracted from 3D data of a scanned individual, it is not
possible to generate accurate 3D data from 1D or 2D measurements. Overall, the 3D
measurements have significantly increased the possibilities for characterizing the
human body (Veitch, Caple and Blewett, 2009; Veitch

, 2013).

2.2.4 Recent applications of anthropometry
Biologists and criminologists still use anthropometric data to study human evolution
and forensics today, as they did 200 years ago (2.2.2). In addition, however, new fields
of application for anthropometry have emerged, which are now a focus of research:
Medicine:

Anthropometric

measurements,

mainly

with

non-invasive

3D scanning technology, are used in medicine in the fields of orthodontics,
prosthetics, orthopaedics, plastic surgery and dentistry. They are used in
diagnostics, for monitoring the course of treatment, for planning interventions
and in the field of reconstructive medicine

. An example of

such a medical application is the non-contact and high-resolution anthropometric
measurement system for the spine shown in Figure 2-4 a. It enables the exact
determination of the curvature of the spine and the pelvic position for the
20
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The eight chapters constituting the thesis comprise the following content:
Chapter 1 – Thesis overview
This chapter sets the scene for the reader of the thesis by describing the motivation for
as well as the aims and objectives of the research. It also lists and explains the specific
challenges of clothed anthropometry and how they are interconnected. Finally, the
structure of the thesis is illustrated and the content of the eight chapters briefly
summarised.
Chapter 2 - Literature review
This chapter consists of a systematic review of scientific articles, conference papers,
theses and standards to determine the current state of research and technology and to
identify the knowledge gaps that needed to be addressed through the PhD research.
The subject areas covered by the literature review are anthropometry, 3D body
scanning hardware and software, postures and positioning, precision and accuracy,
anthropometric surveys and clothed anthropometry. The literature review also
addresses those aspects of 3D human modelling and occupational ergonomics that are
essential for developing a methodical approach to clothed anthropometry.
Chapter 3 – Research design and methods
Chapter 3 sets out the reasons for the strong experimental focus of PhD research and
explains the rationale for the experimental design, statistical analysis, and sampling
strategy chosen to achieve the research goals.
Chapter 4 - Development of a positioning aid
Chapter 4 is dedicated to the development of a positioning aid for the standing posture
to reduce body sway and to ensure the reliable replication of the standard scanning
posture (standing). It describes the selection of the support elements as well as the
design principles that were applied to reduce human variability without inadequately
compromising the scan quality.
Chapter 5 - Effectiveness of the positioning aid
Chapter 5 explains the rationale and design of the study conducted to evaluate the
effectiveness of the positioning aid in reducing human variability. It includes a
9
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description of the sampling strategy, instrumentation, preparation of individuals to be
scanned and test conduct. Subsequently, it reports the results and discusses them in
terms of the effectiveness of the positioning aid to reduce human variability.
Chapter 6 - Capturing clothed 3D data
This chapter describes the adaption of the positioning aid for the standing posture to
the new generation of high-resolution body scanner utilised for the study and the
development of a positioning aid for the seated posture. It also explains the rationale
of the study conducted to capture 3D data of encumbered personnel as well as the
sampling strategy, instrumentation, preparation of individuals to be scanned and test
conduct. Subsequently, the study results are reported and discussed in terms of the
effectiveness of the two positioning aids to reduce human variability.
Chapter 7 - Methodological approach to clothed data
This chapter is dedicated to describing methodological approaches to quantify space
claim differences between different clothing configurations using 3D scanning
technology. It describes options to quantify and illustrate linear, circumferential and
volumetric differences and discusses their validity and usability for the optimisation
of workstation design. Finally, a case study shows how the 3D data collected and
methods for their analysis developed in the PhD research were used for the validation
of a clothed digital human model (DHM).
Chapter 8 –Summary and contribution to knowledge
The final chapter summarises the most important findings and presents the main
conclusions to be drawn from them. Finally, the contribution to knowledge is
presented, and the impulses derived from the thesis for future research and applications
are explained.

Chapters 5, 6 and 7 each describe studies that significantly differ in nature and scope.
Instead of creating a separate discussion chapter, the chapters, therefore, include the
discussion of the results to avoid taking it out of context.

10

2 CHAPTER 2 – LITERATURE REVIEW

2.1 Introduction
2.1.1 Scope
This chapter provides a systematic review of scientific articles, conference papers,
books, theses and standards to explore the current status of research and technology,
establish definitions and terminology and identify potential gaps in knowledge. The
literature review builds upon the contextual background provided in Chapter 1.
In a first step, the literature on the topic of anthropometry was reviewed, which
provided information on how this branch of science has developed over time and
which instruments and methods are used in current applications.
The continuation of the literature review on
▪

3D whole-body scanning technology

▪

3D whole-body scanning software

▪

Precision and accuracy in 3D body scanning

▪

National surveys deploying 3D body scanners

provides an overview of the state-of-the-art 3D body scanning hardware and software
to collect anthropometric data and discloses the most efficient and precise
methodologies for anthropometric data collection. In-depth knowledge of these
investigation areas is a precondition for capturing meaningful anthropometric data
with 3D body scanners.
The literature review on the topic areas
▪

Clothed anthropometry

▪

Digital human modelling of encumbered personnel

▪

Occupational ergonomics of encumbered personnel

forms the basis for the development of an expedient methodology for determining the
relationship between semi-nude and clothed data and identifying suitable ways to
present data of encumbered personnel for design purposes. It also addresses those
aspects of 3D human modelling and occupational ergonomics that are essential for
11
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developing a methodical approach to clothed anthropometry. To this end, the focus
was on reviewing scientific papers describing research activities involving data
obtained from personnel encumbered by protective clothing and equipment.

2.1.2 Search strategy
The library at Loughborough University provides access to numerous online sources
for the literature review, which have been accessed via a Virtual Private Network
(VPN) from Germany. Library Catalogue plus, the institutional repository and
electronic journal libraries (predominantly IEEE Xplore and ScienceDirect) have been
the main sources for the download of scientific papers. Searches with Google Scholar
proved to be particularly useful for quickly identifying possible sources if the title of
the paper was known. In the field of clothed anthropometry research organisations and
test centres in the defence sector are particularly active. To retrieve predominantly U.S.
reports and publications approved for public release, the website of the Defense
Technical Information Center (DTIC) proved to be a valuable source. It provides
advanced search features like any of the previously mentioned electronic journal
libraries. In the early phase of the literature review mainly keyword searches in the
investigation areas anthropometry, ergonomics, biomedicine, fashion, apparel design
and also computer science were performed. The relatively high number of
investigation areas results from the wide field of applications for 3D scanning
technology in different academic disciplines (Jones and Rioux, 1997; Lerch,
Macgillivray and Domina, 2007; Treleaven and Wells, 2007). Papers were considered
in the literature review if they met the following criteria:
▪

English abstract and full paper in English or German

▪

Publication date later than 1980, except for research fields in which only
little research has been conducted to date (e.g. clothed anthropometry)

▪

Original papers only (not applicable to books)

Once a basic archive had been established, the references of the documents gathered
at that time were examined to identify potentially useful sources.
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To avoid that the literature review becomes too far-reaching, the focus of the search
was on methodological approaches and quantitative research. The search was
abandoned when no more relevant information in these focus areas could be found.

2.1.3 Tools
The systematic search for scientific papers has led to an archive of 200+ pdf files. The
portfolio of papers ranges from scientific articles, conference proceedings, standards,
books, reports, theses but also presentations and websites. The archive is kept on an
online account (Microsoft OneDrive) The software tool MendeleyTM was used to
facilitate the literature search and the administration of the gathered papers. It also
provides an MS Word plugin for citing and generating the list of references when
writing scientific papers. The software tool Mindjet MindmanagerTM proved to be
useful to visualise the structure of the literature review, to highlight priorities and to
monitor the status of work (Figure 2-1).

Figure 2-1: Literature review – structure and topic areas

Furthermore, the tool allows the addition of “topic notes” to each element of the
literature review. This feature has been used to note the investigation areas that have
been considered, the key search terms that were used and the key researchers that have
been identified.
13
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2.1.4 Critical review of the literature
The type of review used when critically reviewing the literature was dependent on the
research questions and objectives that had to be answered in relation to the various
topic areas. According to Saunders et al. (2016), the most widely used types are:
▪

“Integrative review, which critiques and synthesises representative
literature on a topic in an integrative way to generate new frameworks and
perspectives on a topic.

▪

Historical review, which examines the evolution of research on a particular
topic over a period of time to place it in a historical context.

▪

Theoretical review, which examines the body of theory that has
accumulated in regard to an issue, concept, theory or phenomenon.

▪

Methodological review, which focuses on research approaches, strategies,
data collection techniques or analysis procedures rather than the research
findings.

▪

Systematic review, which uses a comprehensive pre-planned strategy for
locating, critically appraising, analysing and synthesising existing research
that is pertinent to a clearly formulated research question to allow
conclusions to be reached about what is known.”

Table 2-1 presents the type of critical review or the combination of reviews applied in
the different topic areas to retrieve the information relevant to addressing the research
questions.
Table 2-1: Types of critical review applied in the topic areas selected for the literature review
Topic area

Predominant type of
critical review

Secondary type of
critical review

Anthropometry

Methodological

Historical

3D whole-body scanning technology

Integrative

Historical

3D whole-body scanning software

Integrative

Methodological

Integrative

Systematic

Methodological

Integrative

Historical

Methodological

Integrative

Historical

Integrative

Methodological

Precision and accuracy
in 3D body scanning
National surveys deploying
3D body scanners
Clothed anthropometry
Digital human modelling of
encumbered personnel
Occupational ergonomics of
encumbered personnel
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The literature was reviewed critically, which included but was not limited to the
breadth, depth and relevance of the published work as well as identified gaps or
inconsistencies. As and when appropriate, the critical appraisal was included in the
“Conclusions and limitations” section following the literature review of each topic
area. Due to its paramount importance for the initial design of the positioning aid, a
formalised systematic approach was selected for “Human variability” as subset of the
topic area “Precision and accuracy in 3D body scanning“. The appropriate references
were reviewed based on the “Mixed Methods Appraisal Tool (MMAT)“ established
by Pluye and Hong (2014; 2018), which allows the critical appraisal of qualitative,
quantitative and mixed research (Appendix 2-1).

2.2 Anthropometry
2.2.1 Definition
Every human being is unique and differs from other human beings by variations in size
and shape of the body. The branch of science that systemised measuring techniques to
express quantitatively the dimensions of the human body and skeleton is known as
anthropometry (Krishan, 2012). The term anthropometry comes from the Greek words
“anthropos”, and “metrikos”, meaning human, and to measure (J.A. Roebuck, Jr,
K.H.E. Kroemer, 1975). Accordingly, the international standard “General
requirements for establishing anthropometric databases” defines anthropometry as
“study and measurement of the physical dimensions and mass of the human body and
its constituents (ISO 15535, 2012). The field of anthropometry, which is concerned
with the measurement of the skeleton, is referred to as osteometry. Somatometry, on
the other hand, refers to the measurement of the human body including the head and
face. Anthropometry in both these forms is regarded as a fundamental tool of
biological anthropology, the science of humans, human behaviour and societies
(Krishan, 2012).

2.2.2 History
The first documented measurements of the human body were conducted by Egyptian
artists as early as 3000 BC (Müller, 1973). However, these were not carried out for
anatomical reasons, but mainly to achieve realistic proportions for the depiction of
humans and deities (Figure 2-2 a). In antiquity (5th century B.C.), the theory of
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proportion developed by Polyklet was based on the size and shape of the human body,
which were determined as average values by extensive measurements on humans
(Strnad, 2010). In Roman times (1st century BC) it was the Roman architect, engineer
and author Vitruv who developed the theory of the well-formed human being (homo
bene figuratus) (Figure 2-2 b) (Zoellner, 2011). In mediaeval times, the plans of sacred
buildings were often based on human proportions. At that time, man was considered
an image of God. Therefore, "divine" buildings were supposed to be designed in
consideration of perfect human proportions. Figure 2-2c shows the floor plan of such
a building based on human proportions (Zoellner, 2011).

Figure 2-2: (a) Theory of proportions applied to a depiction of a pallbearer of ancient Egypt; (b)
Greek - Roman theory of face proportions; (c) Medieval building design based on human proportions
(Strnad, 2010; Zoellner, 2011)

Anthropometry gained particular attention during the Renaissance. Physicians
autopsied corpses and made detailed anatomical sketches of the human body. On the
basis of the anthropometric data obtained, Leonardo da Vinci (1452-1519) and
Albrecht Dürer (1471-1528) continued to develop the theory of proportions, thus
marking the zenith of this artistic branch of anthropometry (Strnad, 2010).
In the 19th century the Belgian statistician Adolphe Quetelet developed the theory that
human variance is normally distributed around the average and introduced a measure
for classifying the weight of people relative to their height (body mass index)
(Strick, 2011). This marked the beginning of modern anthropometry and inspired the
French

criminologist

Alphonse

Bertillon.

He

introduced

anthropometric

measurements and standardised photographs of a person as a means of identifying
suspects, perpetrators and victims (Strasser, 2005).
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In the early 20th century, anthropometry found a sinister application in eugenics, which
sought to control human reproduction by restricting it to people with "desirable"
attributes. In the Third Reich this culminated in the National Socialist system of racial
hygiene, which served as justification for the murder of sick and disabled people
(Gottesman and Bertelsen, 1996).
It was not until the 1950s that anthropometry became a recognized discipline that
systematically collected anthropometric data (Simmons, 2001a). These are used in a
growing number of applications, which are discussed in more detail in Section 2.2.4.

2.2.3 Methods for acquiring anthropometric data
2.2.3.1 Principles for anthropometric measurements
Anthropometric data in form of body dimensions are typically measured as distances
between or through body landmarks. Such landmarks are anatomically meaningful
locations on the body, often in the form of bony protrusions that can be identified
visually or by palpation (Sims et al., 2012). An overview of the most prominent
landmarks and their location on the body are provided in Appendix 2-2. Linear
measurements through or between landmarks are typically heights, breadths, depths
and circumferences. Another category of anthropometric data are angular
measurements between planes formed by body parts or planes that cross the human
body. An overview of the planes used in anthropometry and their designation is given
in Appendix 2-3. Force measurements, the determination of body weight, body fat and
volume complement the range of anthropometric measurements (Dianat, Molenbroek
and Castellucci, 2018).
Anthropometric measurements are taken in standardised postures, predominantly in a
standing or seated posture. The standard

ISO 7250-1 (2008) stipulates for

measurements in the standing posture that the body is placed in a defined upright
posture, with the body parts either 0, 90 or 180 degrees to each other. The head is
typically placed in the so-called "Frankfurt plane", which means that the lowest point
of the right orbit (eye socket) and the right tragion (approximated by the ear hole) are
on the same horizontal plane. In the seated posture, the surfaces of the seat and footrest
are adjusted to ensure that the thighs and feet are horizontal, and the lower leg is
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vertical. The measured human subjects are semi-nude, i.e. wear compression shorts, a
cap to cover the hair and sports bras for females.
Numerous measurement methods and techniques have been developed over the last
centuries to reliably capture anthropometric data. These can broadly be divided in 1D
direct manual measurements, 2D photogrammetric measurements and measurements
with 3D scanning systems (Sims et al., 2012; Veitch et al., 2013).

2.2.3.2 1D direct manual measurements
1D direct manual measurements provide anthropometric data in the form of a size
value related to a specific body dimension. The measurements are carried out with a
variety of instruments such as anthropometer, spreading caliper, sliding compass and
tape measure (Figure 2-6). These instruments have hardly changed over time and are
quick and easy to use.

Figure 2-3: Manual anthropometric measurement instruments:(a) anthropometer, (b) spreading
caliper, (c) sliding compass and (d) tape measure (Simmons, 2001b)
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As a consequence, protocols for collecting 1D data by manual measurements are
readily available and well-established (ISO 7250-1, 2008; ISO 15535, 2012). 1D

measurements provide size information that makes it possible to compare samples of
populations and determine the relative position of an individual in a sample with
respect to selected body dimensions. However, 1D measurements do not provide
specific location information. Therefore, it is not possible at a later point in time to
trace exactly at which position the measurement was taken (Veitch et al., 2013). A
disadvantage of using aggregated 1-D data for the design of man-machine interfaces
and the layout of workstations, e.g. in the form of percentiles, is that they only refer to
one body dimension. Designing a product for the 5th to 95th percentile of the population
in terms of body size means that it can accommodate 90% of the population with
respect to this specific body dimension. Each additional body dimension considered in
this way reduces the total percentage of the population for which the design is suitable
by 10%. This shows that the benefit of 1D data for design purposes is limited
(Robinette and Hudson, 2006).

2.2.3.3 2D photogrammetric measurements
2D anthropometric data can be obtained using multi-camera photogrammetric systems
that provide 2D images. Such systems acquire 2D images from different angles
(Dianat, Molenbroek and Castellucci, 2018). In contrast to 1D measurements, these
2D images allow the exact position of a point in a plane to be determined. Typically,
the silhouette of a body or body part is photographed in front of a scaled background
grid or scaled photographs are used. The grid facilitates localising e.g. an anatomical
landmark as a point in a two-dimensional coordinate system (Khandkar et al., 1980).
2D measurement methods can also be used to describe the contour of a photographed
silhouette. Veitch et al. (2009) claim that such 2D shape information can be
particularly useful in the early design phases. However, 2D measurements are not as
suitable as 1D measurements for providing relative data since the missing 3rd
dimension results in additional random error when calculating distances (Veitch et al.,
2013).
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2.2.3.4 3D measurements
Physically measuring a human body requires well trained and experienced measurers,
involves physical contact with the individual and is time-consuming. Furthermore,
manual measurements pose limitations, with traditional tools unable to analyse the
body as a three-dimensional object (Jones et al., 1989; Daanen and van de Water,
1998). The development of the 3D whole-body scanner in the 1990s revolutionised the
collection of anthropometric data since it allowed the generation of truly representative
3D human models of an individual in 8 to 12 sec with unlimited access for further
analysis (Daanen and Ter Haar, 2013). Such 3D human models can be used to extract
1D anthropometric measurements, to generate shape and contour information in all
conceivable planes and also to extract skeletal landmarks for biodynamic models
(D’Apuzzo, 2007; Colaianni et al., 2014). The comparison of repeated measurements
of the same individual allows to characterise changes in body dimensions and shape
over time. Furthermore, 3D data of a user populations captured in a survey allows
representative families of digital human models to be generated that can be used to
optimise workstation and product design (Zerehsaz, Ebert and Reed, 2014). While 2D
and 1D measurements can be extracted from 3D data of a scanned individual, it is not
possible to generate accurate 3D data from 1D or 2D measurements. Overall, the 3D
measurements have significantly increased the possibilities for characterizing the
human body (Veitch, Caple and Blewett, 2009; Veitch et al., 2013).

2.2.4 Recent applications of anthropometry
Biologists and criminologists still use anthropometric data to study human evolution
and forensics today, as they did 200 years ago (2.2.2). In addition, however, new fields
of application for anthropometry have emerged, which are now a focus of research:
▪

Medicine:

Anthropometric

measurements,

mainly

with

non-invasive

3D scanning technology, are used in medicine in the fields of orthodontics,
prosthetics, orthopaedics, plastic surgery and dentistry. They are used in
diagnostics, for monitoring the course of treatment, for planning interventions
and in the field of reconstructive medicine (D’Apuzzo, 2006a). An example of
such a medical application is the non-contact and high-resolution anthropometric
measurement system for the spine shown in Figure 2-4 a. It enables the exact
determination of the curvature of the spine and the pelvic position for the
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diagnosis of conditions and for monitoring the effectiveness of treatment (Diers,
2020).
▪

Surveying user populations: Large-scale anthropometric surveys to collect
characteristic size and shape information of user populations have become a
necessity to analyse changes of the population over time and as input for
optimised workplace and product design. While the acquisition of
anthropometric data using traditional methods used to be labour-, time- and costintensive, 3D scanning technology today enables the rapid and contact-free
generation of 3D human models of the population accessible at any time for
anthropometric analysis (D’Apuzzo, 2007; Han, Nam and Choi, 2010; Gupta
and Zakaria, 2014). Protocols for 3D data acquisition and the development of
anthropometric databases are now well established (ISO 7250-1, 2008; EN ISO
20685, 2010). Figure 2-4 b depicts the scan data that is typically collected in a
survey. More detailed information can be found in Section 2.6, which is
dedicated to 3D data collection and national surveys conducted worldwide
utilising 3D scanning technology.

▪

Security: In the field of security technology, 2D and 3D anthropometric
measurement of the face has considerable practical and commercial importance.
Computer-based facial recognition is used in numerous security applications such
as automatic access, automatic surveillance, rapid retrieval of records from
databases, automatic identification of patients in hospitals, and human-computer
interaction (Gupta, Markey and Bovik, 2010). A focus of current research is on

developing reliable and fast algorithms for the recognition of anatomical facial
features and landmarks by means of predominantly 3D anthropometric
measurements (Sulovska, 2012). Figure 2-4 c shows an example of facial
landmarks used for face-recognition.
▪

Fashion: Today, anthropometric 2D and 3D measurement techniques play a
crucial role in the fashion and apparel industry. The applications are manifold
and include:
 Made-to-measure: Anthropometric measurements are taken to produce a
piece of clothing specifically for a person. Whereas in the past such
measurements

were

taken

manually,
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photogrammetric systems or 3D body scanners are used to capture the
required anthropometric data (Istook and Hwang, 2001).
 Virtual-try-on: In addition to extracting anthropometric measurements for
selecting the correct garment size, the scan data can also be used to generate
an avatar of the person to show how the garment will look when worn. This
way it is also possible for designers to conduct virtual fashion shows before
actually producing the clothing items and avoiding costly and timeconsuming design iterations (D’Apuzzo, 2006a) (Figure 2-4 d).
 Virtual-make-over: Virtual make-over means that the styling of people is
varied virtually (D’Apuzzo, 2007). After the face is captured as a 3D model,
anthropometric landmarks are used to align and visualise e.g. glasses as an
accessory ((Figure 2-4 e) or different hairstyles (Figure 2-4 f).
While 3D scanning technologies are also used to create sculptures of an individual and
to realistically depict people in animated films and computer games, anthropometric
measurements or the localisation of anatomical landmarks play no or only a minor role
in these fields. Therefore, these two areas do not represent an application of
anthropometry and are consequently not considered in this literature review.

Figure 2-4: Current anthropometric applications: (a) anthropometric measurement system for the
spine (Diers, 2020), (b) Scan data typically collected in a survey (D’Apuzzo, 2006b), (c) Feature
points utilized for face-recognition (Sulovska, 2012), (d) Virtual-try-on: comparison real-virtual
(D’Apuzzo, 2009), Virtual-make over: (e) glasses and (f) hairstyle (D’Apuzzo, 2009)
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2.2.5 Conclusions and limitations
Anthropometry has developed over 5 millennia and has been established as a
recognized branch of science over the last two centuries. Until the 1990s the
measurement methods and instruments used in the last two centuries remained
essentially unchanged. Anthropometric measurements are distances between or
circumferences through anatomical landmarks on the human body. Experienced
ergonomists are required to reliably identify and mark anatomical landmarks prior to
the measurements (Sims et al., 2012). Furthermore, this process can be time consuming
and burdensome for participants in anthropometric measurements (Paquette, 1996).
Although traditional arthrometric instruments such as anthropometers or sliding
calipers are simple and quick to use, variations between repeated measurements of the
same measurer and variations between repeated measurements of different measurers
are sources of error in traditional anthropometry (Gordon et al., 1988). While the
manual measurements of selected body dimensions were well suited to compare and
analyse different populations, they were insufficient to facilitate complex design tasks.
The emergence of the 3D body scanning technology in the early 1990s has boosted the
possibilities of characterizing the human body and helped to overcome some of the
deficiencies of the traditional 1D measurements (Dianat, Molenbroek and Castellucci,
2018). However, they introduced own sources of error such as perspective distortion,
camera resolution, light source and camera calibration as well as landmarking and
modelling errors (Lu and Wang, 2008; Stančić, Musić and Zanchi, 2013).
Numerous studies have been conducted to compare traditional with scan-extracted 1D
measurements (Han, Nam and Choi, 2010; Kouchi and Mochimaru, 2011; Sims et al.,
2012) as well as the repeatability of scan-derived 1D measurements (Robinette and
Daanen, 2006; Fourie et al., 2011; Bragança et al., 2017). The results, however, were
inconclusive. Dianat, Molenbroek and Castellucci (2018) claim that the lack of a
standard defining a minimum level of precision and the methodology for determining
it might be responsible for the contradicting findings. Section 2.4.4 and 2.5 of the
literature review discuss precision and accuracy of scan-extracted measurements and
sources of error in more detail.
In summary, the literature review on anthropometry has shown that there is not the
best method for measuring anthropometric data. Both traditional methods and the
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recently introduced 2D and 3D measurement methods each have specific advantages
and disadvantages. All together they offer the researcher a wide range of measurement
methods and instruments. The main challenge for the researcher is now to choose the
method best suited to the application in question.

2.3 3D whole-body scanning technology
2.3.1 History
Advances in charge-coupled device (CCD) sensor technology and computer
technology were the prerequisites for the development of the first 3D whole-body
scanner at Loughborough University in 1989 reported by Jones at al. (1989). This
system, which was given the acronym LASS (Loughborough Anthropometric Shadow
Scanner), projected four vertical narrow strips of light onto the body of the scanned
person located on a turntable. The whole scene was viewed by two banks of seven
television cameras permitting the generation of a 3D model of the scanned person
(Figure 2-5).

Figure 2-5: An individual being scanned with the LASS (Jones et al., 1989)
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The advantages of the 3D body scanner compared to manual measurement methods
led to a rapid spread of this technology. Today, 3D body scanners have become
indispensable as a tool for capturing 3D data in various applications, such as
“animation, computer games, art, sculpture, ergonomics, medicine, cosmetics,
biometry and fashion” (D’Apuzzo, 2009).

2.3.2 Scanning technologies
Since its invention in 1989, numerous manufacturers have entered the market offering
3D whole-body scanners employing different scanning technologies. In the last two
decades, several articles were published providing an overview of the predominant 3D
body scanning technologies and applications (Daanen and van de Water, 1998;
D’Apuzzo, 2007; Lerch, Macgillivray and Domina, 2007; Treleaven and Wells, 2007).
In the most recent article providing an overview of existing 3D body scanning systems,
Daanen and Ter Haar (2013) differentiate between the laser line, structured light,
millimetre-wave and multi-view camera systems. These four technologies are
subsequently explained in more detail:
A laser line scanner consists of a laser, an optical system and a light sensor. The
scanner projects laser light onto the human body as a thin and sharply defined stripe
(Lerch, Macgillivray and Domina, 2007) (Figure 2-6, right). The lasers are aligned
horizontally through calibration and move vertically along the body to capture the
entire surface without the individual having to be repositioned. Most laser scanners
take 8 to 12 sec to scan an individual. The light sensors (cameras) capture the laser’s
reflection off the body as a series of points, often referred to as “point cloud” data. The
triangle between the laser, camera and object (Figure 2-6, left) allows the Cartesian
coordinate for each point to be calculated. This principle is called triangulation
(Daanen and van de Water, 1998). According to Daanen and Ter Haar (2013), laser
line scanners typically achieve a resolution between 1 and 2 mm. The authors claim
that only Cyberware (USA) and VITRONIC (Germany) remain as leading
manufacturers of 3D laser line body scanners on the market after Hamamatsu (Japan)
stopped the production of its body scanner.
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Figure 2-6: Triangle laser-object-sensor (left); Projection of a laser stripe onto a body (right)
(D’Apuzzo, 2009)

An alternative to laser line scanners are structured light scanners. This scanning
technology does not require moving parts. Instead, a light pattern (also referred to as
coded light) is projected onto the body (Figure 2-7). The variety of light sources ranges
from the laser light and white light over the blue LED light to the near-infrared, and
infrared. Similar to laser scanners, the reflection of the light off the body surface is
captured by cameras, and triangulation is used to generate the point cloud. A technique
known as Phase Measuring Profilometry (Halioua and Liu, 1989) has been employed
by a number of manufacturers. This method enhances the scan quality by moving the
horizontal white stripes at set intervals.

Figure 2-7: Examples of different light patterns employed for structured light scanning
(D’Apuzzo, 2009)

In their article “Whole-body scanners revisited” Daanen and Ter Haar (2013) claim
that it is more difficult to convert a light pattern into an accurate 3D image than a laser
line and that therefore the precision of structured light scanners is lower than of laser
line scanners (1-3 mm). At the same time, the authors stress the advantage of the
structured light scanners to acquire the scan data faster than laser line scanners.
There is a considerable number of manufacturers offering structured light 3D wholebody scanners. The main players on the market are SizeStream, [TC]2, Styku, Fit3D
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(all headquartered in the USA), SpaceVision (Japan), 4ddynamics (Belgium) and
Artec (Luxemburg) (Daanen and Ter Haar, 2013; Romeo, Stannard and Bourgeois,
2017).
Multi-view camera systems, also referred to as 3D photogrammetry, acquire 2D
images of the body from different angles with synchronised cameras. Matching
algorithms determine corresponding points in the different images as a prerequisite for
computing the depth of the body (D’Apuzzo, 2009). Recent high-end multi-view
camera systems utilise 70+ cameras in order to create a dense 3D point cloud (Figure
2-8, right) (Leipner et al. 2016). In contrast to laser line and structured light scanners,
such multi-view camera systems are not sensitive to external light sources and only
require a very short acquisition time (< 1sec) (Fourie et al., 2011; Gesslein, Scherer
and Grubert, 2017). As far as the precision of such systems is concerned, the results of
the literature review are inconclusive. Daanen and Ter Haar (2013) claim that the level
of precision that can be achieved with such systems is generally lower than that of
structured light and laser stripe scanners. Fourie et al. (2011) found in their study that
both the laser line scanner as well as the multi-view camera system delivered a
comparably high level of precision. A leading manufacturer of multi-view camera
whole-body scanners with a focus on healthcare applications has been 3dMD (USA)
(Daanen and Ter Haar, 2013). Advances in 3D printing and the ability to make a body
sculpture from a full-body 3D scan have led to an increasing number of manufacturers
entering the market such as botscan (Germany), BodyDigitizer (Germany) or
PI3DSCAN (Netherlands) (Gesslein, Scherer and Grubert, 2017; botscan, 2018;
PI3DScan, 2018).
Millimetre-wave scanning technology, which is increasingly being used at airports to
detect objects concealed under clothing, has also been used to determine clothing sizes
of retail customers. The scanners comprise a combined transceiver/array that swings
around and over the individual. The transceiver emits low-powered radio waves that
are projected on the body, and the array collects the reflections. The scanning process
lasts approximately 10 seconds and generates a point cloud of 200,000 points leading
to a resolution of 6 mm (D’Apuzzo, 2007). The advantage of this system is that the
body dimensions of individuals can be ascertained without undressing since the
millimetre-waves penetrate clothing (Figure 2-8, left). The Canadian based company
Unique Solutions (acting under the banner of “Me-Ality”) became the leading supplier
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of millimetre-wave scanners after it bought its former competitor and developer of the
scanner, Intellifit (USA) in 2009 (www.me-ality.com, 2014). The literature indicates
that information from their website was last retrieved in 2017 (Romeo, Stannard and
Bourgeois, 2017). By mid-2018, neither this nor any other Me-Ality or Intellifit
websites were online, suggesting that these scanners would no longer be available.

Figure 2-8: Millimetre-wave scanner (left) (D’Apuzzo, 2009); Multi-view camera scanner (right)
(Leipner et al., 2016)

2.3.3 Latest developments
The introduction of the KinectTM as an add-on for Microsoft’s X-boxTM had a major
impact on 3D scanning technology. The Kinect system is also a structured light system,
which projects an invisible infrared pattern on the scanned object. The reflections are
captured by an IR camera that forms an integral part of the Kinect. In addition, the
Kinect is equipped with an RGB camera that allows the colours of the scanned object
to be captured and mapped to the scanned IR image (Weiss, Hirshberg and Black,
2011). Due to the infrared light source, the system even works under difficult light
conditions. A disadvantage of the system is the relatively low resolution of the depth
map (Daanen and Ter Haar, 2013). However, due to its low cost, the Kinect system
has caused an increase in the popularity of 3D body scanning (Weiss, Hirshberg and
Black, 2011; Tong et al., 2012; Cui, Chang and Stricker, 2013; Clarkson et al., 2016).
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Increasingly developers of scanning systems make use of the fact that images can be
acquired at a frequency of up to 200 Hz to support 4D scanning. 4D scanning allows
combining movement tracking and shape analysis and opens up a wide field of future
applications for body scanning (Stoll et al., 2010; Daanen and Ter Haar, 2013; PonsMoll et al., 2017).

2.3.4 Conclusions and limitations
The literature on 3D whole-body scanning technology is not clear on the question of
which technology offers the highest resolution. It can be concluded from the literature,
however, that laser stripe scanners, structured light scanners and multi-view camera
systems provide a resolution in the 1 to 3 mm range. Millimetre-wave scanners, as well
as low-cost scanners based on the Kinect infrared sensors, provide a lower resolution
(≥ 6 mm). It can be inferred, therefore, that in terms of resolution, the laser stripe,
structured light and multi-view camera scanning technology are better suited for
research as described in this thesis.
A general observation when reviewing the literature on body scanning technology was
that statements in the pre-2005 sources about the disadvantages and limitations of these
technologies are often no longer valid. The rapid development in computer and sensor
technology has resulted in a significant increase in resolution, a reduction in scan time,
and a lower light sensitivity (Qingguo et al., 2013; Grazioso et al., 2016; Leipner et
al., 2016; VITRONIC GmbH, 2016). Therefore and since the limitations of scanners
are also manufacturer dependent, they were not the subject of the literature review.
The journal articles by Daanen and van de Water (1998), Daanen and Ter Haar (2013)
and D'Apuzzo (2007, 2009) have been particularly helpful in getting a quick overview
of the various 3D body scan technologies and the respective manufacturers. The
danger associated with the multitude of scanner systems presented in such overviews,
however, is that the information is incorrect or out of date. For example, in the review
of Daanen and Ter Haar (2013), Cyberware is still listed as a manufacturer of laser
scanners, although the company had gone out of business at the time (a result of a
market study conducted by the PhD student in 2011). This small error resurfaced in
the more recent article “An overview of the current three-dimensional body scanners
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for anthropometric data collection” by Bragança et al. (2015) who replicated the
overview generated by Daanen and Ter Haar without checking it for up-to-dateness.
Similarly, D'Apuzzo (2007) presents in his article “3D body scanning technology for
fashion and apparel industry“ a table listing for each of the scanning technologies, how
many manufacturers of such systems exist in North America, Asia and Europe.
According to this table, there is no manufacturer of laser line scanners in Europe. On
the next page, however, the author included an image of the VITUSSmart LC scanner
produced by VITRONIC in Germany as an example of a laser stripe scanner. Again,
just a minor mistake, but showing that such overviews are not always error-free and
need to be checked thoroughly for correctness.
In any case, it is questionable whether technology overviews as those described above
can be repeated in the future with manageable effort. Reviewing the proceedings of
the 3D body scanning technology conference (3Dbody.Tech), the most important and
largest conference in the field of 3D body scanning, revealed that increasingly new
vendors of this technology enter the market (Hometrica Consulting 2012; 2013; 2014;
2015; 2016; 2017). It is believed that the advances in IT and sensor technology and
the associated drop in hardware costs caused or at least supported this trend. As a
consequence, there is now a much larger number of vendors offering 3D body scanning
technology worldwide.

2.4 3D body scanning software
2.4.1 Introduction
The majority of manufacturers offer their 3D body scanning systems as a package
comprising of the scanner, controllers to operate the scanner, IT for data processing
and storage and finally a software package (Daanen and Ter Haar, 2013). In the
majority of cases, such software is proprietary, optimised for the use with a specific
scanner and dedicated to the automatic measurement of body dimensions for
anthropometric or apparel applications (D’Apuzzo, 2007). Such an automatic
measurement of body dimensions, typically as a distance between or through body
landmarks, is the final step of an elaborate process (Buxton et al., 2000; Han and Nam,
2011a). Starting with the point cloud ascertained by the scanner, the actual challenge
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is to generate a suitable 3D human model and to identify the anthropometric landmarks
on that model. In particular, the methodology for automatically and reliably identifying
landmarks has been a focus of research in the last 15 years since it is directly related
to the accuracy of body scanning technology (Wang et al. 2003; Azouz et al. 2006;
Leong et al. 2007; Han & Nam 2011a).
Wang et al. (2003) explained that the process of getting from the raw scan data to the
extraction of body landmarks can be divided into three sub-processes, i.e. data
preparation, human model construction and landmark (feature) extraction (Figure 2-9).

2.4.2 Data preparation
Generally, data preparation comprises of noise filtering and orientation adjustment.
Noise filtering, often also referred to as cleaning, aims at identifying and removing
data points, e.g. caused by reflections, that do not exactly lie on the surface of the
scanned object (Buxton et al., 2000; Jing and Li, 2011). Frequently, filtering
techniques are applied that define a certain distance between neighbouring points and
points at greater distances are removed (Wang, Chang and Yuen, 2003).

Figure 2-9: Process steps from point cloud to feature extraction (Wang, Chang and Yuen, 2003)
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Following the noise filtering, the orientation (facing direction) of the scanned
individual needs to be adjusted. Principally, the orientation of the individual in the
scanner is arbitrary. Even if the scanning protocol stipulates that the individual has to
face a certain direction, slight variations cannot be avoided. Thus, it is necessary to
adjust the orientation to facilitate the subsequent processing step, i.e. construction of
the human model. Different techniques are applied to identify the orientation of the
body. Wang et al. (2003) identified the orientation of the body by rotating the human
model until there was a maximum overlap of the legs. They concluded that in this
position, the individual was facing either left or right. Looking at the direction of the
toe tips then finally revealed its orientation. Han and Nam (2011) used the crosssection at the height of the foot angle to identify the individual’s orientation.

2.4.3 Human model construction
Buxton et al. (2000) explained that the underlying idea of the human model
construction is to take the unstructured point cloud captured with the scanner and
generate a fully structured representation of the complete surface. The first step to
achieve a structured surface representation is to separate the point cloud into several
segments. Wang et al. (2003) divided the body into six segments, i.e. the left and right
arm, left and right leg, the head root and the main body (Figure 2-10). However, whilst
separating arms and legs from the body was found to be common, differences have
been identified as to where exactly researchers separate head and torso (Bing et al.
2010; Jing & Li 2011).

Figure 2-10: Separation of the point cloud in six segments (Wang, Chang and Yuen, 2003)
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After their separation, the surface of each segment is constructed. A widespread
method of surface representation are points that are connected to polygonal meshes
(Wang, Chang and Yuen, 2003). If the polygons are small enough, they represent a
smooth surface suitably well (Figure 2-11, a to c). However, polygonal meshes lead to
facetted surfaces. An alternative is using so-called B-splines (Figure 2-11, d to f),
which are mathematical entities (also referred to as control points) describing smooth
surface patches (Buxton et al., 2000). Once the surfaces have been generated the
segments are reconnected to represent a full human body.
3D scanners fail to capture data due to the occlusion of body regions the light source
cannot reach (e.g. crotch and armpit) and horizontal planes. The resulting gaps have to
be filled to generate “watertight” human models. Different methods and algorithms
have been developed and successfully applied to fill these holes (Dekker and Douros,
1999; Wang, Chang and Yuen, 2003; Sul and Kang, 2010).

Figure 2-11: Polygonal mesh: (a) point cloud; (b) wireframe mesh; (c) polygons rendered solid
B-splines: (d) contour curves; (e) B-spline patches; (f) B-splines with boundaries not shown
(Buxton et al., 2000)
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2.4.4 Landmark extraction
Automatic landmark extraction has been a focus of the research activities related to
3D body scanning software in the last two decades. One of the challenges is that a
number of anthropometric landmarks are bony protrusions, which are typically
identified by palpation. Principally, preparing the individual prior to scanning by
placing markers on such landmarks in order to visually identify them later on the scan
as part of the post-processing is an option. However, this process is time-consuming
and therefore unsuitable for surveys (Buxton et al., 2000; Lu and Wang, 2008). Early
research activities by Geisen et al. (1995) and Lewark et al. (1998), therefore, focused
on the automatic detection of such markers based on their colour or shape. This method
proved to be reliable and therefore was utilised to process the data collected in the
“Civilian American and European Surface Anthropometry Resource Project
(CAESAR)”, the first large-scale anthropometric survey deploying 3D body scanning
technology (Robinette, K.M. Daanen, 1999).
Placing markers on landmarks as practised in the CAESAR project, however, is a
tedious and error-prone process. Thus, subsequent research aimed to develop markerfree landmark detection techniques. Nurre (1997) presented the first software solution
to automatically detect landmarks on body scans. It included a template containing
anthropometric information and software to align scans to the template. The template
matching approach was also applied by Au and Yuen (1999). They created a generic
feature model using a premarked torso mannequin and aligned the point cloud of
scanned individuals to the model. Later, Allen et al. (2003) fitted a high-resolution
template mesh with predefined landmarks to 3D body scans in order to identify
landmarks.
An alternative to template matching for automatically identifying anatomical
landmarks is analysing the geometry of the body like its silhouette or the curvature of
its surface. Early research of this kind focused on identifying branching points of the
body such as armpits, and crotch (Pargas, Staples and Davis, 1997; Dekker and
Douros, 1999). Later Wang et al. (2003) established a method for automatically
extracting landmarks in two distinct steps. First key landmarks (crotch, armpit, neck,
chest, belly button) are identified using fuzzy logic, and then additional landmarks are
calculated by applying the proportion rules of the garment industry. Azouz et al. (2006)
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also considered two different factors in locating anatomical landmarks. They
developed an algorithm taking into account the landmark specific attributes and in
addition the spatial relationships between them derived from 200 scans of the
CAESAR database. Technological progress opened up new possibilities for
researchers to determine the exact position of the landmarks. Leong et al. (2007)
presented an algorithm incorporating image processing techniques and computational
geometry to reliably identify body landmarks. Four years later Han and Nam (2011)
were the first to develop an algorithm that proved to reliably identify body landmarks
irrespective of the variations in body shape, an aspect that previously posed a major
challenge to automatic landmark recognition.
In their article “Automatic Feature Detection in 3D Human Body Scans” Suikerbuik
et al. (2004) compared the two different approaches to automatic detection of
anatomical landmarks described above, i.e. template matching and body geometry
analysis. Utilising 3D data from the CAESAR database for the comparison, they found
template matching to be the most efficient method for landmark localisation. More
recent research presented by Wasenmüller et al. (2015) claims to combine the two
methods. In the first step, they identify landmarks on a generic human body template.
In a second step, they align and morph this generic template to the point cloud of a
scanned individual and in this way transfer the landmarks to the scans of individuals.
However, it is disputable whether this methodology is, in fact, a combination of the
two approaches or rather a variation of the template matching methodology developed
by Au and Yuen (1999) and Allen et al. (2003).
However, the advances shown in automatic landmark recognition should not obscure
the fact that there is much evidence in the literature that it is a particularly error-prone
element in the workflow from the raw scan to the automatic extraction of body
dimensions (Devarajan and Istook, 2004; Ashdown and Dunne, 2009; Han and Nam,
2011a).

2.4.5 Measurement of body dimensions
While numerous studies related to anatomical landmark extraction have been
conducted (Nurre, 1997; Suikerbuik et al., 2004; Han and Nam, 2011c), little can be
found in the literature on the automatic scan-derived measurement of body dimensions.
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Such scan derived measurements are essentially linear or circumferential distances
between or through anatomical landmarks (Wasenmueller et al. 2015).
Perkins et al. (2000) compared scan derived measurements to manual measurements
and found systematic deviations between the two types of measurement. To eliminate
the systematic deviations, the authors introduced adjustment factors, which made scan
derived and manual measurements comparable. The research of Zhong and Xu (2006)
also explored the optimisation of scan derived measurements. They found that both
distances (direct and curvilinear), as well as angle measurements, can be derived
straight from the scans without applying correction factors or special algorithms.
However, determining circumferences proved to be difficult. Well-established
algorithms to sort the 3D point set of a section taken through the landmark of concern
failed to reliably determine the appropriate circumference for different body shapes.
Thus, the authors developed a geometry-based algorithm to reliably extract
circumferences from scans irrespective of the body shape. As described in
Section 2.4.4, Wasenmüller et al. (2015) proposed extracting measurements by
morphing a generic body template with predefined measurements paths to the scans of
individuals (Figure 2-12). They claim that this method “outperforms the state-of-theart for several measures and achieves for all measures a similar accuracy as expected
in manual measuring”.

Figure 2-12: Generic template point cloud with some exemplary measurement paths (left); Exemplary
registered generic template point cloud (centre); Overlay of the registered template with the human
body scan (right) (Wasenmueller et al., 2015)
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2.4.6 Conclusions and limitations
The literature review on 3D body scanner software has shown that considerable
progress has been made in every single process step required to automatically convert
the raw scan data into body dimensions. A strong focus of the research was on the
automatic landmark detection, which proved to be particularly error prone.
The software that comes with the scanners, however, is in most cases proprietary. It is
not known, which of the algorithms described in the literature were or are still utilised
in software packages offered by the scanner manufacturers. This makes it difficult to
assess or compare the different software solutions proposed by the researchers in terms
of performance and reliability. To evaluate these only on the basis of the information
provided in the literature is considered to be very difficult if not impossible.
Software that was specifically developed for the manifold applications for 3D body
scanning like virtual try-on, virtual makeover or made to measure garments, proved to
be irrelevant to the research and was therefore not addressed in this literature review.

2.5 Precision and accuracy in 3D body scanning
2.5.1 Factors affecting precision and accuracy
Due to the fact that body scanners have become the predominant tool for collecting
anthropometric data in surveys worldwide, the number of anthropometric databases
based on 3D data is constantly growing (Treleaven, 2004; Lu, Wang and Mollard,
2010). Therefore, it is of particular importance that these data exhibit a high degree of
accuracy and precision. ISO 20685 (2010), the standard for 3D scanning
methodologies for internationally compatible anthropometric databases, defines
accuracy as the extent to which a measurement extracted from a 3D scan approximates
the reference value. The reference value of body dimensions is determined by a skilled
researcher utilising traditional instruments such as calipers, stadiometers,
anthropometers, sitting height tables and measuring tapes. The precision of scan
derived measurements, also referred to as repeatability, is defined as the difference
between multiple measurements with the same 3D scanning system (Lu and Wang,
2010).
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Accuracy and precision of the data obtained with 3D body scanners are influenced by
the factors listed in Table 2-2 and are broadly split into two main categories: Technical
Variability and Human Variability (Mckinnon and Istook, 2002; Kouchi and
Mochimaru, 2008, 2011). Previous studies have shown that body dimensions extracted
from 3D body scans regularly fail to satisfy the accuracy requirements laid down in
ISO 20685 for the use in anthropometric databases (Mckinnon and Istook, 2002; Han,
Nam and Choi, 2010; Lu, Wang and Mollard, 2010). Thus, the literature was
specifically reviewed to identify those factors shown in Table 2-2, which potentially
inhibit achieving the desired level of accuracy and precision.
Table 2-2: Factors affecting precision and accuracy in 3D body scanning
(adapted from Kouchi & Mochimaru 2011)
RESULTING
EFFECT

Precision of the 3D scanning hardware

Performance of the data acquisition and visualisation software

Performance of the landmarking and measurement extraction software

Technical variability

FACTORS INFLUENCING PRECISION AND ACCURACY

Body sway of the scanned individual

Human
variability

Ability of the scanned individual to replicate postures

Postural
variability

Variability of the inhalation level of the scanned individual (Respiration)

2.5.2 Technical variability
As stated earlier (2.3.1), 3D body scanning systems typically come as a package
consisting of the scanner hardware and the software for extracting body dimensions
from the scans. (D’Apuzzo, 2007). Thus, it can be inferred that the factors influencing
the technical variability (Table 2-2) are system inherent. Considering that the
resolution of 3D body scanners and the performance of the associated software have
improved continuously over the past 15 years (Daanen and Ter Haar, 2013), the only
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option for users to reduce the technical variability is to make sure that their scanning
system is as up-to-date as possible and calibrated appropriately.

2.5.3 Human variability
2.5.3.1 Introduction
In view of the very limited ability of the user to positively influence the technical
variability, the reduction of the human variability remains as the only possibility to
increase the precision and accuracy of the scan data. When reviewing the related
literature, it became apparent that only a few studies have been conducted to date to
investigate the factors constituting the human variability, i.e. accurate replication of
postures, body sway and respiration (Table 2-2).

2.5.3.2 Respiration
The ISO standard “3D scanning methodologies for internationally compatible
anthropometric databases” (2010) stipulates that “for all postures, quiet respiration
(normal breathing) should be adopted”. This is in line with the findings of the study
conducted by Mckinnon and Istook (2002) who scanned 72 participants holding their
breath at the level of full exhalation, holding their breath at the level of full inhalation
and when breathing normally. To analyse the impact of respiration on the scan data
they extracted seven key dimensions related to the torso from the scans taken of each
participant in the three configurations above. They found that continuing breathing
normally during the scanning process results in the highest level of precision and data
integrity. However, Daanen and Robinette (1997) reported considerable differences in
torso volume between scans ascertained at different inhalation levels. They, therefore,
recommend holding the breath at mid-level inhalation as “a good compromise between
reproducibility and validity”. Notwithstanding the definitions of the ISO standard, also
Wang (2010) and Lu et al. (2010) asked their participants to hold the breath during the
scan in order to avoid movement artefacts.
The literature review revealed that there is a difference in opinion amongst researchers
whether the participants should continue breathing normally or rather hold the breath
during the scanning process to minimise movement artefacts. The above research
activities have in common that the effects of respiration were assessed based on scan39
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derived body dimensions, in other words, an indirect measurement method.
Wade (1954) conducted a study, in which he directly measured the “Movements of the
thoracic cage and diaphragm in respiration“. He found that in quiet respiration, the
change in chest circumference during a respiration cycle was 12 mm when the
participants were erect and 7 mm when they were relaxed. In deep respiration, the
change in chest circumference was between 50 mm and 110 mm. Assuming that it is
impossible for participants to repeatedly hold the breath at the same inhalation level
and the fact that the inhalation level in deep respiration can vary significantly supports
the view that holding the breath potentially increases the human variability.
Overall, the findings of the literature review point strongly towards employing the ISO
standard, i.e. asking the participants to continue breathing quietly.

2.5.3.3 Postural variability
Typically, the participants are instructed verbally by the scanner operator how to adopt
the scanning posture. Standing or sitting unrestrained on the scanner platform, they are
prone to variations in the posture due to body sway and the user’s inability to replicate
postures when scanned repeatedly (Colaianni et al., 2014). The literature review
showed that in a number of studies postural variability was found to compromise the
integrity of the scan derived anthropometric data considerably (Mckinnon and Istook,
2002; Han, Nam and Choi, 2010; Lu and Wang, 2010).
This has prompted a number of researchers to further investigate postural variability
with the goal of reducing its adverse impact on data integrity. In the article "Reducing
movement artefacts in whole-body scanning” Daanen et al. (1997) reported that by
reducing the head movement of an unrestrained participant the longitudinal sway of
the body during a scan can be reduced significantly. Furthermore, the authors found
the average lateral body sway to be negligible compared to the resolution of their
scanner (2-4 mm). Finally, a comparison of two subsequent scans of one participant
revealed that movement artefacts were also caused by differences in the hip abduction.
The fact that the latter test was carried out with only one participant limited the
significance of its result. However, a study conducted by Mckinnon and Istook (2002),
who scanned a sample of 72 participants confirmed the findings reported by Daanen
et al. They found significant deviations of hip-related measurements when scanning
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participants repeatedly, indicating that variations in hip-abduction considerably
contributed to the postural variability.

2.5.4 Scanning posture and garment
Lu, Wang and Mollard (2010) conducted a study to examine the impact of the palm
facing backwards compared to the palm facing inwards during a scan. They found that
there were only minor differences when comparing the scan derived measurements
obtained in the two postures. However, they observed a lower deviation between the
scan derived and the manual measurements with the palm facing backwards. Hence,
they suggested using this posture for scanning.
Mckinnen and Istook (2002) evaluated in their study the impact of the variation in foot
span on the data integrity of scan derived measurements of the lower body (e.g. hip
circumference, thigh circumference, knee height). They compared the measurements
ascertained with the participants putting their feet 10.6 cm (4 in), 30.48 cm (12 in) and
50.8 cm (20 in) apart. The results showed that all scan derived measurements were
significantly affected by the variation in foot span. Based on the statistical analysis of
the data, Mckinnen and Istook recommend a foot span not greater than 10.6 cm (4 in)
for body scanning to achieve the highest level of precision and reproducibility.
It should be noted that the manufacturers of scanning systems such as VITRONIC and
[TC]2 typically stipulate a standard posture with the feet hip-width apart and the hands
in a fist with the palm facing inwards (Human Solutions, 2005, 2015; Tridigen, 2010).
Adopting this standard posture allows the software to automatically detect the body
landmarks required to calculate the body dimensions. Thus, postures following the
postural recommendations described above and deviating from the stipulated standard
scanning posture potentially compromise the precision of the scan derived
measurements. A workaround would be to extract the body dimensions manually from
the scans. However, this process is labour-intensive and time-consuming and therefore
not an option when analysing higher numbers of scans as they occur when conducting
studies or surveys.
A study conducted by Kim et al. (2014) has demonstrated that, in addition to the
scanning posture, the choice of the scan garment for the participants can have an
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impact on the accuracy and precision of the data. The authors captured scan data of
female participants wearing their own bras and underpants and compared it to the data
when wearing a tight one-piece scan garment over the underwear. They found that the
scan garment had a significant effect on the scan derived measurements, which were
in most cases larger. This finding highlights the need to carefully select the scan
garment for anthropometric measurements to avoid an adverse effect on data integrity.

2.5.5 Reduction of postural variability
2.5.5.1 Mechanical means
Although a number of researchers called for measures to stabilise the human posture
during the scanning process (Mckinnon and Istook, 2002; Lu, Wang and Mollard,
2010; Tomkinson and Shaw, 2013), so far only a few attempts have been made to
counter body sway and poor posture replication. Exceptions are handles to stabilise
the arm posture that can be found in body scanners manufactured by [TC]2 and Size
Stream or rudimentary fixation elements used in studies conducted by Guitierrez and
Gallagher (2008) and Reed (Reed, 2012; Reed and Ebert, 2014). A reason for a lack
of research in this field might be the fact that mechanical positioning aids as used in
the aforementioned studies potentially compromise the scan data by obscuring relevant
body parts. As a result, the software-assisted extraction of body dimensions can be
adversely affected.
In their article “The Evaluation of Scan-Derived Anthropometric Measurements” Lu
and Wang (2010) reported that they used a rigid mannequin to entirely eliminate the
effects of the human variability. In contrast to the scan derived measurements obtained
from humans those obtained from the mannequin met the accuracy and precision
requirements of ISO 20685 for the use in anthropometric databases. This is a strong
indication that scan derived measurements of humans can achieve the desired level of
accuracy and precision provided that human variability can be limited efficiently. It
can, therefore, be inferred that the reduction of postural variability by means of a
positioning aid presents an opportunity to increase the precision of scan derived
measurements.
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An additional driver for the implementation of a successful positioning aid is to
address emerging applications of 3D body scanning technology that require the precise
superimposition of 3D images obtained on different occasions or in diverse
configurations. Examples of such applications are:
▪

“Clothed Anthropometry” to establish space claim differences between
different clothing configurations

(Jones, Farrell and Keefe, 2013;

Schwarz-Müller, Marshall and Summerskill, 2018) (Figure 1-2)
▪

Comparison of 3D scans of participants before and after an intervention;
e.g. medical treatment, workout or diet

▪

Analysis of 3D data where the harmonisation of the postures across a
sample of different individuals is desirable; e.g. principal components
analysis (Ballester et al., 2014)

2.5.5.2 Software-based means
Significant advances in character animation have made it possible for a 3D model
generated from a single scan of a particular individual to replicate movements
previously recorded using motion capture tools (Anguelov et al., 2005). While the
animation of 3D models initially led to unrealistic body deformations (e.g. elbow
collapse, candy wrapper effects when twisting arms), the improvement of surface
models has led to a realistic change in body shape and muscle deformation (Lewis,
Cordner and Fong, 2000; Allen, Curless and Popović, 2002). Using these
achievements to eliminate the adverse effects of postural variability, which are
inevitable when capturing 3D data of individuals freely standing in the scanner, is an
obvious application for this technology.
In their article “3D-Based Resources Fostering the Analysis, Use, and Exploitation of
Available Body Anthropometric Data” Ballester et al. (2014) present a three-step
approach for harmonizing the posture of body scan data making use of the animation
principles:
▪

Pre-processing: In this step, a single closed mesh is created from the raw
scan applying mesh filling algorithms
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▪

Template fitting: A single closed mesh of a 3D human model
incorporating a skeleton of 17 bones and 14 joints constitutes the template.
This template is deformed in an iterative process until it matches the preprocessed mesh created in step 1 utilising a set of anatomical landmarks as
a reference as described by Allen et al. (2003).

▪

Posture harmonisation: For the actual harmonisation of posture the
anatomical skeleton of the template needs to be transferred into the mesh
created in the previous step through point-to-point correspondence as
described by Floater (2003). Next, the mesh is attached to the skeleton and
deformed according to the transferred template skeleton posture. Finally,
the posture of the mesh can be adjusted by moving the skeleton and
consequently the mesh surface to the desired neutral posture as proposed
by Mazany (2007).

Ballester et al. claim that this approach for posture harmonisation has been
successfully applied to sample scans ascertained with laser scanners and structured
light scanners utilising their highly automated software.
This research was replicated by Colaianni et al. (2014), who developed a poseinvariant statistical shape model for human bodies. In their article, the authors
highlighted that “even if participants are instructed to take on a specific pose, the
variation in pose is enormous” (Figure 2-13). These differences potentially lead to
grave misinterpretations as it is challenging to clearly distinguish between shape and
pose variations. Colaianni et al. claim that their novel coding leads to the same
reproduction quality as state-of-the-art coding, but with reduced computational effort
(10 instead of 40 eigenvectors).
The authors also investigated to which extent the 3D human model resulting from their
posture harmonisation process approximates the raw data that formed the starting
point. The results showed a good correlation between the two meshes. However, in the
bust and underarm area, deviations of ≥ 10 mm were identified. The authors also
pointed out that in case of significant differences between the starting posture and the
target posture unwanted artefacts like collapsing elbows or candy wrapper effects can
occur.
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Figure 2-13: Posture variation of superimposed scans before and after software-supported posture
harmonisation (Colaianni et al., 2014)

2.5.6 Conclusions and limitations
The options to influence the factors causing the technical variability are basically
limited to the selection of up-to-date scanning hardware and software. The influence
of respiration on data integrity is already minimised by the procedural guidelines
defined in ISO 20685. Only body sway and the inability of humans to replicate
postures remain as factors, which potentially can be counteracted in order to further
increase the accuracy and precision of scan derived measurements. Furthermore, the
literature suggests a careful selection of the scan garment to avoid compromising data
accuracy and reliability. It needs to be noted that with only one exception (Wade, 1954)
the studies presented in the literature used the Mean Absolute Differences (MAD)
between two or more scan-extracted measurements to quantify the effects of technical
and human variability. The measurement chain for automatically extracting
anthropometric measurements from scans includes automatic landmark detection,
which is prone to errors (Devarajan and Istook, 2004; Ashdown and Dunne, 2009; Han
and Nam, 2011b). Thus, a more direct method to quantify the technical and human
variability would be desirable.
A distinct step of the software-supported harmonisation of postures is template fitting
based on anatomical landmarks. In addition, the transfer of the template skeleton to
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the target mesh also requires landmarks or very similar shapes and surfaces. When
wearing protective clothing and equipment, many of the landmarks are covered.
Furthermore, the differences in shapes and surfaces in different clothing configurations
(e.g. semi-nude and fully clothed) differ significantly. Hence, the software-supported
posture harmonisation is not an option in the field of clothed anthropometry. As far as
semi-nude data is concerned, the literature is lacking research investigating whether or
to which extent the posture harmonisation process has an impact on the anthropometric
dimensions of the manipulated mesh compared to the source scan.
In contrast to software-supported posture harmonisation, mechanical positioning aids
potentially reduce postural variability without having to manipulate the raw data in a
time-consuming and costly post-processing. Thus, it can be inferred that despite the
design challenges (e.g. obscuration of body parts) mechanical positioning aids present
an opportunity to eliminate the adverse effects of variations in posture during the
scanning process and when scanned repeatedly.

2.6 National surveys deploying 3D body scanners
2.6.1 3D data collection
Typically, anthropometric surveys were extremely time consuming and labour
intensive. Traditional anthropometric tools were used to manually capture the body
dimensions requiring physical contact with the participants. Furthermore, the
traditional measuring tools were limited to capturing one-dimensional data only, which
could not satisfy the designers’ increasing need for 3D data.
The first survey utilising 3D scanning technology to overcome the shortfalls of
traditional methods was CAESAR (Civilian American and European Surface
Anthropometry Resource). This survey was conducted from 1998 to 2002 in the U.S.,
The Netherlands, and Italy (Robinette, K.M. Daanen, 1999). CAESAR employed a
Cyberware WB4 scanner in the U.S. and a VITRONIC scanner in Europe to collect
3D semi-nude data.
Since CAESAR was the first and one of the largest surveys that included 3D
measurements, researchers took a great interest in the data captured and experience
gained with this new technology. The fact that in addition to the 3D measurements
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also traditional measurements were taken allowed Robinette & Daanen (2006) to
compare the manual measurements with the 3D measurements. At the time there was
a concern that measurements extracted from the scans were not accurate. Daanen and
Robinette found that the CAESAR scan-extracted linear measurements were
extremely accurate compared to the allowable errors for traditional measurements
defined for the Army Anthropometric Survey (ANSUR) conducted in the U.S. in 1988.
In their article “Lessons learned from CAESAR: A 3D Anthropometric survey”
Robinette and Daanen (2003) reported the challenges they had encountered when
deploying 3D scanning technology. The lessons learned were to extensively test the
best lighting scheme, camera scheme, landmark detection scheme, scanning garment
colours as well as sticker colours prior to the survey since they are of utmost
importance for efficient post-processing. Moreover, the CAESAR 3D data formed the
basis for the development of methods for automatic landmark extraction. Prominent
examples are Suikerbuik et al. (2004) and Azouz et al. (2006) (see Section 2.4.4).
The CAESAR project was also the reason for promoting standardisation in this area.
In 2005, the ISO 20685 standard came into effect defining the “3-D scanning
methodologies for internationally compatible anthropometric databases”. The standard
was revised in 2010 (EN ISO 20685, 2010) and in 2015 complemented by a second
part defining the “evaluation protocol of surface shape and repeatability of relative
landmark positions” (EN ISO 20685-2, 2015).
Following the success of CAESAR, more than 20 countries conducted large-scale
national surveys deploying 3D body scanning technology. While the CAESAR survey
aimed at capturing anthropometric data, the survey “sizeUK” was conducted by the
British government and clothing retailers shortly after (1999-2002) specifically to
capture data for the apparel industry to improve garment fit. In the following years,
similar large-scale surveys were conducted with a focus on capturing national specific
3D data for the apparel and also the automotive industry. Table 2-3 lists the most
relevant national surveys conducted worldwide in the 2000 to 2018 time frame and
provides an overview of the sample sizes as well as the 3D scanning technology used
(Trieb et al., 2013; Ballester et al., 2015; Size North America, 2018).
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Table 2-3: Main 3D scanning surveys conducted worldwide
(adapted from Ballester et al. 2015)
Project

Year

Sample
size

CAESAR
CAESAR
CAESAR
SizeUK
SizeUSA
French survey
SizeTHAILAND
SizeGERMANY
Romanian survey
Spanish survey
SizeINDIA
Korean survey
SmartFit
Size NORTH AMERICA

2000
2000
2002
2001-2002
2002-2003
2003-2004
2007-2008
2007-2009
2007-2009
2007-2014
2009-2010
2010
2013
2017-2018

2,400
1,200
800
10,000
10,800
11,500
13,400
12,000
1,300
12,000
5,000
14,000
5,500
17,800

Country
USA
Netherlands
Italy
UK
USA
France
Thailand
Germany
Romania
Spain
India
Korea
Belgium
USA/Canada

Body
scanner
Cyberware
Vitus Pro
Vitus Pro
[TC]2
[TC]2
Vitus Smart
[TC]2
Vitus Smart
Vitus Smart
Vitus Smart
Vitus Smart
Hamamatsu
SYMCAD II
Vitus Smart

The surveys listed above have boosted the anthropometric 3D database over the last
two decades ready for designers to draw valuable information for the product
development process. The methodology for the data collection applied in these
surveys, however, was based on the CAESAR project and the recommendations
derived from it. Therefore, they do not offer novel methodological insights and
consequently are not addressed in more detail in this literature review.

2.6.2 Exploitation of 3D survey data
Although the desire for 3D shape and size information is high, incorporating it into
product design has proven to be challenging. The numerous large-scale surveys have
led to an increasing number of commercial repositories providing digital
anthropometric data (DAD) and parametric models to designers and customers
(Rissiek and Trieb, 2010; Ballester et al., 2014). In their article, Trieb et al. (2013)
explain that due to the current pooling process these repositories only provide
information, which is based on the analysis of 1D data (Figure 2-14).
Using 1D data held in these repositories entails significant limitations:
▪

Point clouds consisting of > 500,000 data points are reduced to less than
100 measures
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▪

The use of 1D data potentially results in misleading 2D and 3D
interpretations

▪

Limited cross-data analysis possible since the measures held in the
repositories differ and only similar measures are comparable

Figure 2-14: Current pooling process for digital anthropometric data (Trieb et al., 2013)

The authors also emphasize that although the availability of 3D data for product design
is highly desirable, it is not trivial to make it available in an easy-to-use format. To
enable the latter, the EUROFIT project was initiated in 2012. This project was partially
funded by the European Commission and conducted by six participants from four
different nations (Trieb et al., 2013; Ballester et al., 2014; European Commission,
2014a). According to the project summary published by the European Commission
(2014b), the project delivered a prototype online resource offering the following 3Denabled functionalities to product designers:
▪

Principle components analysis (PCA) based shape analysis exploration
linking underlying shape variations with measurements

▪

Creation of digital 3D avatars from measurements, size tables or shape
modes of variation
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▪

Obtaining user-defined measurements beyond ISO standard sets

▪

Obtaining estimated shape information from 1D-measurement databases

▪

Interfaces with 3D CAD software for product development

Following the completion of the two-year project, the aspiration was to make these
functionalities commercially available to designers and industrialists utilising the
already established iSize repository (Trieb et al. 2013; European Commission 2014b).
A recent visit to the iSize website revealed, however, that none of the 3D
functionalities developed as part of the EUROFIT project were actually incorporated
into the repository (iSize, 2018).

2.6.3 Conclusions and limitations
The CAESAR project, the first anthropometric survey to capture 3D data using body
scanning technology, has laid the groundwork for all subsequent 3D surveys. The data
obtained were analysed in detail by researchers in order to gain insights into the
validity and repeatability of the scan data and to identify potential for methodical
optimisation (scanning posture, landmark detection, etc.). The majority of the
subsequent surveys have in common that they were commercially driven. The costintensive collection of 3D data was financed or at least co-financed by companies and
organizations that allow access only for a fee. As a consequence, only limited
information can be found in the literature on the findings of these surveys. The
CAESAR project was also the reason for promoting standardisation in this area. In
2005, the ISO 20685 standard came into effect defining the “3-D scanning
methodologies for internationally compatible anthropometric databases”. This is part
of the explanation of why the literature on surveys following the CAESAR project did
not contain new methodological insights.
Rather sobering were the findings of the literature review regarding the availability
and utilisation of 3D anthropometric data for the design process. While the tools for
data preparation, analysis and provision of easy-to-use 3D data have been developed,
they are not even commercially available to designers. It is believed that there is no
sufficient demand from designers to create a business case for those maintaining
repositories of 1D anthropometric data to extend their portfolio to 3D data. This
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potentially leads to garment, equipment and workstation design not appropriately
taking into account the huge variability in body shapes and sizes.

2.7 Clothed Anthropometry
2.7.1 Introduction
The issue of semi-nude body dimensions being inadequate for designing workspaces
and equipment for specialised user populations who wear bulky and multi-layered
protective clothing has long been recognised as a challenge. Carrier and Meunier
(1996) highlighted that designers of military equipment in most cases have only
semi-nude anthropometric data at hand that does not consider the encumbrances
related to the volume of personal protective clothing and equipment. They pointed out
that wearing such clothing can seriously limit the functional reach of personnel and
significantly increase the height and volumetric space claim. The authors predicate
that “the magnitude of these changes can be such that the equipment or workspace will
no longer accommodate the portion of the population it was designed for”. In their
article “Effects of human anthropometry and personal protective equipment on space
requirements” Kozey et al. (2009) stress that from an overall systems approach, it is
important that wearing personal protective equipment (PPE) does not interfere with
the user's ability to interact with the machines and equipment he or she is intended to
operate or use. In their study, they investigated the influence of wearing immersion
suits on the spatial requirements in a lifeboat. The authors showed that the immersion
suit increases the anthropometric dimensions of the participants by substantial
amounts leading to the recommendation to reduce the lifeboats capacity ratings by
20%.
The findings of Carrier et al. and Kozey et al. were complemented by several studies
in different occupational settings all providing evidence that wearing PPE leads to
limitations in functional range and increased anthropometric dimensions (Reilly,
Kozey and Brooks, 2005; Uppu, Aghazadeh and Nabatilan, 2006; Mitchell, 2018). To
optimise the design of workstations for personnel encumbered by PPE, researchers in
this field have been calling over the past decade for data of encumbered user
populations and a standardised methodology for collecting them. This gives the
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impression that this problem formulation is new and that an appropriate awareness is
just beginning to emerge. However, as shown in the section below, this is not the case.

2.7.2 History of clothed anthropometry
From the literature, it seems that Major Lester B. Roberts was the first investigator
documenting spatial differences between semi-nude and clothed configurations. As far
back as 1945, Roberts examined the increase in the size of U.S. Army soldiers resulting
from different clothing combinations typical for vehicle crewmen to support tank and
vehicle designers in arriving at spatial requirements for military vehicles (Roberts,
1945). For the selected clothing combinations, the author provided the differences that
have to be added to 30 designated anthropometric dimensions (Figure 2-15). Roberts
work was limited to rudimentarily determining the increase in size due to PPE without
making an effort to standardise the measuring protocol. Consequently, his
measurements were “subject to wide variability depending on snugness or looseness
of fit, hang of cloth, etc.”

Figure 2-15: Example of differences between semi-nude and clothed anthropometric dimensions
(Roberts, 1945)

Significantly more extensive and profound was the study, conducted only one year
later by Randall et al. (1946). The authors describe the relationship between human
body size and U.S. Airforce military aircraft and equipment deployed during World
52

CHAPTER 2 – LITERATURE REVIEW
War II. To this end, they measured a total of 32 anthropometric dimensions on four
different clothing configurations for flying personnel and provided a detailed
description of the physical dimensions of PPE used by the aircrew. Also, Randall et
al. assessed the requirements of operators in local and remote turrets of B-29 bombers
and derived design principles that can be applied to other operational environments as
well.
Until 1980, the clothed anthropometric surveys conducted by Roberts and Randall et
al. were replicated for other military user populations and clothing configurations by
Alexander et al. (1969), Gregoire (1977) and Johnson (1984). These surveys had in
common that traditional instruments were utilised to take the anthropometric
measurements manually. The first researchers deploying photogrammetry as a
complementary method to compare different clothing conditions with the semi-nude
baseline were Khandar et al. (1980). The authors took 21 manual anthropometric
measurements in three different clothing conditions (semi-nude, summer combat and
arctic winter clothing) and compared them with those obtained from photographs
(Figure 2-16). They found that the measurement results from the photographs tended
to be larger than the manual measurements.

Figure 2-16: Applying photogrammetry to obtain clothed anthropometric dimensions
(Khandkar et al., 1980)
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Carrier and Meunier (1996) collected anthropometric data of participants semi-nude
and when wearing a fragmentation vest in combination with standard summer and
winter combat clothing used in the Canadian Forces. With 126 clothed anthropometric
measurements, Carrier and Meunier recorded a significantly higher number of body
dimensions than in the preceding studies. Also, their research constituted an important
step forward in clothed anthropometry as they were the first to develop a clothing and
equipment library for the Digital Human Model SAFEWORKTM. By considering
protective clothing in human models, the designers were for the first time provided
with a state-of-the-art tool for the design of workplaces for encumbered personnel.
This aspect is discussed in more detail in Section 2.8.
In the following nine years further clothed anthropometric surveys based on traditional
measuring methods were carried out: Paquette et al. (1999) collected data from crews
of U.S. military aircraft and combat vehicles, Brooks et al. (2004) investigated the
impact of seafarers using immersion suits in lifeboats and Reilly et al. (2005) captured
data of offshore workers with and without helicopter passenger suit.

2.7.3 Clothed anthropometric surveys deploying 3D body scanners
In 2008 Guitierrez and Gallagher (2008) were the first to deploy 3D body scanning
technology to capture three-dimensional clothed data. They scanned firefighters with
and without PPE in the seated and the standing posture to better understand and
quantify the bulk caused by their gear (Figure 1-3).
More recently, Ledingham and Stewart (2013) utilised a 3D body scanner and a
handheld scanner to determine the volumetric and space requirements of the offshore
workforce associated with donning personal protective equipment. They captured data
in three clothing configurations and found a 101.9% gain in space requirements with
full gear compared to the semi-nude baseline. Two years later, Stewart et al. (2015)
scanned 210 male UK offshore workers semi-nude and with full survival suit and
lifejacket (Figure 2-17). The comparison with the reference population data showed
an increased body size of UK offshore workers with a negative impact on the ability
to pass through a restricted space with their gear. Both surveys have in common that
no manual measurements were taken but all measurements extracted from the scan
data.
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Figure 2-17: Scan of a UK offshore worker semi-nude (left) and with survival suit and lifejacket
(right)

Surveys conducted in the same time frame in the military setting deployed 3D body
scanners and took manual measurements as well. Garlie et al. (2014), and Mitchel et
al. (2018) characterised the clothing of U.S. infantry and vehicle crew using traditional
manual methods. The captured 3D data was just used to feed a database for any future
applications without evaluating them for the study. Davis and Furnell (2014) created
a mixture of 33 manual and scan-extracted measurements to describe the encumbrance
of the dismounted soldier and the vehicle crew of the Australien Army in winter and
summer combat clothing. Manual measurements were selected where the landmark is
affected by excess clothing (26 body dimensions). The remaining measurements were
extracted from the scan data (7 body dimensions).
These significant differences in methodology for gathering clothed anthropometric
data manually, with 3D scanning technology or a combination of both call for a
standardised approach to clothed anthropometry similar to semi-nude anthropometry
protocols like EN ISO 20685 (2015) and EN ISO 7250-1 (2008). For characterising
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different clothing conditions based on traditional methods, Jones et al. (2013),
therefore, proposed to measure depth and breadth at reference heights from which an
ellipse is created. The reference heights were derived from anatomical landmarks on
the one hand and locations of maximum bulk of the PPE on the other hand (Figure
2-18).

Figure 2-18: Elliptical plots created from the breadth and depth measurements taken semi-nude
(grey), in clothing configuration E1 (green) and clothing configuration E2 (blue) at locations of
maximum bulk (Jones, Farrell and Keefe, 2013)

In the following years, Jones et al. (2014; 2015) dealt with the development of a
standardised protocol for the evaluation of 3D data to describe and quantify bulk
caused by PPE. To this end, they captured 3D data of Canadian Forces Personnel in
four different clothing configurations. After multi-step post-processing, the
researchers generated from scan data represented in cross-sections normalised contour
shape profiles for each of the PPE configurations in the sagittal and coronal plane. The
authors’ proposal for the standardised analysis of 3D data is suitable for describing
and quantifying different clothing configurations (Figure 2-19).
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Figure 2-19: Contour shape profiles for each of the four PPE ensembles
A. Sagittal (yz) plane. B. Coronal (xy) plane (Jones et al., 2015)

However, the post-processing described by Jones et al. requires many time-consuming
manual steps. Thus, a decisive advantage of the 3D body scanning hardware and
software gets lost, namely the fast and automatic extraction of measurements from
scans. Moreover, it is not clear why the arms have to be removed from the torso in the
course of the post-processing since they contribute significantly to the space claim of
encumbered personnel. Hence, it is doubtful whether the proposed method would
become prevalent as standard protocol for clothed 3D anthropometric measurements.
Rather, the authors’ achievement should serve as the basis for developing a faster and,
thus, a more practical method that considers all body parts for the evaluation of clothed
3D data.
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2.7.4 Conclusions and limitations
In conclusion, numerous clothed anthropometric surveys have shown that protective
clothing and equipment lead to a significantly increased space claim that needs to be
accounted for. Increasingly 3D scanning technology is complementing and partially
even replacing traditional manual measurements to characterise bulk caused by multilayered clothing and protective equipment. Recently attempts have been made to
develop standardised protocols similar to those established for capturing semi-nude
anthropometric data. However, in particular, the proposal made for analysing 3D
clothed data jeopardises the paramount advantages of the 3D scanning technology, i.e.
rapid data capture and automatic measurement extraction.

2.8 Digital human modelling of encumbered personnel
2.8.1 Introduction
Advances in computer technology have led to the rapid development of digital human
modelling both as an applied technology as well as a field of research in its own right.
Digital human modelling bridges computer-aided design (CAD), human factors
engineering and applied ergonomics and has already profoundly changed the way how
products are designed, systems are laid out, and ergonomics analyses are conducted
(Veettil 2011). Marshall et al. (2003) highlight that digital human modelling applied
early in the design process to determine the level to which it meets the design criteria
potentially reduces costs and avoids time delays. This view is supported by Chaffin
(2001), who claimed that savings in the prototype, test and redesign phases would
overcompensate the initial costs due to applying digital human modelling tools.
Because of the prospect of cost and time savings in combination with a high level of
customer satisfaction, digital human models (DHM) have meanwhile become an
integral part of the design process, and their application areas are manifold. In their
article “Digital Human Modeling for Design and Evaluation of Human-Machine
Systems” Naumann und Rötting (2007) point out that the main purpose of DHM is to
assess in a virtual environment whether the product meets the essential functional and
ergonomic requirements before hardware is built. In product design, this includes
aspects such as comfort, visibility, functional reach, ingress and egress as well as
strength assessment. Bubb and Fritzsche (2008) differentiate between five different
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types of DHM to satisfy these analysis needs, i.e. anthropometric models, models for
production design, biomechanical models, anatomical models and cognitive models.
As manifold as the different types of DHM are the industries utilising DHM (Figure
2-20). Sanjog et al. (2012) claim that industries are striving to incorporate DHM for
computer-aided ergonomics (CAE) in the computer-aided manufacturing process in
order to see more user-centred approaches in everyday life.

Figure 2-20: Application of DHM software in various industries
(Bullinger-Hoffmann and Mühlstedt, 2016)

According to Mühlstedt (2011), DHM are software systems or parts of software
systems that model the characteristics and capabilities of the human or elements
thereof and make them available for use. Various directories and overviews of such
DHM have been generated such as in the dissertation by Seidl (1994) or the
contributions of Bubb and Fritzsche (2008) in the Handbook of Digital Human
Modelling by Duffy (2008). A more recent and at the same time particularly
comprehensive overview of DHM was provided by Bullinger-Hoffmann and
Mühlstedt (2016). They identified and described 90 historical and current digital
human models and also provided application examples.
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In his article “Digital Human Modeling for Workspace Design” Chaffin (2008)
reported that as far back as 1996, the Society of Automotive Engineers (SAE) G-13
Committee on Human Modeling Technology and Standards carried out a survey
among designers regarding their potential uses for DHM methods. From a list of nearly
500 attributes that could be included in future DHM, the designers rated being able to
equip the DHM with a variety of clothing and equipment like gloves and helmet to be
the second most important. Clothed anthropometry was only surpassed by being able
to include different anthropometric data sets and populations. With this in mind and
considering that 90 DHM are known to have been developed, it is surprising that so
far only six DHM allow the creation of human models with protective clothing and
equipment. Less surprising is the fact that without exception military clothing and
equipment was considered in the DHM since the military constitutes the largest
encumbered user group and has a considerable R&D budget available to fund
appropriate activities (Lockett III and Archer, 2008). The six DHM supporting clothed
anthropometry are described briefly in the subsequent sections.

2.8.2 Jack
The human model Jack was developed in the mid-1980s by the University of
Pennsylvania (Center for Human Modeling) in collaboration with NASA and Transom
Technologies Inc. The human model has been distributed as commercial software
since 1996, initially by Transom, then by Engineering Animation, Inc. (EAI) and later
by Unigraphics Solutions (UGS). It is currently being further developed and
distributed by Siemens PLM. The models are variable in weight and body height
percentile, gender and in individual anthropometric variables. The data are based on
American anthropometry databases (ANSUR, NHANES and others). The range of
functions, especially in the analysis functions, differs depending on the software
system in which the human model is used. Various analysis toolkits are available such
as the Task Analysis Toolkit for ergonomic workflow design, the Occupant Packaging
Toolkit for ergonomics and the Motion Capture Toolkit for capturing real-world
motion data. Current research activities focus on motion simulations and cognitive and
information-processing models (Bubb and Fritzsche, 2008; Blanchonette, 2010;
Mühlstedt, 2011).
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Hicks et al. (2010) report that the U.S. Army Research Laboratory (ARL) has built a
library of digitised soldier clothing and equipment items, such as helmets, vests, packs
and weapons. These were used in combination with the Jack DHM to perform clothed
digital ergonomics analysis in the development and testing of eight Army Aviation
systems like, e.g. the RAH-66 Comanche and UH-60M Black Hawk (Figure 2-21).

Figure 2-21: Design evaluation of the RAH-66 Comanche (left) and UH-60M Black Hawk (right)
using clothed Jack DHM (Hicks, Durbin and Kozycki, 2010)

2.8.3 SAFEWORK
The digital human model SAFEWORK, which has been available since 1984, was
developed by the Ecole Polytechnique in Montreal, Canada. Later, the system changed
owners several times and was further developed and distributed by SAFEWORK Inc.,
Human Centered Design and Genicom. This also explains the manifold product names,
such as SAFEWORK Basic and SAFEWORK Pro, Genicom SAFEWORK, Digital
Humanoid (in Delmia IGRIP), PTC / SAFEWORK and dV / SAFEWORK. In 1999,
the software was acquired by Dassault Systems, and the human model was first
implemented in their products (Mühlstedt, 2011).
In the meantime, many functions of SAFEWORK have been integrated into the
Dassault DHM “Human Builder”. SAFEWORK depicts the human skeleton as well as
the skin or clothing based on anthropometric databases such as U.S. Army Natick,
ANSUR and KRISS 1997. It incorporates 99 segments and 100 joints with a total of
148 degrees of freedom. In the course of the development, many analysis modules
have been developed for vision, attitude, comfort, load handling, energy consumption,
processes and also for clothing (Bullinger-Hoffmann and Mühlstedt, 2016).
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The development of the SAFEWORK Clothing Analysis Tool goes back to an
initiative of the Canadian Defence and Civil Institute of Environmental Medicine
(DCIEM). As part of an clothed anthropometric study carried out on behalf of the
Canadian Forces in 1996 (see Section 2.7), Carrier and Meunier contracted Genicom
Consultants Inc., the owner of SAFEWORK at that time, to create a clothing module
that automatically represents the increase in dimensions on the DHM caused by the
summer and winter combat clothing (Carrier and Meunier, 1996) (Figure 2-22).

Figure 2-22: SAFEWORK DHM equipped with ballistic vests (Mühlstedt, 2011)

2.8.4 Santos
The human model Santos was developed by the University of Iowa in collaboration
with the U.S. Army in the Virtual Soldier Research Program. The main goal was to
model soldiers in order to evaluate the systems and components worn or operated by
them. The DHM allows a variety of ergonomics analysis including skeletal modelling,
predictive dynamics, strength and fatigue modelling, physiology modelling, hand
modelling as well as posture prediction with multi end-effectors and real-time inverse
kinematics (Abdel-Malek et al., 2008). In 2008, SantosHuman Inc. was founded as a
spin-off of the University of Iowa to further develop and distribute the DHM Santos.
The system is fully real-time capable, so changes are immediate. Modelling,
simulation, motion and interaction are thus carried out without delay and are supported
by a variety of input tools and a sound generator. This enables interactive virtual reality
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applications that are complemented by detailed modelling and use of high-resolution
textures (Mühlstedt, 2011). Furthermore, a model for clothing simulations is
implemented, which permits the optimisation of vehicles, weapon systems and other
warfighter-operated equipment through task-based trade-off analysis.
Based on the clothing module of the DHM Santos, a computer simulation program that
measures equipment weight, distribution and effects on body mechanics and individual
warfighter performance was developed in cooperation with the U.S. Marine Corps.
The software named Enhanced Technologies for Optimization of Warfighter Load
(ETOWL) allows the configuration of a soldier and their body-worn clothing and
equipment from an extensive library (Figure 2-23).

Figure 2-23: Configuration menu of the ETOWL software based on the SANTOS DHM
(University of Iowa, 2015)

2.8.5 RAMSIS Defense
In the late 1980s, the human model RAMSIS was developed in cooperation by the
Institute of Ergonomics at the Technical University of Munich, the software company
Tecmath and leading automobile manufacturers (Audi, BMW, Ford, Mercedes, Opel
and Porsche). Since 1990 further development and sales have been carried out by
Human Solutions GmbH in Kaiserslautern (Germany). The human model is based on
a detailed database with many datasets of different populations (including Germany,
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Japan, Korea, Mexico, France, China, USA, Sweden, India) and different ages and
somatotypes. (Bubb et al., 2006; Mühlstedt, 2011).
For a realistic representation of human anthropometry, RAMSIS incorporates an inner
and outer model. The inner model represents the human skeleton. It contains the length
dimensions of the body segments, the position of the joints, their coordinate system
and their maximum physiological movement spaces. It thus represents the RAMSIS
kinematics. The inner model is enclosed by the outer model representing the RAMSIS
shell. The outer model is comparable to the human skin surface (Hudelmaier, 2003).
Initially, RAMSIS was a purely anthropometric human model. In 2009, the first
expansion step on the way to a cognitive human model took place. In a joint research
project of Human Solutions and the Institute of Ergonomics at the Technical
University of Munich, the module "RAMSIS cognitive" was developed. The originally
purely anthropometric human model was extended in this project by simulation
methods for visual perception (Remlinger, Bubb and Wirsching, 2009).
As a cooperative effort with the “Bundeswehr Technical Center for Land-Based
Vehicle Systems, Engineer and General Field Equipment (WTD 41)” starting in 2015,
the RAMSIS anthropometric human model was extended to consider protective
clothing and equipment of the German mechanised infantry (Figure 2-24).

Figure 2-24: RAMSIS Defense DHM featuring equipment of the German Soldier System
(Human Solutions, 2018)
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A clothing library was created, which included, e.g. helmet, boots, ballistic vests and
combat clothing. Apart from allowing designers to take into account the increased
spatial requirements, it also considers the restrictions in movement caused by the PPE
and allows the simulation of complex operations like vehicle ingress and egress. This
expansion of the DHM, which is available as a separate module named “RAMSIS
Defense", was first presented to the developers of military vehicles at the defence trade
fair Eurosatory in Paris in June 2018 (Human Solutions, 2018). The aspiration is to
extend the library of equipment for commercial applications, which require protective
gear to be donned such as operating agricultural machinery, all-terrain vehicles (ATV)
and utility vehicles (Kuebler, Wirsching and Barnes, 2018).

2.8.6 DI-Guy
The Dismounted Infantry Guy is a product of the American company Boston
Dynamics, which is a spin-off from the MIT (Massachusetts Institute of Technology)
founded in 1992. The software integrates human characters in real-time simulations.
The model is optically detailed. With textures and photorealistic polygonal models,
more than 100 different models can be selected from a library (e.g. dismounted
soldiers, flight deck crew, soldiers wearing NBC protection). Various clothing
configurations, as well as additional equipment (backpack, harness, bayonet, etc.), can
be simulated. A library includes several real-time motion animations (standing,
kneeling, lying, running, crawling, shooting, etc.). and offers different facial
expressions. Responding to simple commands, a DI-Guy can move through the terrain
to preselected points. The additional modules DI-Guy Scenario and DI-Guy Motion
Editor allow the creation of different scenarios and facilitate animating the models
respectively (MÄK, 2017). The software is used for military and civil applications.
Examples are helicopter landing training, simulation of troop movements, simulation
of naval-seal underwater operations but also urban planning and visualization or the
analysis of a nuclear power plant control station (Figure 2-25). Since DI-Guy has been
specifically designed for this type of application, it does not incorporate a skeleton and
therefore cannot be used for ergonomic analyses (Bullinger-Hoffmann and Mühlstedt,
2016).
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Figure 2-25: DI-Guy DHM in an urban scenario (MÄK, 2017)

2.8.7 Digital Biomechanics
The Digital Biomechanics software, which like DI-Guy originates from Boston
Dynamics, is used to simulate the effects of different equipment on soldiers (Figure
2-26).

Figure 2-26: Digital Biomechanics DHM (Boston Dynamics, 2009)

Based on an integrated anthropometric database, different human models can be
generated. In addition, activities like walking, running and crawling can be simulated.
The project was mainly funded by the U.S. military (U.S. Army Natick Soldier Center)
(Mühlstedt, 2011). However, academia (e.g. Cornell University) also contributed to
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the development of this DHM. The software is primarily used by military organisations
(e.g. U.S Marine Corps, U.S. Research Institute, etc.). The analyses that can be
performed with Digital Biomechanics include interaction forces, relative movements,
equipment shapes, weight distributions, fixings, posture and balance controls and
movement restrictions (Boston Dynamics, 2009).

2.8.8 Conclusions and limitations
At first glance, it seems to be surprising that despite the demand of designers only a
limited number of DHM allow the creation of human models wearing clothing and
equipment. However, the number of different user populations encumbered by PPE is
large, and the diversity of their clothing and equipment is even larger. The fact that
capturing 3D data of the PPE and integrating it in the DHM software is timeconsuming and costly is the reason why the benefits outweigh the costs only for large
user populations such as the military. This could explain both the low number of DHM
allowing PPE to be simulated and the fact that so far only military PPE has been
considered.
The realistic appearance of the clothed and equipped DHM inevitably leads to the
assumption that the analyses conducted therewith are correct and reflect reality.
However, the literature lacked information about the validation of the presented DHM.
Thus, the questions remain unanswered whether they actually represent the true space
claim of the simulated personnel, whether the movement restrictions caused by the
PPE were adequately taken into account or whether the relative movement between
equipment and body when moving was modelled realistically. The extent to which the
clothed DHM are validated correlates with their suitability as digital ergonomics tool.
Hence, thorough validation should be a key criterion for the selection of a specific
DHM as a tool for digital ergonomics analysis.

2.9 Occupational ergonomics of encumbered personnel
2.9.1 Introduction
The fact that the design of workplaces in vehicles, aeroplanes and ships takes
insufficient account of the increased spatial requirements of personnel wearing PPT
can have dramatic consequences. Tiesman et al. (2010) conducted a study to compare
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intentional and transportation-related fatality rates in U.S. Law Enforcement Officers
(LEOs) between 1992 and 2002. The study revealed that 58% of the transportationrelated fatalities occurred to LEOs as drivers. The authors pointed out that LEOs are
often reluctant to use the seatbelt because it might interfere with their body-worn
equipment and avoid a rapid exit from the patrol car. The incompatibility of the design
of vehicle seats and seatbelts with the body-worn equipment was also identified as a
potential reason for the increased fatality rates in U.S. LEOs in more recently
published research (Oron-Gilad et al., 2005; Von Kuenssberg Jehle et al., 2005).
Similar reports exist about U.S. firefighters. From 1998 to 2007, a total of 148 U.S.
firefighters died in road accidents while delivering emergency services (Fahy, 2008).
As with the U.S. LEOs, a lack of seat belt use was identified as a significant
contributing factor to the fatalities. According to a report of the Fire Fighter Fatality
Investigation and Prevention Program, a quarter of fire departments indicated “that
their firefighters were not able to fit comfortably in their seatbelts while wearing
turnout gear in emergency vehicles” (Peterson, Amandus and Wassell, 2009).
In order to counteract these fatal effects of insufficient consideration of the
fundamentally different space claim of personnel wearing protective clothing and
equipment, efforts have been recently increased to collect 3D clothed anthropometric
data of encumbered user populations. However, only limited information is available
on how exactly the clothed anthropometric data is utilised by designers for better
equipment and workstation design. Subsequently, the exceptions identified in the
literature review are presented that provide methodological insights on utilising 3D
data in the design process.

2.9.2 3D scan data in protective equipment design
The literature review has shown that the focus of the research was on head protection
when it came to the use of scanning technology in the development of protective
equipment. Robinette and Whitestone (1992) were the first to utilise 3D head and face
data to characterise the human in the design process for complex helmet systems like
those featuring night vision goggles and helmet-mounted displays. They found that
anthropometric measures that are related to the Frankfort plane as a reference can be
misleading and result in a poor fit of headwear. Thus, they proposed providing the
designers with 3D shape and surface contour information tied to traditional
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anthropometric information as well as population information describing the special
relationship between helmet and head. In later publications, they introduced a helmet
centred reference scheme instead of the previously used anthropometric reference
scheme to acquire and evaluate helmet fit data (Robinette, 1993; Whitestone, 1993).
Meunier et al. (2000) utilised a head scanner to determine the stand-off between the
inner shell of a combat helmet and the skull as a measure of fit. They highlighted that
3D data not only allows areas of noncompliance be be easily identified but also
facilitates visualising the extent to which the minimum stand-off requirement was
violated. For the design of motorcycle helmets, Alemany et al. (2012) quantified the
pressure distribution on the head. The authors found a correlation between the pressure
distribution map and the user´s fitting perception and therefore proposed to include it
as a design criterion in addition to geometric and anthropometric information.
However, even after more than two decades of research in this field, no standardised
methodology for analysing and comparing the fit of distinct helmet models had been
developed. To overcome this shortfall, Perret-Ellena et al. (2014) introduced the
Helmet Fit Index (HFI) to describe the fit between a helmet model and the human
head. The HFI provides a fit score between 1 (excessively poor fit) and 100 (perfect
fit), which can be used to monitor progress in an iterative design process or serve as
the benchmark index for the comparison of different helmet models. Two years later a
study conducted by Ellena et al. (2016) showed a good correlation between the
subjective fit assessments of 117 surveyed cyclist and the HFI when comparing three
commercially available bicycle helmets (Figure 2-27).

Figure 2-27: Three commercially available bicycle helmets that were subjected to a comparison
between HFI and subjective assessments of helmet fit (Ellena et al., 2016)

The second focus of protective equipment design is respirator masks and oxygen
masks. As far as respirator masks are concerned, the emphasis was on collecting
representative data of the user population as input for the design process (Zhuang and
Bradtmiller, 2005; Oestenstad and Bartolucci, 2010). For oxygen masks, however, the
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U.S. and Korean Air Force also investigated ways to improve the design process itself.
The oxygen masks donned by fighter pilots need to be properly fitted to the facial
dimensions in order to protect them from the harmful atmospheric conditions. The
initial design of the widely adopted U.S. oxygen mask for aircrew MBU-20P was
based on traditional anthropometric data captured from 2420 flying personnel
(Churchill and Churchill, 1977). Twenty years later Gross et al. (1997) used 3D
scanning technology in order to identify options for further optimising its design. The
study revealed that strict compliance with the placement criteria has a higher potential
to lead to an improved fit than additional sizes or reshaping the mask. The MBU-20P
oxygen mask was also used by the Korean Air Force. A study conducted by Lee et al.
(2013/1) showed that more than half of the Korean fighter pilots suffered from
excessive pressure and/or oxygen leakage around the nasal root due to the lack of fit
of the oxygen mask. Significant differences between the Asian and U.S. face and head
anthropometric characteristics were found to have caused the poor fit rates. As a
consequence Lee et al. (2013/2) developed a method to optimise the design of the
oxygen mask utilising 3D scan data of 336 pilots of the Korean Air Force. Their
method referred to as virtual fit analysis (VFA) utilised the Matlab software suite to
automatically align the CAD data of the oxygen mask on the 3D scan images and to
virtually evaluate the mask-wearing characteristics (e.g. fit and clearance) (Figure
2-28).

Figure 2-28: Illustration of a virtual fit analysis of an oxygen mask design on a pilot's face
(Lee et al., 2014)

In an iterative design process applying the VFA, an oxygen mask was designed in four
different sizes that reduced the discomfort and pressure by between 11% and 56% as
well as the slippage in high gravity situations by 24%. These results prove that the
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VFA design method proposed by Lee et al. is effective. As far as utilising 3D scan data
for equipment design is concerned, apart from protective helmets and oxygen masks,
no systematic research on design methods was discovered when reviewing the
literature. Individual case studies were found regarding the use of 3D data for the
design of fall-harnesses, concealed protective armour and hip protection for elderly
women (Hsiao et al., 2012; Błaszczyk et al., 2014; Lee et al., 2015). Since the findings
did not provide new methodological insights they were not addressed in this literature
review.

2.9.3 Encumbered 3D scan data in workstation design
The literature review revealed that the DHM Jack equipped with PPE was used in a
number of cases to conduct digital ergonomics analyses to facilitate accommodation
design decisions. Examples are the evaluation of the Comanche helicopter crew station
(Kennedy et al., 2004), the assessment of the egress characteristics of the U.S. Army
Airborne Command and Control System (Havir and Kozycki, 2005) or the evaluation
of the UH-60M Blackhawk cockpit (Hicks, Durbin and Kozycki, 2010). The
methodology for such digital ergonomics assessments based on clothed DHM is
described by Lockett et al. (Lockett et al., 2005) as a four-step approach:
▪

Determine key accommodation analyses and the critical anthropometric
dimensions associated with those analyses;

▪

Build clothed and equipped human figure model manikins from the
anthropometric data

▪

Obtain CAD files of the workstations and optimise for use with human
figure modelling tools.

▪

Perform analysis

The authors explain that the anthropometric data utilised to generate a set of
representative human models are anthropometric data (1D) extracted from 3D data of
the user population. In the case of the DHM RAMSIS (2.8.5), it is even possible to
automatically extract a predefined set of anthropometric data from a specific scan
using the Anthroscan software suite, import it into RAMSIS and automatically
generate a human model reflecting the key anthropometric dimensions of the scanned
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individual (Human Solutions, 2015). However, this does not change the fact that the
3D human models originate from one-dimensional anthropometric data.
Examples, where true 3D scan data of encumbered personnel was used by designers
for better workstation design, are rare. In the literature, the following two cases were
found:
When evaluating the F-16 cockpit with the DHM SAFEWORK, Oudenhuijzen et al.
(2002) found that the initial positioning and posture of the human model in the seat
was the main cause of inaccuracies and errors in reach and clearance calculations
(mean deviation between humans and DHM 20 to 80 mm). To overcome these
deficiencies, Oudenhuijzen et al. (2009) in a later study captured 3D data of 14
participants semi-nude and with a pilot cold water immersion suit in 15 different
typical reach postures in an F-16 ACES ejection seat. The 3D data obtained in this way
formed a posture library, which was used as the basis for positioning the SAFEWORK
human models on the seat and for replicating the 15 reach postures. This approach led
to a high level of correspondence between the reach envelope of the participants and
the appropriate human models (e.g. +/- 7mm for the small participants). Once the
DHM had been trained this way, it was possible to create human models with any
desired anthropometric dimensions to perform the range and clearance analysis. The
authors emphasised that the accurate prediction of the posture for a human model is
essential to ensure that the subsequent analysis of clearance and reach is accurate. The
whole-body scans incorporated effects such as deformation at thighs and buttock,
postural changes during reach compared to initial posture as well as effects of the
clothing and restraint system on posture changes. Replicating the scanned postures
with the human models accounted for these effects and was the prerequisite for the
high degree of agreement between simulated and measured results.
Another example of the use of 3D data is the "seated soldier study" conducted by Reed
and Ebert (2014) at the University of Michigan. The authors explain that
anthropometric surveys may not typically gather seated data and when they do, only
in one or a few unsupported seated postures. Such data require extrapolation to predict
shape change in supported seating situations. Moreover, only very little research has
been undertaken on the effect of clothing and protective equipment on the seating
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position. To fill this gap, they designed a study funded by the U.S. Army to gather data
on the posture of soldiers sitting in military vehicle seats with and without PPE as well
as scanning them in the standing and seated posture with PPE to determine the space
requirements (Figure 2-29). These data then formed the basis for the development of
design tools such as
▪

posture-prediction model for DHM based on soldier postures in realistic
military seating scenarios

▪

vehicle accommodation models incorporating the posture-prediction
models ready for implementation in commercial software (CAD)

▪

3D shape models that encompass standing and seated postures for the
implementation in DHM

▪

Effects of body armour and encumbrance on the space claim and posture
of the seated soldier as input for seat design and restraint systems

In their study, the authors both captured 3D data of encumbered personnel as well as
developed the design tools for considering the effects of encumbrance on posture and
space claim in the product development. While this holistic approach certainly
required considerable resources in terms of personnel and funding, it does constitute a
model approach for the targeted exploitation of clothed 3D data.

Figure 2-29: 3D scan of a participant fully encumbered in the seated posture (left), posture capture of
a participant in a military vehicle seat with a FARO- arm (right) (Reed and Ebert, 2014)
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A novel application of clothed anthropometric data was presented by Park et al. (2016).
So far, the focus was on ascertaining clothed anthropometric data in addition to seminude data of a limited representative sample to determine the relationships between
the two configurations. Adding this offset between standardised semi-nude dimensions
and clothed dimensions to the extensive semi-nude database already existing permits
statistically valid estimates of passenger space to be established. Park et al. take a
different approach. Their study aimed to utilise clothed scan data for estimating the
semi-nude body shape underneath the clothing using a statistical body shape model.
They fitted their statistical body shape model to scans of 100 soldiers in four different
clothing configurations in order to estimate the body shape underneath. They used an
inscribed fitting method, which was expected to generate the body shape by determine
the maximum body volume in the body shape space of the model. They found, that
they were able to estimate the body shape underneath the clothing with a mean error
of 11.2 mm compared to the actual body shape.

Figure 2-30: Comparison of original target scans and inscribed-fitted manikins: (a) target scan, (b)
and (c) the front and side view of comparison between target scans (white) versus fitted manikins
(yellow), (d) quantitative comparison between the fitted body shapes and the minimally-clad scans of
the same individuals (Park et al., 2016)

This method allows a rapid estimation of the semi-nude body shape without the need
to perform semi-nude scans in addition to clothed scans. Given the mean error of 11.2
mm, however, there is no alternative to taking semi-nude scans if representative
anthropometric 3D data are to be collected. In addition, the article does not answer the
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question to what extent the statistical body shape model within the clothed 3D form
approximates the true position and posture of the body underneath the clothing. Only
if these corresponded, it would be possible to determine representative linear,
circumferential and volumetric differences between their statistical body shape model
and the clothed 3D scan. A validation of the model with regard to this aspect would
finally provide information to what extend it also can be used for determining the offset
between semi-nude and clothed configurations.

2.9.4 Conclusions and limitations
The literature review showed that 3D data is increasingly used for the design of
protective equipment. In early research, selected anthropometric criteria were used to
analyse and optimise fit. In more recent research there is a trend towards iterative
software-aided design optimisation considering a wider range of criteria for fit
assessment.
Although only two examples were found in the literature of how 3D data of
encumbered personnel was used for design purposes, they were revealing in several
ways. In both examples, the participants' 3D data was first used to create representative
models in terms of posture, space claim, reach, etc. The implementation of these
models in DHM or directly in CAD software then made it possible to use the 3D data
in the design process. It can be inferred, therefore, that 3D scan data is not used directly
by designers but as input for design tools such as DHM or CAD systems. This largely
coincides with the results of the literature review presented in Section 2.6.2.
The two examples differed significantly in terms of the scope of the research. While
Oudenhuijzen et al. (2009) proposed a methodological solution for design evaluation
of a specific workstation, Reed and Ebert (Reed and Ebert, 2014) presented a holistic
approach from 3D data capture to posture and accommodation model creation for use
in DHM or CAD systems. The latter research represents a paradigm for the use of 3D
data in the design process. It needs to be noted, however, that it is based on significant
input from previous research with normally clothed individuals at the University of
Michigan in this field (Reed, 2005, 2012; Reed and Parkinson, 2008; Parkinson and
Reed, 2010).
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While the literature review focused on utilising 3D size and shape information for the
design of protective equipment, its use for improving the fit of protective clothing was
not addressed. Improving garment fit and automatically generating sewing patterns
based on 3D data has even been one of the textile industry's top priorities over the past
two decades (Ashdown et al., 2007; D’Apuzzo, 2009; Tao and Bruniaux, 2013; Gill,
2015). However, no fundamental methodological differences in terms of design and
fit were found in the literature between protective clothing and street clothing. The
same applies to gloves and footwear. Therefore, and because it would have made the
literature review too far-reaching this topic was not considered.
The limited number of examples found in the literature for utilising 3D data of
encumbered personnel to facilitate the design of workstations is probably due to the
fact that the actual design process takes place in industry. They have no commercial
interest in publishing their experiences and findings in this field. On the contrary,
effective methods of exploiting 3D data for a better workstation design can be a
decisive competitive advantage. In addition, the military represents the largest
encumbered user population and reports of studies funded by the military are mostly
restricted information and therefore not openly accessible.

2.10 Overall conclusions
From the literature review, the following conclusions can be drawn:
a. In general laser stripe scanners, structured light scanners and multi-view
camera systems provide a higher resolution than millimetre-wave scanners or
scanners based on low-cost depth sensors making them first choice for
research applications demanding a high level of accuracy.
b. Recent advances in computer and sensor technology have led to an increase in
resolution, lower scanning times and a decrease in the light sensitivity of 3D
whole-body scanners.
c. As far as scanning software is concerned, progress has been made in every
single process step required to automatically convert the raw scan into body
dimensions. A noticeable focus of the research was on automatic landmark
detection. However, this process step was found to be particularly challenging
and prone to errors.
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d. The fact that the options to influence the technical variability of the scanner
hardware and software are limited leaves only body sway and the humans’
inability to reliably replicate postures as factors to be counteracted to increase
accuracy and precision of scan derived measurements.
e. Software-supported elimination of postural variability as part of the postprocessing involves template fitting. Aligning the template with the scan
requires a set of clearly visible anatomical landmarks or a fair correlation
between the surface shapes. Thus, the method is suitable for semi-nude data
but does not provide a solution for clothed data.
f. Rudimentary mechanical positioning aids have been used to reduce the
postural variability of both semi-nude and clothed participants. However, such
mechanical positioning aids obscure parts of the body and compromise data
integrity.
g. The CAESAR project as the first anthropometric survey to capture 3D data
with body scanning technology led to methodological insights laying the
groundwork for all subsequent 3D surveys. It also promoted the creation of
the standard for “3-D scanning methodologies for internationally compatible
anthropometric databases” (ISO 20685).
h. Subsequent national surveys boosted the anthropometric 3D database over the
last two decades. However, commercial repositories basically provide 1D data
extracted from the 3D data.
i. Since WW II numerous clothed anthropometric surveys have shown that
protective clothing and equipment leads to a significantly increased space
claim. After increasingly 3D body scanning technology is used to capture
clothed data, attempts have been made to develop standardised protocols as
for semi-nude data. The proposals made so far, however, are laborious and
time-consuming.
j. While a survey among designers unveiled the need to equip human models of
DHM with clothing and protective equipment, only six out of +90 known
DHM offer this feature.
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k. 3D data is increasingly used for the design of protective equipment with a
focus on helmets and oxygen masks. In recent research, there is a trend
towards iterative software-aided design optimisation considering a wide range
of criteria for fit assessment.
l. In workstation design, a two-step approach is applied to utilise true 3D clothed
data. First representative models in terms of posture, space claim or reach are
created based on the participants' 3D data. Then these models are implemented
in DHM or directly in CAD software, making them available for the design
process.
m. While the literature review was unable to answer any of the research questions
directly, it has highlighted existing knowledge gaps and thus significantly
informed the research described in this thesis. The most important knowledge
gaps that have to be addressed in the PhD-research to answer the research
questions are listed below:
▪

Although mechanical positioning aids have been used in the past
specifically to reduce the postural variability of the arms and back, no
holistic approach to stabilising the body during the scanning process
has been described in the literature.

▪

Even though these mechanical positioning aids were made of material
visible on scans, no attempts were documented in the literature to
optimise the material selection in terms of impact on data integrity.

▪

No research was found evaluating the effectiveness of mechanical
positioning aids and their impact on the software-supported extraction
of body dimensions.

▪

Determining the Mean Absolute Difference (MAD) of scan derived
body dimensions was the only method described in the literature for
evaluating the human variability of repeatedly scanned participants. No
more direct measurement method has been described so far avoiding
the error-prone landmark detection in the measuring chain.

▪

In the literature, neither clues were found on the methodology for
determining

linear

and
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superimposed scans ascertained at different occasions or in different
clothing configurations nor on the underlying reference systems of the
scanning systems.
▪

Even though numerous national and international surveys boosted the
3D anthropometric database, the literature revealed a lack of easy-touse 3D data available to ergonomists and designers.

▪

Six DHM have been identified in the literature review allowing to equip
human models with protective clothing and equipment. However, no
evidence for the validation of this dressed DHM was found, raising the
question of the accuracy with which they represent true space claims
and movement restrictions.
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3 CHAPTER 3 – RESEARCH DESIGN AND METHODS

3.1 Introduction
The previous chapter presented the results of a systematic review of the scientific
literature relevant to the research described in this thesis. The literature review
highlighted that the collection and analysis of 3D data with body scanners were
invariably carried out as quantitative research in the form of experiments. In addition,
it revealed that the experimental set-up and procedures, the evaluation of the data, as
well as the statistical analysis, often used the same approach. In the last decade, this
trend was further supported by the creation of standards such as the “ISO Standard for
3D scanning methodologies for internationally compatible anthropometric databases”
(2015).
This chapter presents a systematic approach to the development of the research design
and explains why and to what extent it is predefined by the nature of research
concerned with 3D body scanning presented above. Furthermore, the research
methods, i.e. the experimental design, sampling strategy as well as the statistical
analysis are outlined and discussed.
More detailed information about the equipment utilised in the studies as well as
specific analysis techniques is presented in the respective chapters.

3.2 Research design
Saunders et al. (2016) proposed a systematic approach to the development of the
research design shown in Figure 3-1 (research onion). By working from the outer layer
of the research onion to the centre, users design their research by selecting the
philosophy, strategy, approach, choices, time horizon and finally the techniques and
procedures for data collection.
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Figure 3-1: Research onion (Saunders, Lewis and Thornhill, 2016)

As explained in the introduction, research concerned with 3D whole-body scanning
has a strong practical experimental character. Experimental research, as a subset of
empirical quantitative research, serves testing causal hypotheses. This already
predefines the first four layers of the research onion as outlined below:
▪

Philosophy: Positivistic research involves the creation of a hypothesis,
which can then be systematically tested (Jones and Gratton, 2004). This
coincides with the idea of empirical quantitative research underlying the
work presented in this thesis. Thus, positivism is the philosophy of choice.

▪

Approach: According to Jones and Gratton (2004), the deductive approach
involves testing a pre-determined theory, explanation or hypothesis. The
studies described in this thesis entail the testing of various hypothesis (e.g.
positioning aids reduce human variability), which is why the deductive
approach is to be assumed.

▪

Strategy: Experimental designs are generally used to identify whether an
independent variable has an effect upon a chosen dependent variable (Jones
and Gratton, 2004). In the subsequently described studies, aiding the
positioning of the participants constitutes the independent variable the
experimenter manipulates. The postural variability of the participants is the
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dependent variable and represents the effect the experimenter is measuring.
That is the reason for calling for experimentation as the research strategy.
▪

Choice: The research presented in this thesis is purely quantitative,
explaining why it is considered to be mono-method research.

▪

Time horizon. This layer defines the timeframe within which the project
is intended for completion (Saunders, Lewis and Thornhill, 2016). The data
collected as part of the studies described in this thesis was captured at a
specific moment in time, making it cross-sectional as opposed to
longitudinal.

The systematic determination of the research design by working from the outer shell
of the research onion to its core led to the result that the research described in this
thesis has a positivistic, deductive, experimental, mono-methodological, crosssectional design. This leaves only the core of the research onion, the techniques and
processes for data collection and analysis, which will be outlined and discussed in the
subsequent sections.

3.3 Research method
From the research objectives outlined in Section 1.4, it can be inferred that the research
described in this thesis is concerned with the development of positioning aids,
determination of their effectiveness in whole-body scanners and, finally, their use in
obtaining clothed data. The underlying hypothesis is that the use of positioning aids in
3D body scanners reduces the postural variability of repeatedly scanned participants.
According to the research methodology literature (Bandemer and Näther, 1980;
Chambliss and Schutt, 2006; Kirk, 2015), experimental research provides the most
powerful design for testing such causal hypotheses. The use of whole-body scanners,
in which the positioning aids will be installed to test the causal relation between
utilising positioning aids and the postural variability of individuals, further narrows
the choice of the experimental methods. Such body scanners are technically complex
precision tools, with which meaningful results can only be achieved in a controlled
laboratory environment. Therefore, the field experiment as a possible alternative was
not considered, and the laboratory experiment was chosen as the only practicable
experimental method.
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In conclusion, the nature of the PhD research and the mandatory use of 3D body
scanning technology as instrumentation only permitted the selection of the laboratory
experiment as a method for addressing the research questions.
The design of the laboratory experiments to be used varies. Therefore, Chapters 5 and
6 include a section "Study design and rationale", which describes the details of the
chosen design for the laboratory experiments. These sections include, but are not
limited to, the following topics:
▪

experimental design

▪

instrumentation

▪

in-processing and participant preparation

▪

test conduct

▪

data acquisition and storage

▪

analysis of the study results

Measures taken to increase the validity and reliability of the data have been addressed
where appropriate.

3.4 Experimental design
Experimental design is concerned with the allocation of participants to experimental
conditions. The literature differentiates between the following three types of designs
(Lammers and Badia, 2005):
▪

Independent measures design: In this type of design, also referred to as between
groups, different participants are used in each experimental condition. This
should be done by random assignment of the participants, which ensures that each
participant has an equal chance of being assigned to one group or the other. The
independent measures design has the advantage that it avoids order effects. Order
effects refer to the order of the conditions having an effect on the participants’
behaviour. Examples are effects caused by practice or fatigue as they can occur if
participants are involved in more than one experimental condition. A disadvantage
of this design is that more participants are needed than with the dependent
measures design (see below) and that differences between participants in the
groups may affect results (e.g. variations in age, gender or social background).
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▪

Dependent measures design: In this type of design, also referred to as within
groups, the same participants take part in each experimental condition. The
dependent measures design has the advantage that fewer participants are needed
as they take part in all conditions. For the same reason, the participant variables,
i.e. individual differences are deduced. However, a disadvantage of this design is
that there may be order effects caused by practice or fatigue.

▪

Matched pairs design: In this design, effort is made to allocate different but
similar participants to each experimental condition. This means that the aspiration
is to match the participants in each condition in terms of an important criterion
that might affect performance (e.g., gender, age, intelligence, etc.). The pros and
cons of this design are identical with those of the independent measures design
with exception of the participant variability, which is reduced by careful selection
of the matched pairs.

The PhD research presented in this thesis includes two distinct studies:
▪

Study to evaluate the effectiveness of the positioning aid (Chapter 5):
Participants are scanned semi-nude in the standing posture with and without
positioning aid with two different scanning technologies

▪

Study to capture 3D data of clothed personnel (Chapter 6): Participants are
scanned in three different clothing configurations in the standing and seated
posture with and without positioning aid

The two studies have in common that irrespective of the clothing configuration,
posture or scanning technologies used, the participants in each condition are scanned
with and without positioning aid. With and without positioning aid, constitute two
fundamentally different experimental conditions the participants are exposed to. Order
effects due to practise as disadvantage of the dependent measures design therefore
cannot occur. The second disadvantage of this design, i.e order effects due to fatigue,
can be controlled in both studies by limiting the duration of the tests to less than two
hours. At the same time, only half the number of participants is required to achieve the
same significance of the results as with the alternative experimental designs. Thus, the
advantages of the dependent measures design clearly prevail those of the alternative
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experimental designs. Therefore, the dependent measures design is the experimental
design of choice.

3.5 Sampling
3.5.1 Sampling strategy
Generally speaking, anthropometric data collection requires a careful selection of the
sampling strategy to ensure that the sample is a fair representation of the target user
population. The sampling strategy also influences the external validity of the results
and is therefore crucial for whether they can be generalized from the study sample to
the population (Robson, 2011). Table 3-1 gives an overview of sampling strategies
used in research.
Table 3-1: Overview of sampling strategies used in research (adapted from Robson 2011)
Sampling strategy
Simple random sampling

Systematic sampling

Description
▪
▪
▪
▪
▪
▪
▪
▪

Stratified random sampling

▪
▪
▪

Cluster sampling

▪
▪
▪

Quota sampling

▪
▪
▪

Convenience sampling

▪
▪
▪

Purposive Sampling

▪
▪
▪
▪

Snowball sampling

▪

Random selectionparticipant
of
s for the sample from a population list.
Eachparticipant
hasequalchance of being selected
Strong chance of getting a representative sample of the population
6HOHFWLQJHYHU\µQWK¶QDPHIRUPDSRS
sample size needed
Listshould be organised in a way not related to the study
aims/objectives
Relies on true and complete population list
Dividing the population into a number of groups called strata
Participant
s in eachstratumsharecharacteristics
, e.g. gender, age
range,
Randomsampling of each
stratumto selectparticipant
s
Used when itthought
is
that characteristics
of a group may have an
effect of the data being collected
Dividing the population into a number of clusters, each of which has
individuals with a range of characteristics
Clusters are then randomly selected
, and thesubpopulation
within the
cluster is identified
Useful when a full population list is not available
Aims to obtain representatives of various sections of the population in
relative proportions to how they occur
Within each
category,
convenience sampling is applied
Subjectto bias
Choosing the most convenient people to act as respondents (e.g.
nearest, knownresearcher
to
)
Processcontinues until sample size is reached
Subject to bias but widely used
Participant
s chosenbased on
UHVHDUFKHU¶V
judgement of their
suitability
Enables researcher to satisfy
specificneeds of the research
Subject to bias but widely used
Researcher
selects individual from
population
of interest
Then used as informants to identifymembers
other of the required
population
Useful when
population
is hidden or unknown
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3.5.2 Study to evaluate the effectiveness of the positioning aid
The first study of the PhD research concerns the evaluation of the effectiveness of a
newly developed positioning aid, the use of which is not limited to a specific user
population. Consequently, it is permissible to keep the sampling strategy simple and
the convenience sampling strategy will be applied to recruit staff and students at
Loughborough University. The admission requirements will be related to the age of
the participants. For ethical reasons, the participants need to be of adult age (18 yrs).
The maximum age is limited to the retirement age (67 yrs).
Persons with disabilities are not excluded from participating in the study. In the case
of a volunteer with a disability, an individual approach depending on the nature of the
disability will be agreed.

3.5.3 Study to capture 3D data of clothed personnel
The objective of the second study is to capture 3D data of military personnel wearing
combat clothing and the equipment belonging to the newly developed German soldier
system. The Infantry units already equipped with the new system will, therefore, form
the user population. The German Army Command have selected three Infantry Units,
which will not be preparing for a mission or exercises from which to recruit human
participants on a voluntary basis. Therefore, cluster sampling can be assumed for the
second study. Since adult age (18) and a reasonable degree of physical fitness are
admission requirements for the infantry, it will not be necessary to address them in the
recruiting guidelines.

3.6 Ethical clearance
The first study (Chapter 5) will be conducted at Loughborough University, the second
study (Chapter 6) will take place at the Technical-Test-Centre of the German Armed
Forces in Trier (Germany). In both cases, the ethics regulations of Loughborough
University will be used. In preparation for each of the studies, an Ethical Clearance
Check List, Adult Participant Information Sheet, Informed Consent Form and a Risk
Assessment will be produced in the recommended format.
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For the study to be conducted in Germany, the information sheet and the consent form
will be translated into the German language.

3.7 Statistical analyses
3.7.1 Hypothesis testing
Both studies to be carried out include the evaluation of the effectiveness of a newly
developed positioning aid. For this purpose, the variability of the participants with and
without positioning aid will be quantified using different methods. The hypothesis is
that utilising the positioning aids during the scanning process reduces the postural
variability. Hypothesis testing will be conducted to evaluate whether the differences
between the variability with and without positioning aid are statistically significant.
For the first study (Chapter 5), a two-sample, dependent (paired), one-tailed t-test was
selected as a hypothesis test of the mean based on the following rationale (Harmon,
2014):
▪

Since the differences between the variability with and without positioning
aid are likely to take a wide range of values, a hypothesis test of the mean
had to be selected (as opposed to a hypothesis test of proportion for binary
outcomes).

▪

The test needed to be two-sample since the data exists in two groups of
measurements, i.e. with and without positioning aid.

▪

A dependent (paired) test must be performed since each ‘without
positioning aid’ observation has a related ‘with positioning aid’ observation
made on the same participant.

▪

The objective to achieve a reduction in postural variability by using the
positioning aid makes the hypothesis test a one-tailed test with the region
of rejection (alpha region) entirely contained in the left tail.

▪

A hypothesis test of the mean must be performed as a t-test if the sample
size is small (n < 30) and at the same time, the differences between the two
experimental conditions are normally distributed.
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For the second study (Chapter 6), the rationale for selecting the hypothesis test is
identical except for the last point. Instead, the following rationale applies to the
selection of the hypothesis test of the mean:
▪

If the sample size is large (n > 30) but the population standard deviation (σ)
is not known, a hypothesis test of the mean must be performed as a t-test
instead of a z test.

▪

According to the central limit theorem, the sample means are normally
distributed if a number of large random samples of the same size are taken
from the same population. Thus, if the sample size is large, neither the
normality of the population nor the normality of the sample data has to be
confirmed.

3.7.2 Testing the assumptions of the hypothesis test
Due to the planned (small) sample size, it is necessary to verify for the first study
whether the assumption for the t-test, i.e. the normal distribution of the difference
between the two experimental conditions (subsequently referred to as sample
difference) is met. To this end, an analytical (parametric) normality test will be
performed. The Shapiro-Wilk test was chosen since it is recommended for sample
sizes < 2000 (Harmon, 2014). Furthermore, Steinskog et al. (2007) found the ShapiroWilk test to be more powerful (power being the measure for the ability to detect
whether a sample comes from a non-normal distribution) than the KolmogorovSmirnov even after the Lilliefors correction. The choice made is consistent with the
view of Thode et al. (2002), who generally recommended the Shapiro-Wilk test as the
best parametric option for testing normality.

3.7.3 Analysing the effect size
Finally, the effect size (Cohen d) between the data obtained with and without
positioning aid will be evaluated based on Cohen’s guidelines (Cohen, 1992).
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3.8 Conclusions
From the methodological considerations above, the following main conclusions can
be drawn:
a. Applying the systematic approach proposed by Saunders (2016) to determine
the research design showed that the research described in this thesis has a
positivistic, deductive, experimental, mono-methodological, cross-sectional
character.
b. The use of 3D whole-body scanners as instrumentation for the research
dictates the selection of a laboratory experiment as the most appropriate
research method.
c. Order effects due to fatigue or practise as main disadvantage of the dependent
measures design either do not apply or can be reduced to a minimum in both
studies. At the same time, only half the number of participants is required to
achieve the same significance of the results as with the alternative
experimental designs. Thus, the advantages of the dependent measures design
clearly prevail those of the alternative experimental designs.
d. For the two studies conducted in the PhD research, different sampling
strategies will be applied. For the evaluation of the efficiency of the
positioning aid convenience sampling has been chosen, for the capture of 3D
data of German Infantry personnel a cluster sampling strategy has been
selected.
e. For the statistical analysis, a t-test has been selected for the two studies to test
the hypothesis. Due to the target sample size in the first study, it is necessary
to verify that the normal distribution as assumption for the t-test is met. To
this end, the Shapiro-Wilk test has been chosen as most powerful parametric
option. Finally, the effect size will be evaluated based on Cohen’s guidelines.
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4.1 Introduction
The previous chapter presented the design of the PhD research as well as the research
methods, i.e. the experimental design, sampling strategy and statistical analysis.
This chapter describes the development of a positioning aid for the use in 3D body
scanners, the design of which was systematically optimised in an iterative process. For
this purpose, the process steps
▪

definition of functional requirements

▪

prototype construction

▪

usability test

▪

redesign

were run through until the positioning aid met the design targets (Figure 4-1).

Figure 4-1: Process steps of the iterative design process (adapted from (e-pixler, 2018)
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4.2 Aims and objectives
The aim of this chapter is to describe the development of a positioning aid, applying
the iterative design process described above. In Section 1.2, the development of such
a positioning aid was identified as a priority for achieving the research aims of the PhD
research. Three of the research questions stated in Section 1.3 are directly related, i.e.:
Q1: How can postures be accurately replicated between two scanning sessions?
Q2: If mechanical positioning aids were to be used, what is the minimum amount
of positioning required to achieve the desired result?
Q3: What form would mechanical aids need to take to avoid significantly
compromising the scan data?
To address these research questions, the following objectives were pursued in this
chapter:
▪

Identify potential options for reducing postural variability and select the most
promising option based on a comparative technical assessment

▪

Derive from previous research the support elements for a positioning aid
required to avoid the most eminent effects of postural variability

▪

Understand the implications of the material selection for the support elements
on their visibility on scans

▪

Identify the most suitable design for the support elements to restrain body
movement without compromising the quality of the scans

▪

Understand the implications of using the positioning aid in combination with
different scanning technologies, i.e. laser scanner and structured light scanner

4.3 Options for reducing postural variability
4.3.1 Means of reducing postural variability
The literature review exposed that only body sway and the inability of humans to
replicate postures remain as factors that can be counteracted to further increase the
accuracy and precision of scan derived measurements and permit the precise
superimposition of 3D images (2.5.6). Sections 1.2 and 1.3 explained the importance
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of the latter two aspects for achieving the overall research objective of the PhD
research and made the case for introducing means of reducing postural variability.
From these two sections, the following set of functional requirements for such means
can be derived:
▪

Reduce body sway during the scanning process or reduce its effects on the
scan data post data capture

▪

Ensure reliable repositioning when scanned repeatedly or reduce the effects
of unreliable repositioning on the scan data post data capture

▪

Ensure a high level of data integrity, i.e. quality of the scan data and the
validity of automatically extracted body dimensions

▪

Do not impede the automatic extraction of body dimensions from scans

The subsequent options potentially meeting these requirements have been identified:
▪

Mechanical positioning aids
Rudimentary mechanical positioning aids have been used in previous
research to stabilise arms and legs in both the standing and the seated
posture (Figure 1-3). However, such fixation elements are visible on scans,
potentially obscure parts of the body and compromise the integrity of the
scan data. No research was published so far addressing the question of how
effectively mechanical positioning aids reduce postural variability and
whether they prevent or impede the automatic extraction of body
dimensions from scans.

▪

Posture-harmonisation software
Posture harmonisation software has been successfully applied to eliminate
the postural variations as they typically occur when scanning individuals
freely standing on the scanner platform (2.5.5.2). The software aligns a
template incorporating a skeleton to the raw scan making it possible to
adjust the desired pose by manipulating the skeleton. The evaluation of the
accuracy of the software showed a high level of congruence with deviations
of >10 mm between the raw scan and the manipulated template occurring
only at a very limited number of body locations. So far, the software
requires visible anatomical landmarks or highly corresponding shapes for
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the alignment of the raw scan and the template. Therefore, the software in
its present form is not suitable for eliminating the effects of postural
variability of clothed individuals.
▪

Electronic positioning aids
Another conceivable way of reducing postural variability is to make use of
the advances in motion capture in order to make individuals aware of
deviations from the desired pose. However, such motion systems
incorporate body-worn optical or inertial sensors that alter the body shape.
So far, the use of the motion capture technology to control the postural
variability of individuals has not been documented in the literature.
Therefore, the development of an electronic positioning aid cannot build
on existing knowledge and experience.

The three options differ fundamentally in their technical complexity as well as in the
available information on their suitability and effectiveness. All three, however, have
in common that they require further development to be suitable for the applications
described in this thesis.

4.3.2 Selection of the most promising option
To aid in the selection of the most appropriate approach the set of criteria shown in
Table 4-1 was created to compare and assess the three options.
A distinction was made between the criteria relating to the current technical status
(light grey) and those relating to the potential for the adaption to the needs of the PhD
research (light blue). The table includes criteria for which an assessment was
straightforward. For these, favourable outcomes were highlighted in green,
unfavourable outcomes in red and indifferent outcomes in yellow. For the more
complex criteria, free-text was used to describe the factors relevant to the evaluation.
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Table 4-1: Comparative assessment of the three options to reduce postural variability

Potential for adaption to PhD research

Current status

Assessment
criteria
Previously used in 3D
body scanning

Mechanical
positioning aid

Electronic
positioning aid

Posture
harmonisation
software

Yes

No

Yes

Yes

Yes

No

Suitable for all scanning
technologies

Yes

Yes

Yes

Complexity

Low

Medium

High

▪ must be developed
from scratch
▪ accelerometers must
be attached to the
body
▪ potentially avoids or
impedes automatic
extraction of body
dimensions (due to
visibility on scan)
▪ similar to verbal
positioning dependent
on interaction with the
scanned individual
▪ full development
required
▪ reduce the impact of
accelerometers on
data integrity
▪ quantify effectiveness

▪ not usable for clothed
data
▪ can cause shape
variations (elbow
collapse, candy
wrapper effects)

Yes

No

Suitable for semi-nude
and clothed individuals

Deficiency for use in
PhD research

Work required to adapt
to PhD research

Skills for adaption
available

Overall potential for use
in PhD research

▪ fixation elements
visible on scans
▪ potentially avoid or
impedes automatic
extraction of body
dimensions (due to
visibility on scan)
▪ effectiveness not
quantified yet

▪ reduce the impact of
fixation elements on
data integrity
▪ quantify effectiveness

Yes

High

Medium

▪ to be further
developed to be
suitable for clothed
data
▪ reduce body shape
variations

Low

As Table 4-1 shows, the assessment of the three options led to a clear result. The
mechanical positioning aid was found to have the highest potential to be used in the
PhD research. Only in case the mechanical positioning aid did not deliver the desired
results, the electronic positioning aid would be the next option to be pursued. The
posture harmonization software was rated lower than the previous two options,
particularly due to its complexity and the lack of available skills for its adaption to the
needs of the PhD research.
Subsequently, the development of a mechanical positioning aid is described, the
overarching goal of which is to eliminate the deficiencies listed in the table above.
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4.4 Evolution of the positioning aid
4.4.1 Selection of support elements
The literature review has shown that only a few studies have been conducted to date
to address positioning, replication of postures and reduction of movement artefacts. In
the article "Reducing movement artefacts in whole-body scanning”, (Daanen,
Brunsman and Robinette, 1997) it was reported that by reducing the head movement
of an unrestrained individual, the longitudinal sway of the body during a scan can be
reduced significantly. Furthermore, the average lateral body sway was found to be
negligible compared to the scanner resolution (2-4 mm). Finally, a comparison of two
subsequent scans revealed that movement artefacts were also caused by differences in
the hip abduction. Significant deviations of hip-related measurements derived from
multiple scans were also reported by Mckinnon and Istook (2002). From the
aforementioned studies, the conclusion was drawn that the fixation of the head would
not just eliminate the head movement but also significantly reduce the longitudinal
sway. As a consequence, it was deemed to be important for a positioning aid to include
fixation for the head. Whilst lateral body sway was found to be negligible and therefore
was not taken into consideration the variations in hip abduction called for an
appropriate fixation element.
Posture variations of the extremities make it particularly difficult to properly align
scans. The manufacturer of one of the scanners (VITRONIC) used for the study
stipulates that in the standard standing scanning posture arms have to be stretched out
with a distance of 20 cm from the thighs in the centre of the body with hands in a fist
(Human Solutions, 2015). To ensure a precise replication of this arm posture, the
positioning aid needed to incorporate height-adjustable handles.
The foot span recommended by the scanner manufacturer minimises occlusions and
consequently improves the scan quality. In order to avoid variations in the position,
the feet need to be repeatedly located on the floor at the recommended distance.
Therefore, it can be inferred that a positioning should, as a minimum, incorporate
fixtures for the head, arms and feet as well as a support element for the hip to avoid
the most eminent effects of postural variability.
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4.4.2 Instrumentation
4.4.2.1 Scanner hardware and software
The three predominant 3D body scanning technologies for applications where the
precision plays a decisive role are laser line, structured light and multi-view camera
systems (Daanen and Ter Haar, 2013). For the development testing, a laser line and a
structured light system were explored.
A “VITUSsmart LC” 3D body scanner manufactured by VITRONIC (Wiesbaden,
Germany) was utilised for the majority of the development tests (Figure 4-2, left). The
VITUSsmart LC is an eye-safe Laser scanner (class 1 laser) that uses the principle of
optical triangulation to generate a three-dimensional image of the human body. Three
laser sensor heads scan an individual within 12 s and generate a point cloud with a
point density of 7 points/cm2 resulting in approximately 120,000 points per scan. The
triangular scanning volume is 2100 mm in height, 900 mm in triangle base and
900 mm in triangle width (VITRONIC 2006). The software suite “Anthroscan” from
Human Solutions forms an integral part of the scanning system for the visualization,
processing and evaluation of the 3D scan data. It includes a scanner remote control
supporting the collection of ISO 7250 and 8559 compliant measurements. More than
150 body dimensions can be extracted from scans taken in the standing posture
automatically (Human Solutions, 2015). For scans taken in the seated posture,
Anthroscan offers a Wizard facilitating the extraction of the body dimensions. The
software includes interfaces to the software suites Vydia (fashion) and Ramsis (3D
human modelling), allowing the generation of 3D human models (also referred to as
avatars or scanatars) based on the measurements taken with the scanner. Figure 4-2
(right) depicts a sample scan taken with the scanner.
Validation tests were conducted with an “NX16” structured light scanner
manufactured by [TC]2 (Cary, USA) (Figure 4-3, left). The scanner has 16 non-moving
sensors, pointed at the scanned individual at four different angles and four different
heights. It covers a scan area of approximately 1 m2 and generates in ~8 s per scan a
point cloud of approximately 600,000 points. The scanner provides a rectangular
scanning volume of 2000 mm in height, 1200 mm in width and 600 mm in depth
(TC2 2010). In contrast to the VITUSsmart LC, the NX16 structured light scanner
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features two handles to stabilise the arm position. These are mounted to rails and allow
the scanned individuals to pull the spring-loaded handles to the level, which leads to a
stretched arm position. The handles are located outside the scan volume and are
therefore not visible on scans. The scanning system includes a software package,
which allows the automatic extraction of body dimensions and the generation of an
avatar from the scan data. Figure 4-3 (right) shows a sample scan taken with the
scanner.

Figure 4-2: VITRONIC VITUSsmart LC Laser scanner (left); sample scan (right)

Figure 4-3: [TC]2-NX16 Structured light scanner (left); sample scan (right)
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4.4.2.2 System inherent limitations
Both body scanners used for the development tests are optoelectronic systems
featuring light sources to project light onto the body and sensors to capture the light
reflected from it. Whilst the VITUSsmart LC laser scanner sweeps a laser line from the
top to the bottom over the surface, the NX16 structured light scanner projects an entire
pattern onto the body. A precondition for accurately computing the 3D image from the
deformed laser line or white light pattern on the surface of the body is that the sensors
can easily detect the reflected light. The following system-inherent limitations arise
from this principle of operation:
Light sensitivity
Light ingress from external light sources interfering with the light reflected from the
3D surface cause noise and artefacts on the scans. Hence, both scanners use light-tight
curtains and a scanner booth respectively to prevent light ingress during the scanning
process.
Shadowing and line of sight effects
In the standard standing scanning posture, the participants are instructed to stand
upright with the feet shoulder-width apart and both arms downward in a 20-degree
angle (Figure 4-2 and Figure 4-3). In this posture, no light can reach the armpit and
crotch area as well as the inner parts of arms and legs. Furthermore, the arms cause
shadowing effects on either side of the trunk. At horizontal planes, as they typically
occur in the shoulder and vertex area, the light is also not reflected. Any spots that
remain unlit or do not reflect light result in a hole at the appropriate location of the 3D
image.
Inability to capture dark, reflective and translucent material
The sensors of the 3D body scanners capture the light diffusely reflected from the
irregular surface, i.e. light rays scatter on the surface of the body at many angles
(diffuse reflection). This contrasts with smooth, shiny surfaces, leading to the
reflection of all light at the same angle (specular reflection). Therefore, scanning
highly reflective material constitutes a challenge since all light reflects off the surface
and no light is reflected back to the sensor.
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This is also true for dark surfaces, which impede reflection by absorbing the light. As
a result, scans of people with dark skin or dark head and body hair exhibit more holes
than scans of people with light skin and hair. For this reason, scan clothing typically
consists of light-coloured and tight-fitting underwear and a light-coloured bathing cap
to cover the hair.
Translucent materials cause an issue, since the light is not reflected from the surface
but refracted and scattered within the translucent object.
The consequences are in all three cases that the surface is not depicted at all or only
partially on the 3D image.

4.4.3 1st generation positioning aid
4.4.3.1 Material selection
As explained in the aims and objective section (4.3), it is crucial to understand the
implications of the material selection and the design of the support elements on both,
the ability to restrain body movement as well as on their visibility on scans.
To achieve the latter, the system inherent limitations of the predominant body scanning
technologies play a decisive role. As described in the previous section, the sensors of
both laser and structured light scanner can only pick up light that is reflected from the
scanned object.
Consequently, tests were conducted with black and translucent square and circular
tubes to identify the most suitable options for the design of a positioning aid. The tests
revealed that:
▪

Rigid black and reflective material blocks off the laser or white light and
therefore causes shading effects on the scanned body,

▪

Square tubes become visible at angles equal or close to 90° to the light
source irrespective of whether they are black, reflective or translucent,

▪

Circular tubes made of translucent Plexiglas (wall thickness 2 mm) with
diameters smaller than 30 mm and longer than 500 mm lack the stiffness
required for a positioning aid.
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The main purpose of a positioning aid is to reduce the posture variability of human
individuals by fixation of the body and its extremities. On the basis of the test results,
steel and circular Plexiglas tube with a diameter above 30 mm were selected as
predominant materials for the first version of the positioning aid to achieve the desired
stiffness. Given the technical limitation of 3D body scanners to detect dark coloured
objects, the steel elements of the positioning aid were coated with black paint hoping
they would be invisible on the scans. The disadvantage of opaque material to block off
light emitted by the scanners leading to holes in the scan was accepted at that point as
a trade-off against a greater stiffness.

4.4.3.2 Design of the support elements
Based on the assumptions made for the selection of the support elements (4.4.1) and
the design principles explained in the previous section, the following functional
requirements for the 1st generation positioning aid for the standing posture (1G-STPA)
were derived:
a. Fixation elements to be provided for head, arms, hips, and feet to minimise
postural variability in lateral and longitudinal directions of semi-nude
individuals
b. Fixation elements to achieve the maximum possible stiffness
c. Fixation elements to be either translucent or coated with matt black paint to
reduce the reflection of the light emitted by the scanner
d. Fixation elements to be adjustable in suitable steps to body heights between
1.65 m and 1.90 m
e. Shadowing effects on the body to be minimised through the optimised
placement of the fixation elements
The design of the fixation elements and their adjustment ranges were informed by the
results of the Canadian Land Forces anthropometric survey conducted in 1997
(Chamberland et al., 1998). In contrast to other publicly available sources, this study
included with 140 direct and 56 derived measurements the information required for
the design of the fixation elements. In addition, only semi-nude individuals were
considered for the design of the positioning aid in the first instance. Given the variety
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of possible garment configurations, this simplification was deemed to be useful in the
early development phase to quickly differentiate suitable from unsuitable design
solutions.
Considering these design principles, the positioning aid incorporated the following
design features to meet the functional requirements defined above:
Head fixture – A chin rest in combination with a forehead support, inspired by
medical applications, was integrated into a U-shaped steel frame as the head fixture
(Figure 4-4).

Figure 4-4: Features of the head fixture - 1G-STPA

The lower part of the telescopic U-frame (L = 500 mm, W = 250 mm) was made from
20 x 20 mm steel profiles, which were inserted into the upper part (L = 525 mm, W =
255 mm) made from 25 x 25 mm profiles. The chin rest was adjustable over a range
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of 300 mm in 20 mm increments by means of indexing plungers. The forehead rest
was attached to the chin rest with two rods and height-adjustable over a range of
20 mm in 5 mm increments. The head fixture was attached to two ceiling-mounted
linear guides, which allowed infinite longitudinal adjustment over a range of 350 mm.
Arm fixtures – Handles mounted to telescopic steel tubes and positioned 670 mm
apart on either side of the body were utilised as a combined arm and hand fixture
(Figure 4-5). The lower part of the arm fixture (L = 650 mm) was made from 35 x
35 mm steel profiles, which were welded to a 100 mm x 150 mm x 8 mm baseplate.
The baseplates were mounted with 6 screws each to the scanner platform. The
telescopic part of the arm fixture (L = 650 mm) was made from 30 x 30 mm steel
profile and was adjustable over a range of 375 mm in 25 mm increments.

Figure 4-5: Features of the arm, hip and foot fixtures - 1G-STPA

Hip fixture – A translucent Plexiglas tube with a length of 700 mm, a diameter of
40 mm and a material thickness of 2 mm was placed horizontally in front of the body,
allowing individuals to move the hip forward until it slightly touches the tube to avoid
variations in the hip abduction. The tube was fixed on either end with pipe brackets to
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the arm fixtures. Therefore, it was not possible to adjust the hip fixation independently
of the arm fixation.
Foot fixtures – Two shoe-measuring-gauges formed like a footprint and incorporating
heel cups, into which the individual is expected to firmly press their heels, were fixed
on the scanner platform at a distance of 35 cm apart as foot fixtures.
Except for the Plexiglas tube, all elements were coated with matt black paint to
minimise light reflection (Figure 4-6 ).

Figure 4-6: Overall view of the 1G-STPA
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The adjustment ranges of the fixation elements relative to the scanner platform are
depicted in Figure 4-7.

Figure 4-7: Adjustability of the 1G-STPA

4.4.3.3 Test with the VITUSsmart LC laser scanner
A development test with one participant was carried out to assess the usability of the
positioning aid and to analyse to what extent it compromises the scan quality. The test
was conducted with the VITUSsmart LC scanner in combination with the Anthroscan
software applying the following methodology:
▪

The scanner was calibrated using the procedure stipulated by the scanner
manufacturer

▪

The participant put on the scanning garment, which consisted of tightfitting underwear

▪

Ten scans were taken without positioning aid in the standard standing
posture as stipulated by the scanner manufacturer (standing upright, feet on
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footprints, both arms downward out at ~20 degrees, both hands in a fist,
head level)
▪

After installing the positioning aid in the scanner, it was adjusted to the
physical dimensions of the participant

▪

Ten scans were taken with positioning aid

▪

The participant was requested to continue breathing quietly throughout the
scanning process

▪

After each scan, the participant was requested to relax and reposition
himself

The scans of the participant restrained by the positioning aid showed that the
positioning aid affects the integrity of the scan data adversely (Figure 4-8). Although
coated with matt black paint, parts of the telescopic tubes of the handles remained
visible. Furthermore, the Plexiglas tube caused artefacts in the hip area, which are
likely to result from light refraction. As far as the head fixture was concerned, the matt
black coating met the expectation and made the U-frame, including the chinrest and
the forehead support, invisible. However, the face of the participant was not displayed
on the scan. On the scans taken during pre-tests with the unpainted head fixture both,
the U-frame with chin-rest and forehead support as well as the head of the participant
remained visible.

Figure 4-8: “VITUSsmart LC” scan of a participant restrained by the 1G-STPA
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The conclusion is that the black-coated U-frame surrounding the head of the scanned
individual results in a point cloud, which the software is unable to separate into
different objects (in contrast to the unpainted head fixture), nor can it be identified as
part of the body. Thus, the point cloud from the tip of the nose to the rearward edge of
the U-frame is not displayed on the scan. If relevant parts of the body are either
occluded by elements of the positioning aid or even not displayed, a reliable softwaresupported extraction of body dimensions is impossible.

4.4.3.4 Validation test with the NX 16 structured light scanner
A validation test was conducted with the NX16 scanner to determine whether the
positioning aid compromises the quality of the scans ascertained with the structured
light technology to the same extent. For this purpose, the positioning aid in the
identical configuration used for the test with the laser scanner (Figure 4-6) was
installed in the scanner booth of the NX16 scanner. The original handles of the NX16
remained unused during the test.
The scanner manufacturer's visualization software was not suitable for analysing the
quality of the scans, as the scans are displayed in an idealised form and with a
smoothed surface (Figure 4-3, right). The Anthroscan software of the laser scanner
could not be used either since it did not allow processing the NX16 scans. Therefore,
the freeware Meshlab was used as a visualization and analysis tool.
The validation test was also conducted with one participant applying the same
methodology as for the laser scanner (4.4.3.3). As can be seen in Figure 4-9, the head
fixture of the positioning aid prevented the front part of the head from being displayed
on the scans taken with the structured light scanner as it did for the laser scanner. In
addition, the U-frame caused extreme artefacts in the shoulder and neck area.
In contrast to the scans ascertained with the laser scanner, the hip support beam did
not create artefacts on the scan. The arm fixtures were located outside the scan volume
and consequently were not captured by the NX16 scanner.
In this context, it needs to be noted, that the software of the NX16 scanner cuts off the
top of the head when constructing the human model from the raw data irrespective of
the stature of the participant.
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Figure 4-9: NX 16 scan of the participant restrained by the 1G-STPA

4.4.3.5 Impact on postural variability
A comparison of scans ascertained with and w/o positioning aid was expected to
provide a first indication as to whether or to what extent the positioning aid potentially
reduces the postural variability. The version of the Anthroscan software used for the
development tests with the VITUSsmart LC scanner neither permitted superimposing
multiple scans nor allowed to convert the scans into a non-proprietary format.
Therefore, the NX16 scans were used to analyse the influence of the positioning aid
on the postural variability. To this end, the NX16 scans were superimposed in
Meshlab. When importing the scans into Meshlab, the point cloud, including the
coordinates of each point of the point cloud relative to the coordinate origin used by
the scanning system, was transferred. The scans, therefore, reflect the postural
variability that occurred when repeatedly scanning the participant.
Table 4-2 compares the ten superimposed scans taken in the two experimental
conditions. Measuring the width and depth of the body contour at the height of the bust
point and calf landmarks led to noticeably lower results with positioning aid than
without. This very rudimentary analysis indicated that the four support elements
potentially reduce body sway and postural variability.
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Table 4-2: 10 superimposed NX16 scans with and w/o utilising the1G-STPA

without
positioning aid

with
positioning aid

Front

Side

4.4.1 2nd generation positioning aid
Based on the conclusions drawn from the development test and the validation test, the
black painted square steel tubes were replaced by translucent circular Plexiglas tubes.
No special attention was paid to avoiding the lateral movement of the head (Figure
4-10). For this iteration of the development tests, only the laser scanner was used since
it presents a greater challenge due to its higher resolution than the more tolerant
structured light scanner. At that point, these simplifications were accepted since the
essential purpose of the 2nd generation positioning aid for the standing posture
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(2G-STPA) was to find out whether using Plexiglas components reduces the impact
on the data integrity.
The functional requirements specified for the 1G-STPA (3.7) were revised to reflect
these design changes and limitations. Whilst requirement a. and b. remained
unchanged, requirement c. was modified to allow Plexiglas tubes as design elements
only. For the proof of concept of an all Plexiglas solution, the adjustability was not a
top priority and therefore limited to the participant selected for the development test
(requirement d.). Requirement e. of the specification for the 1G-STPA was not relevant
anymore since translucent Plexiglas elements do not cause shadowing effects. This
leads to the following set of functional requirements:
a. Fixation elements to be provided for head, arms, hip and feet
b. Fixation elements to achieve the maximum possible stiffness
c. Fixation elements to be made of translucent Plexiglas tubes to reduce the
reflection of the light emitted by the scanner
d. Fixation elements to be designed for the participant selected for the
development test (height 1.76 m)
The 2G-STPA incorporated the following design features:
Head fixture –Two 600 mm long Plexiglas tubes with a diameter of 40 mm and a
material thickness of 2 mm were placed over 250 mm long steel tubes with a diameter
of 35 mm. The circular base plates of the steel tubes were fixed at a horizontal distance
of 400 mm from each other to the two linear guides already used for the previous
version of the positioning aid. To avoid that the steel tubes become visible on the scan,
they were coated with matt black paint. Centred lateral holes were drilled into the
bottom end of either Plexiglas tube at a vertical distance of 150 mm. These allowed
inserting two Plexiglas rods with a diameter of 14 mm and a material thickness of
3 mm, which served as chin rest and forehead support (Figure 4-10).
Arm fixtures – To ensure an adequate stiffness, 1100 mm long translucent Plexiglas
tubes with a diameter of 56 mm and a material thickness of 3 mm were selected to
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replace the telescopic tubes. The Plexiglas tubes were placed over 150 mm long and
black coated steel tubes with a diameter of 50 mm.

Figure 4-10: Features of the head fixture - 2G-STPA

The circular base plates of the steel tubes were fixed to the scanner platform with 5
screws. Centred holes were drilled into the upper end of the Plexiglas tubes in the
longitudinal direction. 150 mm long Plexiglas tubes with a diameter of 14 mm and a
material thickness of 3 mm inserted in these holes from the rear served as handles
(Figure 4-11).
Hip fixture – To reduce the artefacts caused by the hip support beam, its diameter was
reduced from 40 mm to 14 mm. Lateral holes were drilled into the two tubes holding
the handles to allow inserting the hip support beam (Figure 4-11).
Foot fixtures – As shown in Figure 4-11, the foot fixtures remained unchanged.
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Figure 4-11: Features of the arm, hip and foot fixtures – 2G-STPA

Figure 4-12 provides an overview of the fixation elements constituting the 2G-STPA.

Figure 4-12: Overview of the fixation elements – 2G-STPA
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Figure 4-13 illustrates that the design changes led to an improvement. First and
foremost, all body parts were captured and displayed on the scans. However, both the
vertical tubes replacing the U-frame as well as the horizontal tubes representing the
chin rest and the forehead support caused considerable artefacts in the head and
shoulder area. Halving the diameter of the support beam did not reduce the artefacts
in the hip area to the desired extent. The tubes incorporating the handles as well as the
handles themselves were not visible on the scan anymore. Nevertheless, they caused
artefacts on the thighs stemming from refraction of the laser light.
Although the results were not entirely satisfying, moving towards translucent Plexiglas
as the predominant material reduced the most undesired effect caused by the previous
version of the positioning aid, i.e. not displaying the frontal part of the head on the
scan. The elimination of the artefacts due to light refraction by the Plexiglas tubes
remained as the main challenge for the next iteration of the design process.

Figure 4-13: Scan of the participant restrained by the 2G-STPA

4.4.2 3rd generation positioning aid
4.4.2.1 Design of the support elements
The next design iteration focused on eliminating the artefacts on the scanned body
resulting from light refraction by the Plexiglas elements. This process involved
changing the position of the arm fixation and a fundamental redesign of the head
fixture and hip fixture. Finding a position for the Plexiglas elements not causing
artefacts on the scan proved to be laborious and basically required applying the trial
and error principle.
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The functional requirements of the 2G-STPA were revised to reflect the third design
iteration. Whilst requirements a., b. and c. remained unchanged, requirement d. now
calls for a wider adjustability range to be able to subsequently use the 3rd generation
positioning aid (3G-STPA) for a study to determine its effectiveness. To avoid the
main shortfall of the 2G-STPA, requirement e. postulates minimising artefacts caused
by refraction on the scanned body through the optimised positioning of the Plexiglas
elements.
This results in the following set of functional requirements for the 3G-STPA:
a. Fixation elements to be provided for head, arms, hip and feet
b. Fixation elements to achieve the maximum possible stiffness
c. Fixation elements to be made of translucent Plexiglas tubes to reduce the
reflection of the light emitted by the scanner
d. Fixation elements to be adjustable to body heights between 1.60 m and 1.95
m (informed by the ’97 Canadian Land Forces Anthropometry Study)
e. Refraction artefacts on the scanned body to be minimised through the
optimised placement of the fixation elements
The design of the 3G-STPA incorporated the following features:
Head fixture – A mouthpiece incorporating a stop collar the individual is supposed to
bite down upon was fixed to one end of a 400 mm long solid Plexiglas rod with a
diameter of 8 mm. The opposite end of the rod was inserted in holes drilled through
the bottom end of a 600 mm long vertical Plexiglas tube with a diameter of 40 mm and
a material thickness of 2 mm. This Plexiglas tube, subsequently also referred to as the
centre tube, was placed over a 250 mm long steel tube with a diameter of 35 mm. The
circular base plate of the steel tube was attached to a rail carriage system consisting of
two linear guides and a wooden plate. In this way, the adjustability of the head fixture
in the longitudinal direction was realised. As with the previous version of the
positioning aid, the steel tube was painted black to avoid that the steel tube becomes
visible on scans. In order to ensure the height adjustability of the mouthpiece, pairs of
holes in the centre tube in increments of 50 mm were provided over the relevant range
(Figure 4-18). The new design of the head fixture ensured a sufficiently large distance
113

CHAPTER 4 – DEVELOPMENT OF A POSITIONING AID
between the centre tube and the scanned individual's face in order to minimise the
potential for artefacts on the head caused by light refraction (Figure 4-14).

Figure 4-14: Features of the head fixture - 3G-STPA

Arm fixture – As with the previous version of the arm fixation, vertical Plexiglas
tubes ( 56 mm, L = 1100 mm) were used to hold the handles. This time, however,
the handles ( 14 mm, L = 150 mm) were inserted from the front instead of from the
rear into the centred holes drilled into the upper end of the tubes. Hence, it was possible
to position the arm fixtures 400 mm further back (Figure 4-15). This measure was
taken to avoid artefacts due to light refraction on the thighs as they occurred with the
previous version of the positioning aid. Seven pairs of holes in increments of 50 mm
over a range of 300 mm were available in the vertical tubes to ensure the height
adjustability of the handles (Figure 4-18).
Hip fixture – A steel wire with a diameter of 2 mm fixed on either side to telescopic
steel tubes positioned outside the scan volume was provided as hip support (Figure
4-16). The diameter of 2 mm for the steel wire was chosen because at a resolution of
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the scanner of 2-4 mm it can be assumed that the wire remains invisible on the scans.
The height of the hip fixation was adjustable in 25 mm increments over a range of
300 mm (Figure 4-18).
Foot fixtures – The foot fixtures remained unchanged.

Figure 4-15: Features of the arm, hip and foot fixtures – 3G-STPA

Figure 4-16: Features of the hip support
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Figure 4-17 shows an overall view of the fixation elements constituting the 3G-STPA
in its final configuration.

Figure 4-17: Overall view of the 3G-STPA

Figure 4-18 depicts the adjustability ranges of the fixation elements.

Figure 4-18: Adjustability of the 3G-STPA
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4.4.2.2 Test with the VITUSsmart LC laser scanner
After the 3G-STPA had been installed in the scanner, a test with one participant was
conducted. The test showed that the design measures taken to minimise the impact of
the positioning aid on data integrity and scan quality led to the desired result. In its
final configuration, neither the fixation elements themselves nor artefacts due to light
refraction of the Plexiglas components were visible on the scans. The analysis of the
scans showed that merely the contours of the foot fixtures and a small part of the
mouthpiece made of white plastic remained visible on the scans produced with the
laser scanner (Figure 4-19).

Figure 4-19: Scan of the participant restrained by the 3G-STPA

This neither compromised the scan quality nor had an impact on the automatic
measurement extraction by the scanner software.

4.4.2.3 Modifications of the 3rd generation positioning aid for the NX16
Compared to the VITUSsmart LC scanner, the booth of the NX16 scanner offers less
space for the installation of a positioning aid. As a consequence, the following
modifications to the 3G-STPA had to be introduced to make it usable for the NX16
scanner:
Head fixture – The head fixture remained unchanged.
Arm fixture – Due to the space constraints, the existing handles of the NX16 scanner
were used as arm fixture instead of the Plexiglas solution. Since it was assumed that
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scanned individual are unable to adjust the spring-loaded handles at exactly the same
height when scanned repeatedly, they were fixed with screw clamps at the level that
results in a stretched position of the arms (Figure 4-20).
Hip fixture – Since space constraints in the NX16 scanner did not allow installing the
telescopic steel tubes of the hip fixation, the 2 mm steel wire was directly attached to
the handles of the arm fixation. As a result, the modified hip fixation was not
independently adjustable in height anymore (Figure 4-20).
Foot fixtures – The foot fixtures remained unchanged.

Figure 4-20: Features of the arm and hip fixtures – 3G-STPA

Figure 4-21 shows an overall view of the fixation elements of the 3G-STPA adapted
to the NX16 scanner.
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Figure 4-21: Overall view of the modified 3G-STPA adapted to the NX16 scanner

Due to the modifications, the adjustability ranges of the 3G-STPA installed in the
NX16 scanner differed from those of the VITUSsmart LC scanner for the arm and hip
fixture (Figure 4-22).

Figure 4-22: Adjustability of the 3G-STPA modified for the use in the NX16 scanner
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4.4.2.4 Validation test with the NX 16 structured light scanner
Validation tests were conducted at Loughborough University with the modified 3GSTPA installed in the NX16 structured light scanner. Since instead of the Plexiglas
solution, the original handles of the scanner located outside the scanning volume were
used, the arm fixtures were not considered for the validation. The tests showed that the
foot, hip and head fixtures are not visible on the scans ascertained with the NX16
scanner (Figure 4-23). For these three fixation elements, the validation tests confirmed
the test results ascertained with the laser scanner. This is an indication that the 3GSTPA remains invisible on scans irrespective of whether structured light or laser
scanning technology is used.

Figure 4-23: Scan of the participant restrained by the 3G-STPA modified for the use in the NX16
scanner

4.5 Conclusions
The design process described in the preceding sections was expected to specifically
answer the following research questions:
Q1: How can postures be accurately replicated between two scanning sessions?
Q2: If mechanical positioning aids were to be used, what is the minimum amount
of positioning required to achieve the desired result?
Q3: What form would mechanical aids need to take to avoid significantly
compromising the scan data?
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To address the research questions, the objectives pursued in the development process
were:
▪

Identify potential options for reducing postural variability and select the most
promising option based on a comparative technical assessment

▪

Derive from previous research the support elements for a positioning aid
required to avoid the most eminent effects of postural variability

▪

Understand the implications of the material selection for the support elements
on their visibility on scans

▪

Identify the most suitable design for the support elements to restrain body
movement without compromising the quality of the scans

▪

Understand the implications of using the positioning aid in combination with
different scanning technologies, i.e. a laser scanner and a structured light
scanner

A literature review and two design iterations following the initial design of a
positioning aid were required to eventually meet all of the objectives. From the
findings, the following conclusions can be drawn:
a. Compared to electronic positioning aids and posture harmonization software,
mechanical positioning aids have a higher potential to meet the specific
requirements of the PhD research.
b. Earlier studies indicate that a mechanical positioning aid needs to incorporate
support elements for head, arms, hip and feet to avoid the most eminent effects
of postural variability.
c. Due to their system inherent limitations, laser and structured light scanners
have difficulties to pick up components made of black coated, reflective and
translucent material and consequently to display them on scans.
d. Support elements made of black coated steel remain partially visible on scans
and cause occlusions resulting in holes in the scans or avoiding body parts to
be displayed.
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e. Support elements made of translucent Plexiglas tubes neither occlude relevant
body parts, nor are they visible on scans provided they are located in a position
that avoids artefacts on the scanned body caused by light refraction.
f. Support elements made of opaque wire with a diameter in the range of the
resolution of the scanner are not visible on scans.
These findings led to the development of the 3G-STPA predominantly made of
Plexiglas.
The design of the positioning aid addresses the research questions in the following
manner:
Q1: Mechanical positioning aids were identified as the most promising option to
reduce postural variability and to meet the specific requirements of clothed
anthropometry.
Q2: Positioning aid features were used to locate the head, arms, hip and feet.
Q3: Plexiglass and thin steel wire are used as the main structural elements on the
positioning features and are invisible on scans.
A limitation, however, is the fact that the decision on what body parts need to be
restrained to limit postural variability was based on the review of literature only.
Therefore, this aspect needs to be validated based on the results of the study to
determine the effectiveness of the positioning aid described in the subsequent chapter.

122

5 CHAPTER 5 – EFFECTIVENESS OF THE POSITIONING AID

5.1 Introduction
The preceding chapter described how the results of previous studies were analysed to
identify which body parts are particularly susceptible to postural variability during the
scanning process. This analysis formed the basis for the selection of the support
elements for the positioning aid. Subsequently, the material selection and design of the
fixation elements were systematically optimised to restrain body movement and at the
same time remain invisible on scans. This process finally led to the 3G-STPA, which
remained invisible on scans ascertained with two of the predominant scanning
technologies, i.e. laser and structured light.
The comparison of ten superimposed scans of the same participant taken with and
without the initial version of the positioning aid provided the first indication of its
potential to reduce postural variability (4.4.3.5). However, the quantitative proof that
the positioning aid effectively reduces postural variability is required. Therefore, an
anthropometric study was carried out to determine the effectiveness of the 3G-STPA.
The focus of this chapter is to describe the experimental set-up, the methodology for
quantifying the effectiveness and the results of the study.

5.2 Aims and objectives
This study aims to determine the effectiveness of the newly developed positioning aid
in reducing the postural variability of individuals during the scanning process. The
hypothesis is that the use of the positioning aid reduces body sway and poor replication
of postures and consequently results in lower postural variability. To this end,
participants were scanned with and without positioning aid utilising both a laser and a
structured light 3D body scanner.
The study was specifically designed to address the two research questions related to
the positioning of scanned individuals formulated in Section 1.3, i.e.:
Q2: If mechanical positioning aids were to be used, what is the minimum amount
of positioning required to achieve the desired result?
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Q4: What is a suitable definition of the precision with which postures can be
replicated?
Research question Q2 has already been discussed in Chapter 4 resulting in the selection
of fixation elements for the positioning aid based on the results of a literature review.
The study, however, is expected to confirm the selection of the fixation elements
quantitatively and to yield information for further optimisation.
To answer the research questions, the study specifically pursues the following
objectives:
▪

Determine the degree to which the positioning aid reduces body sway and
postural variability

▪

Understand the contribution of the different support elements of the
positioning aid to the reduction of body movement

▪

Identify additional body parts that contribute considerably to posture
variability and consequently need to be restrained

▪

Assess whether the positioning aid impedes the software-assisted
extraction of body dimensions

▪

Compare the precision of the anthropometric measurements extracted from
the scans with results of earlier studies reported by researchers in this field

▪

Judge whether the same design of the positioning aid can be used for both
laser and structured light scanning technology

5.3 Study design and rationale
5.3.1 Introduction
The evaluation of the effectiveness of a positioning aid for 3D scanning requires
measuring the degree to which it reduces postural variability during the scanning
process. In principle, there are two different ways to achieve this aim:
A common approach to analyse the impact on the variability is to compare the mean
absolute difference (MAD) of repeated measurements of body dimensions ascertained
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in different experimental conditions. Thus, the MAD has been utilised in a number of
studies as a benchmark to compare the precision of scan derived measurements of
different 3D body scanners (Paquette et al., 2000; Robinette and Daanen, 2006) or to
compare the accuracy of scan derived measurements against data ascertained using
traditional methods (Bradtmiller and Gross, 1999; Dekker, 2000; Lu and Wang, 2008;
Kouchi and Mochimaru, 2011; Sims et al., 2012). Typically, three repeated scans of a
participant are taken, and a defined set of linear and circumferential body dimensions
are extracted from each scan. Then the MAD between the repeated scan derived
measurements for each body dimension is calculated as an index for the precision of
the measurements. The lower the MAD values, the higher the precision of the
measurements. In the context of this study, the MAD index can be used to compare the
precision of the measurements with and without positioning aid. Based on the
assumption that using the positioning aid reduces the human variability, the
expectation is that the measurements with positioning aid lead to lower MAD values
than without.
Another option is to directly measure the differences in longitudinal and lateral
directions between the three scans obtained with and without positioning aid. Utilising
appropriate software, it is possible to take sections through superimposed scans and to
determine the maximum longitudinal and lateral distances between the scans. To allow
analysing the effectiveness of the different fixation elements of the positioning aid, the
sections need to be taken through the appropriate body parts, i.e. head, trunk including
hip, arms and legs. The mean absolute distances between the superimposed scans,
subsequently referred to as Mean Absolute Variability (MAV), serves as measure of
variability between repeated scans. Again, the assumption is that employing the
positioning aid during the scanning process leads to lower longitudinal and lateral
differences than without. While the MAD only compares the measured body
dimensions, analysing sections also permits the quantification of the positional
variability of the individual between repeated scans. The latter is a decisive criterion
for assessing the effectiveness of the positioning aid.
To fully understand how the positioning aid affects the human variability and to
identify potential differences between the two employed scanning technologies, both
options have been applied to analyse the study results.
125

CHAPTER 5 – EFFECTIVENESS OF THE POSITIONING AID
5.3.2 Experimental design
A one-way experimental, dependent measures, pretest-posttest design was applied to
test the hypothesis.
The causal hypothesis is that utilising the positioning aid reduces the postural
variability of repeatedly scanned individuals. The only independent variable (one-way
design) was the fixation level of the human participants. Respective levels of the
independent variable were without positioning aid and with positioning aid. The
dependent variable was the postural variability. More specifically, the MAD between
repeatedly measured body dimensions was the dependent variable when evaluating the
effectiveness based on the MAD index (5.4). In the analysis evaluating the
effectiveness by gauging sections (5.5), the dependent variable was the Mean Absolute
Variability (MAV) measured from sections through multiple superimposed scans.
As explained in detail in Section 3.4, the dependent measures (within-participants)
design was chosen. The following measures were taken to mitigate “carry-over
effects” such as fatigue or practise effects:
▪

To avoid fatigue, the test time was limited to 50 min per participant (5.3.5)

▪

Practise effects could be ruled out since the two test conditions, as well as
the two scanners, differed fundamentally

The following extraneous variables had to be controlled throughout the test:
▪

Distraction by uninvolved persons and an increased noise level was
counteracted by limiting the number of persons present at the same time
during the test to two experimenters and one participant

▪

The ambient temperature in the laboratory was between 18 and 22 °C
during the entire test period

▪

The experimenters instructed the participants with always the same
contents and in the same sequence
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5.3.3 Sampling strategy
As explained in Section 0 in detail, convenience sampling was applied since the use of
the newly developed positioning is not limited to a specific user population. The age
limit of 18 to 67 years was the only restriction in the recruitment of participants from
Loughborough students and staff.

5.3.4 In-processing and participant preparation
Prior to the study, the Loughborough University standard ethics checklist was
completed, and the Adult Participant Information Sheet, as well as the Informed
Consent Form, were produced in the recommended format (Appendix 5-1).
15 participants were recruited to participate in the study (4 females and 11 males),
ranging in age from 19 to 54 (M = 38.4, SD = 11.58) and in body height from 1599 mm
to 1941 mm (M = 1762 mm, SD = 94.9 mm).
Before the start of the tests, the participants were briefed verbally about the objectives
of the study and the measures taken to ensure anonymity and confidentiality
respectively. Once they had read the Adult Participant Information Sheet, the
participants were asked to sign the Informed Consent Form. The participants were
informed about the sequence of tests and familiarised with the features of the
positioning aid. After the participants were provided with white tight shorts, socks,
bath caps and sports bras for females (Figure 5-1) they were asked to change into the
study clothing in a changing booth next to the scanner.

5.3.5 Test conduct
After the participants completed the in-processing and got changed, they were
instructed how to use the positioning aid. Then the support elements of the positioning
aid were adjusted to their physical dimensions. Subsequently, the scans were taken in
the following sequence:
▪

With positioning aid utilising the laser scanner

▪

With positioning aid utilising the structured light scanner

▪

Without positioning aid utilising the laser scanner

▪

Without positioning aid utilising the structured light scanner
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In line with previous studies ((Robinette and Daanen, 2006; Lu and Wang, 2010), three
consecutive scans were taken of each participant in each test condition. They were
requested to continue breathing quietly throughout the scanning process. After each
scan, they were asked to relax and then to reposition themselves.
As already mentioned in Section 5.2, this study was designed to determine the
effectiveness of the newly developed positioning aid in reducing the postural
variability. To this end, the reduction in variability when using the positioning aid was
related to the variability occurring when participants are scanned unrestrained. It was
therefore particularly important that the participants were instructed by the
experimenter how to accurately take the standard scanning posture as stipulated by the
scanner manufacturers, i.e.:
▪

stand upright

▪

feet on footprints

▪

both arms downward out at ~20 degrees

▪

both hands in a fist

▪

head level

The experimenter paid special attention to participants taking the correct standard
posture when they were asked to reposition themselves after a scan had been
completed.
The laser and structured light scanning stations were only 5 m apart, and the study area
was separated from the rest of the laboratory by folding screens to ensure the privacy
of the participants.
In-processing (5 min), getting changed twice (5 min), and the test itself (20 min)
conducted with two scanners led in average to a total test time of 50 min per
participant.
One working week was allocated to the conduct of the study in which the 15
participants underwent the test. Every morning the scanners were calibrated before the
start of the measurements applying the calibration procedure stipulated by the scanner
manufacturers.
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5.3.6 Instrumentation
The VITUSsmart LC laser scanner and the NX16 structured light scanner used for the
development testing were also employed for the study (Figure 5-1 and Figure 5-2).
The technical characteristics of the scanners and their software are provided in Section
4.4.2.1 and Table 6-2 respectively. Using both scanners side by side for the study
allowed the direct comparison of the data ascertained with the two different scanning
technologies. Also, it was possible to evaluate whether the developed positioning aid
is equally suitable for either technology or whether technology-dependent alternatives
must be considered.

Figure 5-1: VITUSsmart LC Laser scanner with 3G-STPA installed
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Figure 5-2: NX16 structured light scanner with 3G-STPA installed

5.3.7 Reference test
A rigid mannequin resembling an individual was utilised as a reference object (Figure
5-3). The benefit is that this eliminates the effects of human variability, i.e. respiration,
body sway and poor replication of the posture when scanning an individual. The
deviations between multiple scans of a rigid mannequin can be solely ascribed to the
precision of the hardware and software of the scanning system if suitably fixed to the
floor. Due to the fact that this technical variability is system-inherent, it constitutes the
minimum variability that can be achieved with the experimental set-up and therefore
serves as a reference to the effectiveness of the positioning aid. Thus, the study
included a reference test comprising of ten repeated scans of a rigid mannequin
following the protocol proposed by Kouchi et al. (Kouchi and Mochimaru, 2008;
Kouchi et al., 2012).
The mannequin was outfitted with the same attire as the study participants and was
placed in a posture as close to the standard standing posture as was possible (Figure
5-3).
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Figure 5-3: Mannequin used for the reference tests

5.3.8 Data acquisition and storage
Apart from the acquired 3D data, only gender and age of the participants were
recorded. The 3D data are kept on password-protected computers to which only the
researcher and the supervisors have access.
Using the Human Solutions Anthroscan software of the laser scanner and the [TC]2
software suite of the structured light scanner, anthropometric data were extracted from
the scan files and imported in separate Microsoft EXCEL files.

5.4 Rating the effectiveness based on the MAD Index
5.4.1 Methodology
5.4.1.1 Set of body dimensions
The software suites of both scanners used for the study allow the automatic extraction
of body dimensions from the scans. The body dimensions that are measured can be
selected from a list of body dimensions grouped by body parts. Unfortunately, the
software of the two scanners differs significantly as far as the designation of the body
dimensions and their definitions are concerned. Since the comparison of the two
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scanning systems in terms of performance and precision was explicitly not a subject
of the study, the set of measurements did not have to be absolutely identical. However,
to assess and compare the impact of the positioning aid on the respective scanning
technology, the aspiration was to create an equivalent set of measurements. While the
Anthroscan software suite (VITUSsmart LC scanner) offers the visualisation of all scan
extracted measurements, the software of the NX16 scanner provides a visual
representation of approximately 80% of the measurements. If either the visualisation
or the terminology suggested that they were equivalent measurements, they were
selected as a measurement for this study. This approach resulted in a total of 73 body
measurements, which were distributed among the different body parts as follows:
▪

3 head

▪

35 trunk

▪

10 arm

▪

11 leg

▪

14 inter-body-part-height

The set is a mix of 45 linear, 26 circumferential and two slope measurements. Since
the designation of the body dimensions is different for the two scanning systems, the
designation of the Anthroscan software (VITUSsmart LC) is consistently used in this
thesis to avoid confusion. The detailed list of the selected body dimensions, their
depiction and the corresponding designation of the NX16 scanner is shown in
Appendix 5-2. The selected body dimensions can also be found in Table 5-1.
Although body height and head circumference are important body dimensions for the
anthropometric characterisation of populations, they are not included in the set of body
dimensions. Since the NX16 scanner inherently does not capture the upper part of the
head, the software does not offer to determine the body height from the scans. That is
different for the head circumference. However, pre-tests showed that measurements of
the head circumference extracted from repeated scans of the mannequin either varied
to an unacceptable extent (up to 500%) or were not calculated at all. It can be assumed
that these inconsistencies are caused by large holes in the scans at the location where
the head circumference is measured (Figure 5-4). Due to these system-inherent
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limitations of the NX16 scanner, body height and head circumference were not
considered in the set of body dimensions.

Figure 5-4: Incomplete representation of the head of the mannequin (top) and a human participant
(bottom) on scans taken with the NX16 scanner

5.4.1.2 MAD index
Following the approach described by Lu & Wang (Lu and Wang, 2010), the MAD
index was used for the study to evaluate the effectiveness of the newly developed
positioning aid. For this purpose, the variability of the measurements with and without
positioning aid was compared with the measurements from the reference test.
Applying this methodology required taking the following scans with each scanner:
▪

10 scans of a rigid mannequin

▪

3 scans of each participant with positioning aid

▪

3 scans of each participant without positioning aid

The MAD was calculated for the set of body dimensions as set out in 5.4.1.1.
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Calculating the MAD values for all evaluable scans and the set of 73 body dimensions
captured with two different scanning technologies with and without positioning aid
leads to a total number of 4234 MAD values. The reference test contributed an
additional 146 MAD values. These MAD values allow the evaluation of the
effectiveness of the positioning aid based on different criteria. Depending on the focus,
the MAD values must be aggregated differently. The subsequent sections explain in
more detail, which analyses were performed and how the data were prepared to do so.

5.4.1.3 MAD index as a measure of technical variability
The reference measurements with the mannequin constitute the minimum MAD that
can be achieved with a scanning system since human variability is eliminated. The
residual variability is solely attributable to the scanner hardware and software and thus
represents the technical variability. The MAD between the measurements derived from
the ten scans taken of the mannequin during the reference test is calculated for each of
the 73 body dimensions using Equation 5-1 (Lu and Wang, 2010).
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Equation 5-1

MAD XRef denotes the mean absolute difference of body dimension X across the r
repeated scans in the reference test. Xj denotes the jth scan-derived measurement of
body dimension X. Xk denotes the kth scan-derived measurement of the same body
dimension. Defining that j is greater than k ensures that all relevant pairs of
measurements out of r repeated scans are taken to calculate the absolute difference
(r=10 in the reference test).

5.4.1.4 RVar index as a measure of relative technical variability
The MAD XRef as a measure of the absolute technical variability does not consider
whether it refers to body dimensions small in value (e.g. arm circumference, ankle
height) or large body dimensions (e.g. body height, chest circumference). The same
MAD XRef value, however, has a larger proportional share in small body dimensions
than in large body dimensions. In order to be able to evaluate the proportional
contribution of the MAD XRef to the measured body dimensions, the relative technical
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variability (RVar XRef) was calculated for each body dimension by relating the
MAD XRef to the mean of the ten extracted measurements (Mean XRef) (Equation 5-2).

ࡾࢂࢇ࢘

ࢄࡾࢋࢌ
ൌ

ࡹࡰ

ࢄࡾࢋࢌ

ࡹࢋࢇ

ࢄࡾࢋࢌ

Equation 5-2

5.4.1.5 MAD index as a measure of overall variability
The measurements with participants freely standing in the scanner constitute the other
extreme. In this case, the overall variability is composed of the system-inherent
technical variability and the variability of a participant standing unrestrained in the
scanner. It is suggested that human variability will result in higher MAD values. Using
the positioning aid is expected to lead to MAD values that lie between these two
extremes. The closer the MAD values ascertained with positioning aid are to the
reference measurements with the mannequin, the higher the effectiveness of the
positioning aid will be rated. The MAD index ascertained with and without positioning
aid was calculated using Equation 5-3 being a variation of Equation 5-1.
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Equation 5-3

MAD Xi denotes the mean absolute difference of body dimension X ascertained from
the ith participant. Xij denotes the jth scan-derived measurement of body dimension X
ascertained from the ith participant. Xik denotes the kth scan-derived measurement of
the same body dimension ascertained from the same participant. Again, defining that
j is greater than k ensures that all relevant pairs of measurements out of the r repeated
scans are taken to calculate the absolute difference (r=3 in this study).

5.4.1.6 MAD index as a measure of variability across the sample
Due to the high number of MAD Xi values (4234), it is very common to aggregate
these to the entire sample to evaluate the variability of repeated scan derived
measurements (Dekker, 2000; Mckinnon and Istook, 2002; Lu and Wang, 2008, 2010).
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To this end, the variability of the repeated scan-derived across the sample for each
body dimension (MAD XS) is calculated using (Equation 5-4).
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Here, MAD XS denotes the mean absolute difference of body dimension X across the
entire sample. The variable n represents the number of participants (sample size).
MAD Xi denotes the mean absolute difference of body dimension X ascertained from
the ith participant.
The analysis of the MAD XS is expected to reveal for how many of the 73 body
dimensions across the sample the positioning aid reduced the variability.

5.4.1.7 RVar index as a measure of relative variability
For the reasons explained in 5.4.1.4, in addition to the MAD XS as a measure of
absolute variability, the relative variability RVar X was determined for each body
dimension by relating the MAD XS to the mean of the scan extracted measurements
(Mean XS) (Equation 5-5).
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Equation 5-5

5.4.1.8 MAD index as measure of variability across all body dimensions
Another way of evaluating the effectiveness of the positioning aid is to look at the
differences in MAD values with and without positioning aid of the individual
participants across all body dimensions. For this purpose, the differences in MAD
values with and without positioning aid is established for each participant across all
body dimensions (MAD iΣX) utilising Equation 5-6.
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Here, MAD iΣXdenotes the mean absolute difference of the ith participant across all
body dimensions. The variable m represents the number of scan-extracted body
dimensions. MAD Xi denotes the mean absolute difference of body dimension X
ascertained from the ith participant.
The analysis of the MAD iΣXis expected to reveal for how many participants the
positioning aid reduced the variability across all 73 body dimensions.

5.4.1.9 Generating the data required for the evaluation
In order not to get confused with the different kinds of MAD values used in this study,
it was crucial to introduce unambiguous indices. The index Xi w/o denotes the MAD
value for body dimension X of participant i ascertained in the standard posture without
positioning aid (as opposed to Xi with, meaning the positioning aid was used). For MAD
values ascertained in the reference test, the index X Ref is used. MAD values calculated
across the entire sample are labelled XS, those calculated across all body dimensions
iΣX.
The effectiveness of the positioning aid was analysed for both scanning technologies
separately. The list below shows which calculations were performed and details the
underlying experimental conditions.
▪

MAD X Ref of the ten repeated scans with the mannequin in the reference
test for each scan derived body dimension (Equation 5-1)

▪

RVar XRef of the ten repeated scans with the mannequin in the reference
test for each scan derived body dimension (Equation 5-2)

▪

MAD Xi of the three repeated measurements of a participant with and
without positioning aid for each scan derived body dimension (Equation
5-3)

▪

MAD XS across the entire sample ascertained with and without positioning
aid for each scan derived body dimension (Equation 5-4)

▪

RVar XS across the entire sample ascertained with and without positioning
aid for each scan derived body dimension (Equation 5-5)

137

CHAPTER 5 – EFFECTIVENESS OF THE POSITIONING AID
▪

MAD iΣXw/o of the three repeated measurements of a participant with and
without positioning aid across all scan derived body dimensions

The calculations were performed using Microsoft EXCEL, and the results were
documented in separate files for each scanner.

5.4.2 Results of the MAD analysis
5.4.2.1 Technical variability
The reference test comprising ten repeated scans of a rigid mannequin was conducted
to determine the technical variability of the two scanning systems used for the study.
The software of both scanners reliably extracted from each of the ten scans all 73 body
dimensions. For these, the mean of the ten scan extracted measurements (Mean XRef),
the MAD XRef as a measure of the absolute technical variability as well as the
RVar XRef as a measure of the relative technical variability were calculated (Table 5-1).
MAD XRef
The measuring accuracy of the scanners is given by the manufacturers as
circumferential accuracy and amounts to < 3 mm for both scanning systems. This
measuring accuracy is used to evaluate the MAD XRef values. If the mean absolute
differences between the measurements are less than 3 mm, they are within the
measurement inaccuracy of the scanner hardware and software and therefore
negligible. It can be assumed that the measurement accuracy of the hardware is
consistent regardless of the measured body part. Consequently, MAD XRef values
above 3 mm are an indication that the deviations between the measurements can be
attributed to the measurement extraction software.
With 47 out of 73 body dimensions measured with the VITUSsmart LC scanner, the
majority MAD XRef values are lower than the measurement accuracy of 3 mm. The
mean MAD XRef across all body dimensions amounts to 3.3 mm.
In case of the NX16 scanner, 28 of the MAD XRef values are lower than the threshold
of 3 mm. With 6.7 mm the mean MAD XRef of the NX16 scanner is twice as high as
for the VITUSsmart LC scanner.
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Table 5-1: Technical variability determined based on the MAD values obtained with the VITUSsmart
LC and NX16 scanning systems by scanning the rigid mannequin
Body
part

VITUSsmart LC
Body dimension
Neck diameter
Mid neck girth
Neck at base girth
Cross shoulder over neck
Cross shoulder
Shoulder width left
Shoulder width right
Shoulder angle left (°) *
Shoulder angle right (°) *
Across front width
Width armpits
Bust points width
Neck right to waist over bust
Neck front to waist
Bust points around neck
Bust point to neck left
Bust point to neck right
Bust/chest girth
Under bust circumference
Across back width
Across back width (armpit)
Neck to waist centre back
Neck left to waist back
Neck right to waist back
Waist to buttock
Crotch length
Crotch length, front
Crotch length, rear
Waist girth
Waist to buttock height left
Waist to buttock height right
Waist to hip/thigh left
Waist to hip/thigh right
High hip girth
Buttock girth
Hip girth
Belly circumference
Total torso girth
Arm length to neck back left
Arm length to neck back right
Arm length left
Arm length right
Upper arm girth left
Upper arm girth right
Elbow girth left
Elbow girth right
Forearm girth left
Forearm girth right
Side seam right
Thigh girth left (horizontal)
Thigh girth right (horizontal)
Knee girth left
Knee girth right
calf girth left
calf girth right
Ankle girth left
Ankle girth right
min. leg girth left
min. leg girth right
Neck height
Distance neck to buttock
Distance neck-knee
Distance waist-knee
Waist height
Buttock height
Hip height
Crotch height
Knee height
Ankle height
Belly circumference height
Height of shoulder blades
Breast height
Neck height front
Mean
Mean [mm], angles* excluded

Mean XRef
[mm], [°] *
140
396
459
433
480
158
127
28*
28*
375
399
201
477
372
711
269
270
1002
914
415
423
449
481
499
242
850
413
438
799
246
247
396
434
915
1023
1022
873
1787
881
875
654
669
331
334
294
278
302
295
1141
577
559
380
384
381
400
386
339
274
260
1649
680
1132
697
1213
969
928
878
516
85
1132
1452
1418
1567

MAD XRef
[mm], [°] *
3.3
1.2
6.8
2.0
4.3
4.3
1.9
6.2*
4.4*
2.9
1.8
2.8
3.0
5.2
5.3
5.6
2.4
2.9
13.4
9.5
12.0
1.6
3.1
2.7
0.0
3.1
1.4
1.6
1.0
0.7
0.9
7.0
2.4
3.4
1.1
15.0
2.8
1.8
4.1
5.0
4.0
3.7
1.9
3.6
1.5
1.7
0.7
2.6
2.4
0.8
0.7
0.8
0.5
0.9
0.9
3.1
3.2
1.2
1.1
2.0
1.5
1.6
1.0
1.4
1.7
28.4
1.3
1.0
0.0
2.0
1.5
1.7
3.7
3.3
3.3
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NX16
RVar XRef
[%]
2.4
0.3
1.5
0.5
0.9
2.7
1.5
2.2
1.6
0.8
0.5
1.4
0.6
1.4
0.7
2.1
0.9
0.3
1.5
2.3
2.8
0.4
0.6
0.5
0.0
0.4
0.3
0.4
0.1
0.3
0.4
1.8
0.5
0.4
0.1
1.5
0.3
0.1
0.5
0.6
0.6
0.6
0.6
1.1
0.5
0.6
0.2
0.9
0.2
0.1
0.1
0.2
0.1
0.2
0.2
0.8
0.9
0.4
0.4
0.1
0.2
0.1
0.1
0.1
0.2
3.1
0.1
0.2
0.0
0.2
0.1
0.1
0.2
0.7

Mean XRef
[mm], [°] *
140
402
447
374
395
109
114
49*
57*
349
463
169
539
421
743
281
277
979
898
393
558
525
524
520
201
733
364
369
824
199
199
320
320
947
1020
1027
904
1665
878
856
943
884
384
349
329
300
307
301
1172
578
565
406
397
394
396
395
434
241
259
1661
1132
1087
588
1162
972
529
892
574
52
1119
1454
1405
1578

MAD XRef
[mm], [°] *
3.4
2.7
8.1
15.8
14.1
10.7
8.2
12.5*
14.3*
20.4
2.3
5.8
7.0
3.7
8.0
6.6
6.4
5.7
2.7
14.3
7.8
4.9
5.7
6.2
3.0
4.2
2.3
1.8
2.6
2.9
2.6
1.8
1.8
1.3
0.8
0.5
38.1
7.3
16.0
6.8
9.6
8.7
7.7
11.0
23.8
11.4
6.2
0.7
2.7
0.6
1.1
0.2
1.0
0.2
0.4
21.2
11.3
0.9
1.5
3.6
4.2
4.6
4.4
2.5
1.9
1.4
1.6
3.9
17.4
21.4
9.3
3.9
5.6
6.8
6.7

RVar XRef
[%]
2.5
0.7
1.8
4.2
3.6
9.8
7.2
25.5
24.9
5.8
0.5
3.5
1.3
0.9
1.1
2.3
2.3
0.6
0.3
3.6
1.4
0.9
1.1
1.2
1.5
0.6
0.6
0.5
0.3
1.5
1.3
0.6
0.6
0.1
0.1
0.1
4.2
0.4
1.8
0.8
1.0
1.0
2.0
3.2
7.2
3.8
2.0
0.2
0.2
0.1
0.2
0.1
0.3
0.1
0.1
5.4
2.6
0.4
0.6
0.2
0.4
0.4
0.8
0.2
0.2
0.3
0.2
0.7
33.7
1.9
0.6
0.3
0.4
2.6
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RVar XRef
The relative technical variability (RVar XRef) sets the MAD XRef values in relation to
the average of the ten measurements of a body dimension (Mean XRef) and is given as
a percentage.
It is apparent from this table that the mean RVar XRef of the VITUSsmart LC laser
scanner across all body dimensions amounts to 0.7%. For 51 of the 73 body
dimensions, the RVar XRef value is equal to or lower than the mean RVar XRef.
The mean RVar XRef of the NX16 structured light scanner amounts to 2.6%, which is
more than three times higher than the mean RVar XRef of the laser scanner. For 58 out
of 73 body measurements, the RVar XRef value is equal to or lower than the mean
RVar XRef. With 25.2%, 24.9%, and 33.7% the RVar XRef values are particularly high
for the body dimensions shoulder angle left, shoulder angle right and ankle height.
In summary:
▪

Both scanners extracted all body dimensions from each of the ten scans
taken of the rigid mannequin.

▪

Comparing the MAD XRef values with the circumferential measurement
accuracy of the scanners showed that for the VITUSsmart LC 64% and the
NX16 38% of the MAD XRef remain below the threshold of the measuring
accuracy (3 mm).

▪

The relative technical variability (RVar XRef) of the VITUSsmart LC was
more than three times lower compared to the NX16 structured light scanner
(0.7% vs 2.6%)

▪

The RVar XRef of the VITUSsmart LC did not exceed 3% for any of the body
dimensions.

▪

In 15 cases the RVar XRef of the NX16 exceeds the mean RVar XRef, in 3
cases it is even in the range between 25% and 33%.
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5.4.2.2 Variability across the sample
Three repeated scans were taken from each participant taking part in the study in each
of the four experimental conditions, i.e.:
▪

with positioning aid utilising the laser scanner

▪

with positioning aid utilising the structured light scanner

▪

without positioning aid utilising the laser scanner

▪

without positioning aid utilising the structured light scanner

While the laser scanning system generated the automatic measurements for all 15
participants, the structured light scanning system encountered difficulties with one
participant. It is believed that the inherent limitation of the scanning system to capture
dark coloured surfaces, in this specific case dark skin partly covered with dark hair,
rendered the automatic measurement extraction impossible. However, the cause could
not be clarified conclusively, as only one participant with dark skin belonged to the
sample.
The MAD values (MAD Xi) from the three scan extracted measurements were
calculated for all 73 body dimensions and all experimental conditions utilising
Equation 5-3. The results were documented in EXCEL files separately for the two
scanning technologies.
To determine the effectiveness of the positioning aid and to identify possible
differences due to the scanning technology, the data were aggregated to the entire
sample. For this purpose, the MAD XS values were calculated using Equation 5-4. As
for the reference test, also, the relative variability (RVar Xi) was determined for each
body dimension by relating the MAD XS to the mean of the scan extracted
measurements (XS).
Table 5-2 and Table 5-3 show the mean of the scan extracted measurements across the
sample with and without positioning aid (XS with, XS w/o), the corresponding MAD values
(MAD XS) and the resulting relative variability (RVar XS) for all body dimensions
separately for both scanning systems.
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MAD XS
As previously for the MAD XRef values measured with the rigid mannequin, the
measuring accuracy of the scanners (< 3 mm) was used to evaluate the MAD XS values
obtained with the participants. While with the VITUSsmart LC laser scanner most of the
MAD XRef values of the reference test did not exceed the measurement accuracy, the
inverse ratio was found for the MAD XS values. 9 out of 73 measurements without
positioning aid and 15 with positioning aid led to MAD XS values lower than 3 mm.
With the NX16 structured light scanner, all MAD XS values obtained without
positioning aid exceeded the measurement accuracy, and with positioning aid, only
one was lower than 3 mm.
Both tables show a trend of greater MAD XS values for measurements without
positioning aid compared to measurements with positioning aid. The mean MAD XS
amounts to 9.7 mm without and 6.9 mm with positioning aid for the laser scanner.
With the structured light scanner, a mean MAD XS of 16.3 mm without and 13.2 mm
with positioning aid was achieved.
The mean MAD XS values of participants standing unrestrained in the scanner were
for both the laser scanner (9.7 mm) and the structured light scanner (16.3 mm)
approximately 2.5 times higher than the mean MAD XS values achieved in the
reference tests (3.3 mm, 6.7 mm).
Comparing the results with regard to the scanning technology shows that lower
MAD XS values were achieved with the laser scanner than with the structured light
scanner.
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Table 5-2: Variability of the participants with and without positioning aid measured with the
VITUSsmart LC
Body
part

w/o positioning aid
Body dimension
Neck diameter
Mid neck girth
Neck at base girth
Cross shoulder over neck
Cross shoulder
Shoulder width left
Shoulder width right
Shoulder angle left (°)
Shoulder angle right (°)
Across front width
Width armpits
Bust points width
Neck right to waist over bust
Neck front to waist
Bust points around neck
Bust point to neck left
Bust point to neck right
Bust/chest girth
Under bust circumference
Across back width
Across back width (armpit)
Neck to waist centre back
Neck left to waist back
Neck right to waist back
Waist to buttock
Crotch length
Crotch length, front
Crotch length, rear
Waist girth
Waist to buttock height left
Waist to buttock height right
Waist to hip/thigh left
Waist to hip/thigh right
High hip girth
Buttock girth
Hip girth
Belly circumference
Total torso girth
Arm length to neck back left
Arm length to neck back right
Arm length left
Arm length right
Upper arm girth left
Upper arm girth right
Elbow girth left
Elbow girth right
Forearm girth left
Forearm girth right
Side seam right
Thigh girth left (horizontal)
Thigh girth right (horizontal)
Knee girth left
Knee girth right
calf girth left
calf girth right
Ankle girth left
Ankle girth right
min. leg girth left
min. leg girth right
Neck height
Distance neck to buttock
Distance neck-knee
Distance waist-knee
Waist height
Buttock height
Hip height
Crotch height
Knee height
Ankle height
Belly circumference height
Height of shoulder blades
Breast height
Neck height front
Mean [mm], [°]
Mean [mm], angles* excluded

Mean XS w/o
[mm], [°]*
130
380
430
430
473
148
146
25*
25*
398
449
198
465
364
688
272
290
1044
963
390
385
424
464
461
208
837
422
415
915
206
207
494
504
951
1042
1062
944
1724
783
792
570
576
300
305
273
275
272
278
1031
591
600
400
402
380
393
273
274
220
221
1517
612
1035
626
1108
905
854
785
482
78
1057
1334
1276
1453

MAD XS w/o
[mm], [°] *
2.2
4.0
5.4
6.4
8.3
5.2
4.4
11.8*
10.3*
11.2
16.2
4.0
6.6
8.3
16.6
8.9
8.1
8.9
16.9
5.0
5.6
4.0
4.9
5.8
4.6
13.7
8.6
6.8
5.5
3.9
4.1
80.8
70.8
6.8
4.9
3.9
6.5
7.6
20.8
43.1
20.6
42.9
4.9
6.5
2.7
2.8
3.6
3.7
4.5
5.1
5.5
3.8
3.6
23.6
1.4
2.8
3.0
6.3
5.6
2.3
3.8
2.2
3.2
4.3
5.2
11.1
6.6
2.8
0.1
5.3
17.1
6.3
6.4
9.7
9.7
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RVar XS w/o
[%]
1.7
1.1
1.3
1.5
1.8
3.5
3.0
4.7
4.1
2.8
3.6
2.0
1.4
2.3
2.4
3.3
2.8
0.9
1.8
1.3
1.4
1.0
1.1
1.3
2.2
1.6
2.0
1.6
0.6
1.9
2.0
16.4
14.1
0.7
0.5
0.4
0.7
0.4
2.7
5.5
3.6
7.4
1.6
2.2
1.0
1.0
1.3
1.3
0.4
0.9
0.9
1.0
0.9
6.2
0.4
1.0
1.1
2.9
2.5
0.2
0.6
0.2
0.5
0.4
0.6
1.3
0.8
0.6
0.2
0.5
1.3
0.5
0.4
2.1

with positioning aid
XS with
[mm], [°] *
135
382
434
433
482
145
143
25*
26*
388
437
211
464
363
746
293
291
1044
950
394
391
422
463
460
206
834
412
422
916
203
204
610
609
951
1042
1064
943
1721
803
809
586
592
297
303
272
274
271
277
1059
590
599
396
397
392
394
293
294
223
224
1528
610
1039
630
1119
918
864
796
489
78
1071
1343
1283
1465

MAD XS with
[mm], [°] *
4.3
3.6
8.7
4.5
6.4
4.9
5.6
10.5*
10.4*
7.7
16.3
2.9
5.1
7.6
5.5
3.5
4.2
7.6
11.4
5.8
5.7
4.4
4.7
4.5
3.7
12.2
8.3
5.2
9.9
3.1
3.3
25.1
38.4
6.4
3.1
4.4
6.0
7.1
26.1
16.8
25.8
15.3
3.2
9.7
2.4
1.6
1.9
1.8
17.2
5.9
6.8
2.7
2.9
1.1
1.1
3.6
3.5
0.7
2.7
2.6
4.4
3.3
2.6
3.9
3.2
12.8
7.7
1.8
0.1
3.2
10.1
3.6
5.2
7.0
6.9

RVar XS with
[%]
3.2
1.0
2.0
1.0
1.3
3.4
3.9
4.1
4.0
2.0
3.7
1.4
1.1
2.1
0.7
1.2
1.4
0.7
1.2
1.5
1.5
1.1
1.0
1.0
1.8
1.5
2.0
1.2
1.1
1.5
1.6
4.1
6.3
0.7
0.3
0.4
0.6
0.4
3.3
2.1
4.4
2.6
1.1
3.2
0.9
0.6
0.7
0.7
1.6
1.0
1.1
0.7
0.7
0.3
0.3
1.2
1.2
0.3
1.2
0.2
0.7
0.3
0.4
0.4
0.4
1.5
1.0
0.4
0.1
0.3
0.8
0.3
0.4
1.4
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Table 5-3: Variability of the participants with and without positioning aid measured with the NX 16
Body
part

Body dimension
Neck diameter
Mid neck girth
Neck at base girth
Cross shoulder over neck
Cross shoulder
Shoulder width left
Shoulder width right
Shoulder angle left (°)
Shoulder angle right (°)
Across front width
Width armpits
Bust points width
Neck right to waist over bust
Neck front to waist
Bust points around neck
Bust point to neck left
Bust point to neck right
Bust/chest girth
Under bust circumference
Across back width
Across back width (armpit)
Neck to waist centre back
Neck left to waist back
Neck right to waist back
Waist to buttock
Crotch length
Crotch length, front
Crotch length, rear
Waist girth
Waist to buttock height left
Waist to buttock height right
Waist to hip/thigh left
Waist to hip/thigh right
High hip girth
Buttock girth
Hip girth
Belly circumference
Total torso girth
Arm length to neck back left
Arm length to neck back right
Arm length left
Arm length right
Upper arm girth left
Upper arm girth right
Elbow girth left
Elbow girth right
Forearm girth left
Forearm girth right
Side seam right
Thigh girth left (horizontal)
Thigh girth right (horizontal)
Knee girth left
Knee girth right
calf girth left
calf girth right
Ankle girth left
Ankle girth right
min. leg girth left
min. leg girth right
Neck height
Distance neck to buttock
Distance neck-knee
Distance waist-knee
Waist height
Buttock height
Hip height
Crotch height
Knee height
Ankle height
Belly circumference height
Height of shoulder blades
Breast height
Neck height front
Mean [mm], [°]
Mean [mm], angles* excluded

w/o positioning aid
Mean XS w/o MAD XS w/o RVar XS w/o
[mm], [°] *
[mm], [°] *
[%]
131
9.3
7.1
383
10.2
2.7
416
15.6
3.8
412
13.5
3.3
436
15.5
3.6
139
12.6
9.0
134
11.2
8.4
52*
5.2*
10.0
53*
8.6*
16.1
398
20.1
5.0
518
12.4
2.4
224
13.6
6.1
524
19.2
3.7
460
17.8
3.9
742
20.7
2.8
284
15.6
5.5
281
16.8
6.0
1046
14.1
1.3
942
21.1
2.2
378
10.5
2.8
531
9.8
1.9
504
10.6
2.1
513
17.2
3.4
510
18.9
3.7
154
17.1
11.1
662
62.4
9.4
318
34.3
10.8
344
31.2
9.1
908
11.5
1.3
137
18.2
13.3
138
18.3
13.2
298
36.3
12.2
298
36.3
12.2
986
14.7
1.5
1045
11.8
1.1
1063
8.8
0.8
1026
18.1
1.8
1617
46.1
2.9
786
10.6
1.3
791
15.5
2.0
848
22.0
2.6
846
19.2
2.3
331
11.5
3.5
345
11.6
3.4
271
7.5
2.8
267
8.8
3.3
276
8.2
3.0
277
6.1
2.2
1046
11.2
1.1
608
38.4
6.3
612
36.3
5.9
400
8.1
2.0
374
10.3
2.8
337
5.7
1.7
314
6.3
2.0
190
23.4
12.3
161
14.9
9.2
92
4.0
4.4
70
5.4
7.7
1526
4.2
0.3
981
10.6
1.1
1032
14.9
1.4
556
19.5
3.5
1051
8.9
0.8
907
14.0
1.5
545
9.2
1.7
804
34.9
4.3
495
14.5
2.9
80
4.3
5.4
940
17.0
1.8
1340
9.1
0.7
1280
9.3
0.7
1460
8.3
0.6
16.0
4.5
16.3
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with positioning aid
XS with
MAD XS with RVar XS with
[mm], [°] *
[mm], [°] *
[%]
132
10.8
8.2
389
4.4
1.1
420
10.7
2.5
412
18.9
4.6
440
22.5
5.1
135
12.1
8.9
133
19.9
15.0
51*
4.6*
9.1
55*
7.6*
13.9
376
23.7
6.3
508
12.4
2.4
222
10.8
4.9
517
21.0
4.1
450
20.4
4.5
754
19.6
2.6
291
17.0
5.8
290
18.2
6.3
1035
11.6
1.1
941
8.3
0.9
406
9.2
2.3
541
8.1
1.5
493
12.5
2.5
506
17.7
3.5
505
20.1
4.0
160
15.0
9.4
697
29.6
4.2
334
19.9
6.0
363
12.8
3.5
911
8.5
0.9
141
17.0
12.0
143
17.1
12.0
317
14.1
4.4
317
14.1
4.4
990
10.5
1.1
1042
6.2
0.6
1066
4.3
0.4
1003
23.1
2.3
1626
14.1
0.9
794
20.9
2.6
792
26.2
3.3
833
20.8
2.5
836
33.8
4.0
332
4.8
1.4
338
5.9
1.8
269
4.4
1.7
268
8.3
3.1
273
2.5
0.9
275
5.1
1.8
1067
13.9
1.3
591
6.2
1.0
598
6.2
1.0
396
4.5
1.1
371
5.9
1.6
338
4.7
1.4
316
6.7
2.1
202
37.6
18.6
167
22.2
13.3
96
11.8
12.2
77
12.9
16.6
1541
3.9
0.3
997
7.2
0.7
1036
9.7
0.9
568
14.8
2.6
1072
10.6
1.0
923
6.0
0.6
544
5.7
1.0
806
7.0
0.9
505
7.2
1.4
92
6.7
7.2
985
29.3
3.0
1349
8.3
0.6
1287
10.9
0.8
1473
5.6
0.4
13.0
4.1
13.2
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RVar XS
The relative variability RVar XS sets the MAD XS values in relation to the mean of the
measurements of a body dimension (Mean XS) across the sample and is given as a
percentage.
From Table 5-2 it is apparent that the mean RVar XS w/o of the measurements across
the sample obtained with the VITUSsmart LC laser scanner without positioning aid
amounts to 2.1%. For 52 body dimensions, the relative variability is lower than the
mean RVar XS w/o. Utilising the positioning aid leads to a mean RVar XS with of 1.4%
across all body dimensions. The number of body dimensions with a RVar XS with lower
than the mean of 1.4% amounts to 48.
Particularly high RVar XS w/o values (> 10%) were found with the VITUSsmart LC laser
scanner for the “waist to hip/thigh left" and “waist to hip/thigh right” measurements
(16.4% and 14.1%). Scanning the participants with positioning aid reduced the relative
variability of both measurements significantly (4.1% and 6.3%).
As can be seen from Table 5-3 the mean RVar XS w/o across the sample measured with
the NX16 structured light scanner amounts to 4.5% and the mean RVar XS with to 4.1%.
For 51 body dimensions, the relative variability RVar XS w/o without positioning aid
was lower than the mean (4.5%). With positioning aid, for 50 body dimensions the
RVar XS with was lower than the mean (4.1%).
From Table 5-3 it can be seen that with the NX16 structured light scanner, the RVar XS
is for nine body dimensions higher than 10% without positioning aid and for eight
body dimensions with positioning aid. In 4 cases this applies to the same body
dimension in both experimental conditions. Interestingly, extremely high variability
values (> 24%), as encountered in 3 cases in the reference test, (5.4.2.1) did not occur
when scanning individuals.
In summary, these results show:
▪

While the laser scanner extracted the body dimensions for all participants,
the structured light scanner proved to be unable to extract the
measurements from a scan of a participant with dark skin.
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▪

In contrast to the reference test, only few of the MAD XS values obtained
with the VITUSsmart LC and the NX16 scanner were lower than the
measurement accuracy of 3 mm (VITUS - 9 w/o, 15 with; NX16 - 0 w/o, 1
with)

▪

Both the measurements with the VITUSsmart LC as well as with the NX16
scanner show a trend of lower MAD XS values with positioning aid
compared to without positioning aid (reduction overall of 28% and 19%
respectively).

▪

The calculation of the relative variability across the sample RVar XS
confirmed the previous finding. The RVar XS values were lower with
positioning aid than without irrespective of the scanning technology used
for the measurements. The laser scanner in combination with the
positioning aid reduced the relative technical variability from 2.1% to
1.4%. With the structured light scanner utilising the positioning aid led to
a moderate reduction of the relative variability (4.5% vs 4.1%).

5.4.2.3 Impact of the positioning aid on the MAD across the sample
While in Table 5-2 and Table 5-3 the results for each body dimension are documented,
the data in Table 5-4 provides an overview for how many body dimensions the
positioning aid led to a decrease in variability (MAD XS with < MAD XS w/o).
As already mentioned in Section 5.4.2.2, the structured light scanner encountered
difficulties in extracting the measurements from the scans taken of a participant with
dark skin. This explains the difference in sample size between the two scanning
systems. To answer the question of whether the positioning aid reduced the variability,
the number of all automatically extracted body dimensions was counted, for which the
MAD index with positioning aid was lower than without positioning aid.
Table 5-4 indicates that for 68% of the body dimensions captured with the laser
scanner and 65% of those captured with the structured light scanner the MAD values
were reduced when using the positioning aid.
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This result confirms the findings described in the previous section and supports the
hypothesis postulated in Section 5.2, i.e. that the use of the positioning aid reduces the
postural variability and consequently results in lower MAD values.
Table 5-4: Number of body dimensions for which utilising the positioning aid resulted in reduced
MAD values

Scanning
technology
VITUSsmart LC
Laser Scanner

Sample
size

No. of
measured
body
dimensions

No. of body
dimensions
for which the
MAD XS
decreased

Body
dimensions
for which the
MAD XS
decreased [%]

Trend

15

73

50

68



14

73

47

64



NX16
Structured Light
Scanner

5.4.2.4 Impact of the positioning aid on the MAD by body part
To answer the question of how effectively the four support elements of the positioning
aid reduced the variability of individual body parts, their influence on the body
dimensions assigned to the respective body parts was analysed. Again, the number of
body dimensions for which the MAD XS with was lower than MAD XS w/o served as a
measure of its effectiveness. The results of the analysis are shown in Table 5-5 for the
laser scanner and in Table 5-6 for the structured light scanner respectively.

Table 5-5 indicates that the positioning aid in combination with the laser scanner
reduced the MAD values for all body parts apart from the head. The positioning aid
had a negative influence on the MAD values of the three head-related body
dimensions. As far as the trunk, arms, legs, and inter-body-part-heights are concerned,
the MAD values decreased when employing the positioning aid for 55% to 77% of the
body dimensions.
Table 5-6 shows that using the positioning aid in combination with the structured light
scanner reduced the MAD values for all body parts but the legs. A reduction of the
MAD values was achieved for 66% to 71% of the body dimensions related to the head,
trunk, arms and inter-body-part-heights.
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Table 5-5: Number of body dimension with reduced variability when restrained by the positioning aid
in the VITUSsmart LC laser scanner

Body part

No. of body
dimensions

No. of body
dimensions
for which the
MAD XS
decreased

Body
dimensions
for which the
MAD XS
decreased [%]

Trend

3

1

33



35

27

77



10

7

70



11

6

55



14

9

64



Table 5-6: Number of body dimension with reduced variability when restrained by the positioning aid
in the NX16 structured light scanner

Body part

No. of body
dimensions

No. of body
dimensions
for which the
MAD XS
decreased

Body
dimensions
for which the
MAD XS
decreased [%]

Trend

3

2

67



35

23

66



10

7

70



11

5

45



14

10

71
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A finding applying to both scanning systems is that the positioning aid reduced the
MAD values of the arm related body dimensions equally well (70%).
As far as the laser scanner is concerned, the positioning aid led only to a minor
improvement of the MAD values of the leg related body dimensions (55%). For the
structured light scanner, the MAD values of the leg related body dimensions even
increased by 5% when using the positioning aid.

5.4.2.5 Contribution of the technical variability to the overall variability
Using a rigid mannequin for the measurements in the reference test (Figure 5-3)
eliminated the effects of human variability. Thus, the MAD XRef values calculated for
all body dimensions of the mannequin automatically extracted by the scanner software
constitute the minimum MAD achievable with the respective scanning system. As
shown above, the MAD XS w/o measured with individuals standing in the scanner
unrestrained by the positioning aid represent the maximum MAD. The MAD XS with
values measured with positioning aid lay in-between these two extremes. To find out
where exactly the MAD XS with values lie and what the contribution of the MAD XRef
is, the following two-step approach was applied:
▪

First, the MAD XS with and MAD XS w/o were compared to determine to
which extent the positioning aid reduced the MAD values of participants.

▪

Then the MAD XS with were compared with the MAD values of the
mannequin (MAD XRef) to find out what the contribution of the scanner
hardware and software is.

The results are presented in Figure 5-5 and Figure 5-6 separately for the two scanning
systems. The absolute values of the MAD indexes are not suitable to evaluate the trend
across the entire sample and all calculated body dimensions. Thus, the MAD of the
sample with positioning aid (MAD XS with) and the MAD ascertained with the
mannequin (MAD XRef) were related to the MAD without positioning aid (MAD XS w/o)
constituting the maximum variability (100%) and are given in per cent.
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Figure 5-5: Reduction of the MAD values across the sample and all body dimensions measured with
the VITUSsmart LC laser scanner

Figure 5-6: Reduction of the MAD values across the sample and all body dimensions measured with
the NX16 structured light scanner

The results presented in Figure 5-5 and Figure 5-6 show that the MAD X Ref, which
can be solely ascribed to the hardware and software of the scanning systems,
contributes more than one-third to the overall variability MAD XS w/o. The MAD XRef
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of the structured light scanner (43%) contributes 9% more than the MAD XRef of the
laser scanner (34%) to the overall variability MAD XS w/o.
The reduction in human variability achieved across the sample when employing the
positioning aid is 42% for the laser scanner and 33% for the structured light scanner.
It, therefore, can be inferred that there is still room for further improvement of the
positioning aid (58% and 67% respectively).

5.4.2.6 Impact of positioning aid on software extracted measurements
A prerequisite for the acceptance of a positioning aid for applications in the field of
full-body scanning is that the measured values are not distorted by its use. Therefore,
Table 5-7 compares the measurements with and without positioning aid (XS with, XS w/o)
for each of the 73 body dimensions for both scanners. Light blue background colour
indicates that the measured value increased, a grey background colour that it decreased
when using the positioning aid. In this way, any similarities or differences between the
two scanning technologies can more easily be identified.
From Table 5-7, a trend of moderately increasing measurement values when using the
positioning aid becomes apparent. The measurements across all body dimensions
increased by 7 mm for the VITUSsmart LC laser scanner and by 4 mm for the NX16
structured light scanner. This increase exceeds the measurement accuracy of the
scanners (< 3 mm) in both cases. However, the comparison with the mean MAD XS
values presented in Table 5-5 and Table 5-6 shows that the increase in measurement
values due to the positioning aid is within the limits of the variability of the scan
extracted measurements. Interestingly, the pattern that results from using different
background colours for increasing and decreasing measurement values shows a high
degree of consistency for the two scanning technologies. Examples are the increases
in the neck, bust point, calf girth, ankle girth, inter-body-part-heights measurements as
well as the decreases in thigh girth and knee girth measurements.
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Table 5-7: Impact of the positioning aid on scan extracted measurements obtained with the
VITUSsmart LC and NX16 scanning systems
Body
part

VITUSsmart LC
Body dimension
Neck diameter
Mid neck girth
Neck at base girth
Cross shoulder over neck
Cross shoulder
Shoulder width left
Shoulder width right
Shoulder angle left (°)
Shoulder angle right (°)
Across front width
Width armpits
Bust points width
Neck right to waist over bust
Neck front to waist
Bust points around neck
Bust point to neck left
Bust point to neck right
Bust/chest girth
Under bust circumference
Across back width
Across back width (armpit)
Neck to waist centre back
Neck left to waist back
Neck right to waist back
Waist to buttock
Crotch length
Crotch length, front
Crotch length, rear
Waist girth
Waist to buttock height left
Waist to buttock height right
Waist to hip/thigh left
Waist to hip/thigh right
High hip girth
Buttock girth
Hip girth
Belly circumference
Total torso girth
Arm length to neck back left
Arm length to neck back right
Arm length left
Arm length right
Upper arm girth left
Upper arm girth right
Elbow girth left
Elbow girth right
Forearm girth left
Forearm girth right
Side seam right
Thigh girth left (horizontal)
Thigh girth right (horizontal)
Knee girth left
Knee girth right
calf girth left
calf girth right
Ankle girth left
Ankle girth right
min. leg girth left
min. leg girth right
Neck height
Distance neck to buttock
Distance neck-knee
Distance waist-knee
Waist height
Buttock height
Hip height
Crotch height
Knee height
Ankle height
Belly circumference height
Height of shoulder blades
Breast height
Neck height front
Mean [mm], angles* excluded

Legend:

Xs increased with pos. aid

XS w/o
[mm], [°] *
130
380
430
430
473
148
146
25*
25*
398
449
198
465
364
688
272
290
1044
963
390
385
424
464
461
208
837
422
415
915
206
207
494
504
951
1042
1062
944
1724
783
792
570
576
300
305
273
275
272
278
1031
591
600
400
402
380
393
273
274
220
221
1517
612
1035
626
1108
905
854
785
482
78
1057
1334
1276
1453

XS with
[mm], [°] *
135
382
434
433
482
145
143
25*
26*
388
437
211
464
363
746
293
291
1044
950
394
391
422
463
460
206
834
412
422
916
203
204
610
609
951
1042
1064
943
1721
803
809
586
592
297
303
272
274
271
277
1059
590
599
396
397
392
394
293
294
223
224
1528
610
1039
630
1119
918
864
796
489
78
1071
1343
1283
1465

NX16

'
[mm], [°]
5
2
4
3
9
-3
-3
0
1
-10
-12
13
-1
-1
58
21
1
0
-13
4
6
-2
-1
-1
-2
-3
-10
7
1
-3
-3
116
105
0
0
2
-1
-3
20
17
16
16
-3
-2
-1
-1
-1
-1
28
-1
-1
-4
-5
12
1
20
20
3
3
11
-2
4
4
11
13
10
11
7
0
14
9
7
12
7

Xs decreased with pos. aid
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XS w/o
[mm], [°] *
131
383
416
412
436
139
134
52*
53*
398
518
224
524
460
742
284
281
1046
942
378
531
504
513
510
154
662
318
344
908
137
138
298
298
986
1045
1063
1026
1617
786
791
848
846
331
345
271
267
276
277
1046
608
612
400
374
337
314
190
161
92
70
1526
981
1032
556
1051
907
545
804
495
80
940
1340
1280
1460

XS with
[mm], [°] *
132
389
420
412
440
135
133
51*
55*
376
508
222
517
450
754
291
290
1035
941
406
541
493
506
505
160
697
334
363
911
141
143
317
317
990
1042
1066
1003
1626
794
792
833
836
332
338
269
268
273
275
1067
591
598
396
371
338
316
202
167
96
77
1541
997
1036
568
1072
923
544
806
505
92
985
1349
1287
1473

'
[mm], [°]
1
6
4
0
4
-4
-1
-1
2
-22
-10
-2
-7
-10
12
7
9
-11
-1
28
10
-11
-7
-5
6
35
16
19
3
4
5
19
19
4
-3
3
-23
9
8
1
-15
-10
1
-7
-2
1
-3
-2
21
-17
-14
-4
-3
1
2
12
6
4
7
15
16
4
12
21
16
-1
2
10
12
45
9
7
13
4
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5.4.2.7 Variability of individual participants across all body dimensions
The analyses performed so far have in common that they were based on measurements
or calculations for individual body dimensions aggregated to the sample
(XS, MAD XS). Another option is to examine the effect of the positioning aid on the
variability measured for the individual participants across all body dimensions. To do
so, the MAD values of the three repeated measurements of a participant across all scan
derived body dimensions were calculated (MAD iΣX) for both experimental conditions
and the two scanning technologies (Equation 5-6). The results are presented in Table
5-8 and Table 5-9.
From the data presented in Table 5-8, it can be seen that for 13 of the 15 participants
being scanned with the VITUSsmart LC laser scanner the positioning aid led to a
decrease in variability across all body dimensions. Compared to participants being
scanned unrestrained, the mean MAD iΣXacross all participants decreased by 2.8 mm
when using the positioning aid. This corresponds to a decrease in the MAD iΣXvalue
of 29%. Table 5-9 shows that the result obtained with the NX16 scanner is less clear.
In 8 of the 14 evaluable datasets, the variability decreased with positioning aid. On
average, the MAD iΣXvalue was reduced by 3 mm when using the positioning aid.
This corresponds to a decrease of 20%.
Table 5-8: MAD values captured with the VITUSsmart LC laser scanner with and without positioning
aid and their resulting differences across all body dimensions
MAD iȈ;with
[mm]

'
[mm]

Participant

MAD iȈ;w/o
[mm]

1

5.3

3.4

-1.9

2

9.5

4.9

-4.6

3

15.3

6.6

-8.7

4

9.4

6.2

-3.2

5

9.4

8.8

-0.6

6

8.6

6.9

-1.7

7

10.9

4.5

-6.4

8

8.9

5.3

-3.6

9

7.3

7.1

-0.1

10

11.1

12.6

1.5

11

5.6

7.7

2.2

12

13.7

6.8

-6.9

13

10.3

6.6

-3.7

14

9.4

6.6

-2.8

15
Mean

10.3
9.7

9.4
6.9

-0.9
-2.8
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Increase/
decrease
in variability
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Table 5-9: MAD values captured with the NX16 structured light scanner with and without
positioning aid and their resulting differences across all body dimensions
Participant

MAD iȈ;w/o
[mm]

MAD iȈ;with
[mm]

'
[mm]

1

11.0

14.79

3.7

2

7.7

8.35

0.7

3

20.1

15.74

-4.4

4

7.6

12.00

4.4

5

29.4

16.43

-13.0

6

9.1

6.55

-2.5

7

18.5

4.83

-13.7

9

8.8

11.75

2.9

10

22.8

17.86

-5.0

11

8.3

12.54

4.3

12

12.4

5.07

-7.3

13

32.6

14.01

-18.6

14

13.6

7.03

-6.5

15
Mean

8.1
15.0

21.37
12.0

13.2
-3.0

8*

Increase/
decrease
in variability

















* The NX16 scanner encountered difficulties to extract measurements for this participant

The results also accord with our earlier observations, which showed that MAD values
calculated from the measurements ascertained with the NX16 are generally higher than
those of the VITUSsmart LC. The same applies to the decrease in variability when using
the positioning aid, which in combination with the laser scanner is higher than with
the structured light scanner.

5.4.3 Comparison with results of earlier studies
As mentioned earlier, MAD values extracted from multiple scans have been utilised in
a number of studies as a means to compare the precision (variability) of automatic
measurements (Dekker, 2000; Robinette and Daanen, 2006; Lu and Wang, 2010).
Hence, the aspiration was to compare the MAD values ascertained in this study with
those of previous research in this field. However, the publicly available data allowing
a meaningful comparison is limited. Exceptions are the results published by Dekker
(Dekker 2000) and Lu and Wang (Lu & Wang 2010), which provide a suitable basis
for comparison with the precision achieved in this study.
EN ISO 20685 (2010) as the standard for “3-D scanning methodologies for
internationally compatible anthropometric databases” lacks recommendations
154

CHAPTER 5 – EFFECTIVENESS OF THE POSITIONING AID
concerning the precision of scan derived measurements. As a consequence, the
allowable inter-observer errors for manual measurements established in an error trial
for the ANSUR anthropometric survey of the US Army (Gordon et al., 1988) have
also become a benchmark for the precision of scan derived measurements (Bradtmiller
and Gross, 1999; Robinette and Daanen, 2006; Lu and Wang, 2010). Hence, the MAD
values reported in this study were also compared with the allowable inter-measurer
errors for ANSUR to establish to what extent the results of this study meet the
benchmark.
Due to the fact that the sets of anthropometric measurements extracted from the scans
in the aforementioned studies differ, the 18 measurements showing the greatest
commonality were selected for the comparison. The selected measurements included
seven ISO 20685 measurements. Table 5-10 and Table 5-11 present the MAD values
of the sample for the 18 selected body dimensions from three repeated scans
ascertained with and without the positioning aid separately for the two scanning
technologies. Furthermore, the tables compare these MAD values with those reported
by Dekker (2000) and Lu & Wang (2010) as well as with the ANSUR allowable interobserver error (Gordon et al., 1988).
Table 5-10: Comparison of the MAD values obtained with the VITUSsmart LC laser scanner with
results of previous research
ANSUR

Body
dimension

MAD XS w/o

MAD XS with

1

MAD
Dekker

[mm]

Crotch height 1
Waist height
Knee height
Hip height
Mid neck girth 1
Bust/chest girth 1
Underbust girth
Waist girth 1
High hip girth
Hip girth
Thigh girth right1
Knee girth right
Calf girth right1
Min. leg girth right
Bust point width
Across back width
Neck-waist centre back
Crotch length
Mean

'

6.6
4.3*
2.8
11.7
4.0
10.5
16.9*
5.5
6.8
3.9
5.5
3.6
1.4
5.6
4.0
5.0
4.0
13.7
6.4

[mm]

7.7
3.9
1.8
12.8
3.6
6.4
11.4
9.9
6.4
4.4
6.8*
2.9
1.1
2.7
2.9
5.8
4.4
12.2
5.9

EN ISO 20685 recommended measurement

* Value exceeds allowable ANSUR inter-observer error
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[mm]

[mm]

1.1
-0.4
-1.0
1.1
-0.4
-4.1
-5.5
4.4
-0.4
0.5
1.3
-0.7
-0.3
-2.9
-1.1
0.8
0.4
-1.5
-0.5

4.0
6.0
4.0
3.0
6.0
6.0
7.0
9.0
11.0
2.0
3.0
3.0
2.0
2.0
15.0
21.0
17.0
16.0
7.6

allowable
Lu & Wang inter-observer
error

MAD
[mm]

[mm]

10.0
4.0
6.0

6.0
5.1

6.0
15.0
16.0
11.0

5.5
6.0
4.0
5.0

6.7
3.5
5.4

10.0
13.0
5.0
16.0
9.1
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Table 5-11: Comparison of the MAD values obtained with the NX16 structured light scanner with
results of previous research
ANSUR

Body
dimension

MAD XS w/o

MAD XS with

1

MAD
Dekker

[mm]

Crotch height 1
Waist height
Knee height
Hip height
Mid neck girth 1
Bust/chest girth 1
Underbust girth
Waist girth 1
High hip girth
Hip girth
Thigh girth right1
Knee girth right
Calf girth right1
Min. leg girth right
Bust point width
Across back width
Neck-waist centre back
Crotch length
Mean

'

34.9*
8.9*
14.5*
9.2
10.2*
14.1
21.1*
11.5*
14.7
8.8
36.3*
10.3*
6.3*
5.4
13.6*
9.8
10.6*
62.4*
16.8

[mm]

7.0
10.6*
7.2*
5.7
4.4
11.6
8.3
8.5
10.5
4.3
6.2*
5.9*
6.7*
12.9
10.8*
8.1
12.5*
29.6*
9.5

[mm]

[mm]

-27.9
1.7
-7.3
-3.5
-5.8
-2.5
-12.8
-3.0
-4.2
-4.5
-30.1
-4.4
0.4
7.5
-2.8
-1.7
1.9
-32.8
-7.3

4.0
6.0
4.0
3.0
6.0
6.0
7.0
9.0
11.0
2.0
3.0
3.0
2.0
2.0
15.0
21.0
17.0
16.0
7.6

allowable
Lu & Wang inter-observer
error

MAD
[mm]

[mm]

10.0
4.0
6.0

6.0
5.1

6.0
15.0
16.0
11.0

5.5
6.0
4.0
5.0

6.7
3.5
5.4

10.0
13.0
5.0
16.0
9.1

EN ISO 20685 recommended measurement

* Value exceeds allowable ANSUR inter-observer error

Table 5-10 and Table 5-11 are quite revealing in several ways:
From Table 5-10 it is apparent that as far as the VITUSsmart LC laser scanner is
concerned, for 11 body dimensions the MAD values with positioning aid were lower
than without suggesting that the positioning aid increased the precision for 61% of the
selected measurements. This result is lower than the one obtained for the complete set
of 73 body dimensions (68%). The most significant reduction of variability was
observed for the bust and underbust girths. The differences observed for body
dimensions representing small circumferences and distances were generally smaller.
In the majority of cases, the differences between the MAD values ascertained with and
without positioning aid were smaller than 2 mm. The comparison with the mean MAD
across all body dimensions observed by Dekker and Lu & Wang (Dekker, 2000; Lu
and Wang, 2010) suggests that the precision of the results achieved with the laser
scanner in this study lies in-between the precision achieved in their studies.
The table also includes the ANSUR allowable inter-observer error for 14 of the scanextracted body dimensions constituting the benchmark for the precision of repeated
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measurements. The comparison with the MAD values measured with the VITUSsmart
LC reveals that utilising the positioning aid only one measurement (right thigh girth)
exceeded the allowable ANSUR inter-observer error by less than 1 mm. Without
positioning aid, two MAD values exceeded the allowable ANSUR benchmark.
Table 5-11 presents the appropriate results obtained with the NX16 structured light
scanner. For 14 out of the 18 body dimensions, the MAD values with positioning aid
were lower than without, suggesting that the positioning led to a higher precision for
77% of the selected measurements. Across the complete set of 73 body measurements,
it was only 64%. This shows that the selection of body dimensions for the comparison
with previous research, driven purely by the availability of comparable measurements,
significantly affected the picture regarding the effectiveness of the positioning aid.
The most significant reductions of variability were observed for the crotch height,
thigh girth and crotch length. In contrast to the laser scanner, no substantial differences
were observed for body dimensions representing small circumferences as opposed to
large circumferences.
As for the complete set of 73 body dimensions, the mean MAD across all 18 body
dimensions selected for the comparison with previous research were lower for the
VITUSsmart LC laser scanner than for the NX16 structured light scanner. Thus, it comes
as no surprise that the comparison of the NX16 results with the mean MAD observed
by Dekker and Lu & Wang (Dekker, 2000; Lu and Wang, 2010) suggests that they
achieved a higher precision.
The comparison with the ANSUR allowable inter-observer error reveals that only in 2
cases without positioning aid and 4 cases with positioning the MAD values met the
ANSUR benchmark for the NX16.

5.4.4 Statistical analysis
5.4.4.1 Descriptive statistics
Table 5-8 and Table 5-9 present the MAD iΣXfor each participant across all body
dimensions in both experimental conditions separately for both scanning technologies.

157

CHAPTER 5 – EFFECTIVENESS OF THE POSITIONING AID
The tables also include the resulting differences between the with and without
positioning aid observations constituting the sample difference.
The descriptive statistics of data obtained with and without positioning aid as well as
the resulting sample difference are shown in Table 5-12 and Table 5-13 separately for
the two scanners.
Table 5-12: MAD analysis - descriptive statistics of the sample data obtained with the VITUSsmart LC
Descriptive statistics
Mean
Standard Deviation
Skewness
Kurtosis
Count

MAD iȈ;w/o
[mm]

MAD iȈ;with
[mm]

9.67
2.61
0.39
0.83
15

6.89
2.21
1.07
2.30
15

'
(Sample difference)
[mm]
-2.77
3.04
-0.31
-0.30
15

Table 5-13: MAD analysis - descriptive statistics of the sample data obtained with the NX16
Descriptive statistics
Mean
Standard Deviation
Skewness
Kurtosis
Count

MAD iȈ;w/o
[mm]

MAD iȈ;with
[mm]

15.00
8.39
1.09
0.03
14

12.01
5.09
0.10
-0.86
14

'
(Sample difference)
[mm]
-2.99
8.60
-0.07
-0.21
14

5.4.4.2 Rationale for the analysis
Hypothesis testing was performed based on the rationale described in Section 3.7 to
evaluate whether the differences between the MAD values for the set of 73 body
dimensions measured across the sample with and without positioning aid are
statistically significant. To this end, the following statistical tests were carried out:
▪

A two-sample, dependent (paired), one-tailed t-test was selected for
hypothesis testing

▪

A Shapiro-Wilk test was performed to evaluate whether the normal
distribution of the sample difference as the assumption for the t-test is met

▪

The effect size between the data obtained with and without positioning aid
was evaluated based on Cohen’s principles (Cohen d)
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5.4.4.3 Results of the normality tests
A Shapiro-Wilk normality test was performed with the null hypothesis that the data is
normally distributed and with the significance level α set at 0.05.
The null hypothesis of normal distribution for the sample difference obtained with the
VITUSsmart LC laser scanner was not rejected (p = 0.956).
The null hypothesis of normal distribution for the sample difference obtained with the
NX16 structured light scanner was not rejected either (p = 0.925).
Thus, the assumption of normal distribution for the sample differences ascertained
with both scanning technologies is considered satisfied.

5.4.4.4 Results of the significance test
A paired sample t-test was performed to test the sample differences for significance
separately for the two scanning technologies. The null hypothesis was that there is no
difference between the mean absolute differences without positioning aid
(MAD iΣXw/o) and the mean absolute differences when using the positioning aid
(MAD iΣXwith). The significance level αwas set at 0.05.
The hypothesis of equal mean absolute differences with and without positioning aid
was rejected for the data obtained with the laser scanner (t(14) = 3.536, p = 0.002, onetailed). Thus, it can be inferred that utilising the positioning aid in combination with
the VITUSsmart LC laser scanner led to a significant reduction in mean absolute
differences. The mean decrease in mean absolute differences was 2.77 mm with a 95%
CI ranging from 1.01 to 4.46 mm. The Cohen d value (0.91) indicates a large effect
size.
For the data captured with the structured light scanner the null hypothesis was not
rejected (t(13) = 1.298, p = 0.109, one-tailed). This suggests that utilising the
positioning aid in combination with the NX16 structured light scanner did not
significantly reduce the mean absolute differences. The mean decrease in mean
absolute differences was 2.99 mm, with a 95% CI ranging from 1.98 to 7.95 mm. The
effect size was small (Cohen d = 0.35).
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5.4.5 Discussion
5.4.5.1 Overall variability
The analysis of the MAD indexes ascertained across the sample (Table 5-2 and Table
5-3) clearly shows that employing the positioning aid reduces the variability of the
measurements for the majority of the body dimensions. Comparing the results
ascertained with the two different scanning technologies indicates that both the MAD
values (MAD XS), as well as the relative variability (RVar XS), are notably lower for
the VITUSsmart LC laser scanner than for the NX16 structured light scanner. These
results are likely to be related to the fact that for the laser scanner only one line needs
to be analysed whereas decoding the pattern projected on the body by the structured
light scanner is more complex (Daanen and van de Water, 1998).
Disregarding the absolute MAD XS values and looking merely at the number of body
dimensions for which utilising the positioning aid resulted in reduced MAD values
(Table 5-4) leads to a less clear difference between the scanning technologies.
Approximately two-thirds of the body dimensions showed a reduced variability when
using the positioning aid irrespective of the scanning technology (NX16 - 64%,
VITUSsmart LC - 69%)
The analysis to which extent the positioning aid reduced the variability of the
measurements related to specific body parts (Table 5-5, Table 5-6) is revealing in many
ways. A finding applying to both scanning systems is that the positioning aid reduced
the MAD values related to the arms, trunk and inter-body- part height measurements
for a significant number of body dimensions equally well (64% to 77%).
While the head fixture reduced the variability in combination with the structured light
scanner, no obvious impact was found on the head-related measurements obtained with
the laser scanner. Concluding that therefore the head fixture did not contribute to
reducing the variability for the laser scanner might not be justified since it ensured that
the participants stood upright with their head being level. This is believed to decisively
contribute to reducing human variability, particularly in the trunk area.
Another commonality applying to both scanners is that the positioning aid had the least
impact on the leg related measurements. While the MAD index decreased just for 55%
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of the leg related measurements taken with the laser scanner, the variability of the
measurements even increased by 5% for the structured light scanner. Both scanner
manufacturers provide footsteps on the floor of the scanner to support the participants
to position themselves in the right direction and their feet in the correct distance from
each other. Furthermore, variations in the leg posture are less likely to occur compared
to head, arms and trunk, which are particularly prone to variations in abduction. Thus,
the extent to which the positioning aid can potentially reduce the variability is smaller
compared to the other body parts. This is believed to be the cause for the limited impact
of the positioning aid on the variability of the leg related measurements.
The analysis of the variability of the individual participants across all body dimensions
(MAD iΣX) did not provide any significant new insights. It confirmed, however, the
finding that the positioning aid in combination with the structured light scanner
reduced the variability less effectively than in combination with the laser scanner.

5.4.5.2 Technical variability
The reference test with the rigid mannequin conducted to determine the systeminherent technical variability showed that for the laser scanner in most cases (64%) the
variability of the measurements (MAD XRef) did not exceed the measurement accuracy
of the scanner (< 3 mm). The mean MAD XRef across all body dimensions only slightly
exceeded the measurement accuracy, and the relative technical variability (RVar XRef)
did not exceed 3% for any of the body dimensions. Presuming that the measurement
accuracy of the scanner hardware is independent of which body part is measured, the
MAD XRef values greater than the measurement accuracy are most likely caused by the
scanner software. Overall, the good results achieved with the laser scanner in the
reference test are an indication of a balanced package of hardware and software in
terms of performance and precision.
The NX16 structured light scanner exceeded the measurement accuracy of the scanner
(< 3 mm) in the majority of cases (62%). For three body dimensions, the relative
technical variability was extremely high (shoulder angle left and right (25%) and ankle
height (33%)), suggesting that these values are not suitable to serve as a reference.
While the inspection of the scans did not reveal reasons for the increased variability of

161

CHAPTER 5 – EFFECTIVENESS OF THE POSITIONING AID
the shoulder slope measurements, poor scan quality in the ankle area is believed to
have caused the increased variability in the ankle height measurements.
The comparison of the MAD values measured in the reference test with those of the
sample with and without positioning aid (Figure 5-5 and Figure 5-6) is revealing in
two ways. Firstly, it shows that the differences between repeated scan with the
mannequin that can be unambiguously affiliated to the hardware and software of the
scanning system (MAD XRef) contribute considerably to the overall variability
(VITUSsmart LC - 34%, NX16 - 43%). Secondly, it is apparent from the data that
independent of the scanning technology utilising the positioning aid reduced the
differences between repeated scans that can be ascribed to human variability by at least
one-third.
The comparison of the MAD values of the reference test (MAD XRef) with those of the
sample with (MAD XS with) and without (MAD XS w/o) positioning aid is considered to
be essential since it unveiled the ratio of the technical and human variability to the
overall variability. It became apparent that the positioning aid almost halved the human
variability but also that there is still potential for further improvement.

5.4.5.3 Impact of positioning aid on software extracted measurements
The acceptance of a positioning aid for body scanning applications can only be
achieved if it does not distort the scan extracted measurements. The comparison of the
measurements for the individual body dimensions obtained in the different
experimental conditions (XS with, XS w/o) suggests that using the positioning aid leads to
a slight increase in measured values (4 – 7 mm). In relation to the accuracy of the
scanner (< 3mm), the increase is moderate. Furthermore, this study does explicitly not
include the comparison of the scan derived measurements with manual measurements
representing the “true” value. Therefore, it cannot be conclusively clarified whether
the measurements without positioning aid or the measurements with positioning aid
are closer to the true values.
Interestingly, there is a high correlation between the two scanning technologies with
regard to the body dimensions, which showed higher and lower measurement values
respectively when utilising the positioning aid. It is believed that this consistency in
variation pattern can be attributed to the positioning aid adjusting the posture of the
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participants in the same way independent of whether it is used in combination with the
laser or structured light scanner. This suggests that the small design differences
(4.4.2.3) between the positioning aid for the laser scanner and the structured light
scanner did not have an impact on their effectiveness.

5.4.5.4 Comparison with results of earlier studies
The challenge and at the same time limitation of comparing the results of this study
with published results of previous research was the identification of equivalent body
dimensions. This was only possible on the basis of the designation of the body
dimensions. If the terminology suggested that the body dimensions were equivalent,
they were selected for the comparison. Another restraint was the limited number of
equivalent measurements from the study carried out by Lu & Wang, permitting only a
rudimentary comparison.
The overall variability measured with the laser scanner lay in both experimental
conditions well in-between the variability published by Dekker (greatest variability)
and Lu & Wang (lowest variability). The allowable inter-observer error established as
the benchmark for ANSUR was exceeded in one case with positioning aid and in two
cases without positioning aid. Even considering the limitations of this comparison, it
seems to be fair to claim that the precision of the results obtained with the laser scanner
in this study is similar or better than those reported by Dekker and Lu & Wang.
The variability measured with the NX16 structured light scanner was higher than the
variability reported by Dekker and Lu & Wang and exceeded the ANSUR benchmark
in most of the cases in both experimental conditions. This suggests that the
measurements with the NX16 did not meet the level of precision established by Dekker
and Lu & Wang. For both studies scanners were utilised (8-head Body Line Scanner,
Hamamatsu Photonics and Vitus-3D 1600, VITRONIC), which projected a line from
a light source (near-infrared and laser respectively) onto the body that was vertically
moved from the top to the bottom. As mentioned before, lines projected on the body
are less difficult to convert into an accurate 3D image than light patterns of structured
light scanners. This is a very likely explanation why the structured light scanner did
not meet the level of precision reported by Dekker and Lu & Wang.
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The results also accord with our earlier observations, which showed that MAD values
calculated from the measurements ascertained with the NX16 are generally higher than
those of the VITUSsmart LC.

5.4.5.5 Statistical analysis
The t-test performed on the MAD values obtained with the VITUSsmart LC laser
scanner in the two experimental conditions indicated that the variability significantly
decreased when using the positioning aid with a large effect size according to Cohen’s
guidelines. In contrast, the NX16 scanner in combination with the positioning aid did
not significantly reduce the variability, and the effect size was small.
These results of the statistical analysis were to be expected since they reflect the
findings presented in the results section. Without exception, there was a clear trend of
a decrease in variability when using the positioning aid in combination with the laser
scanner, whereas with the structured light scanner, the trend was less strongly
pronounced.

5.4.5.6 Methodological limitations
As explained earlier (5.3.1), the MAD has so far served as a measure to compare the
variability of repeated scan derived measurements ascertained with different 3D body
scanners or to compare the accuracy of scan derived measurements against data
measured manually. In both cases, it is important to consider the entire measurement
chain (i.e. scanner hardware – visualisation software – landmark detection software –
measurement software) to allow a representative comparison. This study aims to
analyse to which extent the positioning aid reduces the postural variability. Utilising
the MAD for the evaluation of the postural variability with and without positioning aid
involves the risk that effects due to the poor performance of the hardware or software
are attributed to the positioning aid. As explained in Section 2.4.4 in particular, the
reliable detection of anatomical landmarks is challenging. Since body dimensions are
distances between or through anatomical landmarks, poor performance of the software
is a potential reason for variations in scan derived measurements (Han and Nam,
2011c). This may explain why the use of the positioning aid has seen a general trend
towards lower MAD values, but not invariably lower MAD values across all body
dimensions and participants respectively. The latter is the expectation in using
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positioning aids and deviations from it appear to be counterintuitive. The fact is,
however, that the shortcomings of the landmark detection are completely independent
of the use of the positioning aid. Errors due to the landmark detection software have
an equal impact on the scan-extracted measurements with and without positioning aid.
Hence, it would be highly desirable to apply a method for the evaluation of the
effectiveness of the positioning aid, which eliminates this potential source of error.
It also needs to be noted that the comparably small sample size only provides a limited
database for the evaluation of the positioning aid based on the MAD index. The MAD
analysis conducted by leading researchers to evaluate the precision of measurements
was based on 5 to 15 times higher sample sizes leading to statistically verified results
(Lu and Wang, 2008; Han, Nam and Choi, 2010; Lu, Wang and Mollard, 2010). The
statistical analysis showed that in this study this is only true for the results obtained
with the laser scanner. Thus, the findings described in the results section can only be
regarded as trends as far as the structured light scanner is concerned. This is a second
reason calling for an alternative method to evaluate the effectiveness of the positioning
aid.
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5.5 Rating the effectiveness by gauging sections
5.5.1 Methodology
5.5.1.1 Introduction
Utilising the MAD index to analyse the differences between repeated scan derived
measurements has the advantage that no further tools but the scanning hardware and
software are needed for the analysis. However, the MAD does not provide directional
information, indicating to what extent the variability manifests in longitudinal and
lateral directions. This is considered to be essential for the evaluation of the positioning
aid and the development of recommendations to further optimise its design. The latter
and the fact that the landmark detection software of the scanners is error-prone (Han
and Nam, 2011c) calls for an alternative approach.

5.5.1.2 Software tools
As explained earlier (4.4.2.1), the VITUSsmart LC laser scanner comes with the
software package Anthroscan from Human Solutions. Besides automated
identification of landmarks and extraction of body dimensions, Anthroscan allows
horizontal sections through the scan of the body to be taken and distances between any
points of the body contour in that section to be measured. This feature facilitates the
quantification of the variability with and without the positioning aid in the longitudinal
and lateral directions. The software suite of the NX16 structured light scanner does not
include such functionality. Unfortunately, the Anthroscan software does not permit
scans captured with a scanner of a different manufacturer to be analysed. Therefore,
software was needed that regardless of the manufacturer of the scanner used to capture
the data permits the quantification of the variability with and without the positioning
aid in the longitudinal and lateral directions. Market analysis revealed that the software
suite “PolyWorks” from “InnovMetric Software Inc.”, which is widely used in the
field of quality assurance of precision parts, offers these capabilities.
Consequently, both the scans obtained with the laser scanner as well as those captured
with the structured light scanner were analysed with PolyWorks.
The essential information on the three software packages used in the section analysis
is shown in Table 5-14. This includes information about the software developers as
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well as the areas of application and essential technical features. Finally, the table shows
which software versions and which features of the software were specifically used in
this study.
Table 5-14: Main characteristics of the three software suites utilised for the section analysis
Anthroscan
(Vitussmart LC)
Developer
Headquarter
Version
Main
applications

Main features

Features used
in the section
analysis

NX16

PolyWorks

Human Solutions
GmbH
Kaiserslautern,
Germany

[TC]2

InnovMetric Software Inc.

Apex (NC),
USA

3.4.0

5.3

Quebec (QC),
Canada
IR2.1 (build 3909) 64-bit
June 2016

health/medical and fitness
management
sizing surveys
product development for
apparel and equipment

health/medical and fitness
management
sizing surveys
product development for
apparel and equipment

made-to-measure clothing
interface to RAMSIS

made-to-measure clothing
avatar generation

3D modelling tool
scan visualisation
automatic landmark
detection & visualisation
automatic measurement
extraction
semi-automatic and
interactive measurements
superimposition of
multiple scans
taking sections
scan visualisation
automatic landmark
detection & visualisation
taking sections *
manual measurements*

scan visualisation
automatic landmark
detection

automatic measurement
extraction

scan visualisation

product engineering
assembly guidance

quality assurance

scan visualisation
part alignment
surface, boundary, crosssectional measurements
deviations “measured to
nominal”
superimposition of
multiple scans
reporting (e.g. 3D
screenshots, result
tables)
scan visualisation
superimposition of
multiple scans
surface, boundary, crosssectional measurements

* For comparison with PolyWorks only (5.5.4)

5.5.1.3 Default coordinate systems of the scanners
An essential precondition for quantifying variability by gauging sections is that the
scans are precisely aligned. In this context, the coordinate system used by the scanner
is of crucial importance. The NX16 scanning system uses a coordinate system where
the origin is always located at the same point in the scan volume completely
independent of the scanned object. The coordinate system and the position of the origin
are stored in the scan. When the scan file is exported, this information is transferred
and is available again after import into other software such as PolyWorks.
167

CHAPTER 5 – EFFECTIVENESS OF THE POSITIONING AID
Thus, not only the 3D image of the scanned person but also its position relative to the
coordinate origin is displayed correctly. When superimposing scans, the coordinate
systems are precisely aligned not requiring additional measures. This makes the NX16
coordinate system, subsequently referred to as the machine coordinate system, ideally
suited for the variability analysis by gauging sections.
In contrast, Anthroscan as part of the VITUSsmart scanning system locates the origin of
its default coordinate system in the volumetric centre of gravity (CG) of the scanned
object. In the case of individuals, the volumetric CG lies in the pelvis area. As with the
NX16, when scans are superimposed, their respective origins of the coordinate system
are aligned. Using the default Anthroscan coordinate system has two disadvantages.
On the one hand, the positional variability is lost when scans are superimposed.
Regardless of whether the individual is standing on the far left of the scanner platform
on one scan and the far right of the second scan, the scans are aligned in the volumetric
CG (Figure 5-7). On the other hand, superimposing scans of individuals representing
different scan volumes results in a misalignment. The latter makes it impossible to
analyse superimposed scans of individuals in different levels of encumbrance, which
differ in volume (Figure 7-1).

Figure 5-7: Superimposition of two scans taken on the right and the left of the platform superimposed
(a) with the VITUS coordinate system and (b) the machine coordinate system
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A workaround applied in this study for the VITUSsmart scanning system was to refer to
the raw scans for evaluation, which allowed the default coordinate system to be
bypassed and access the machine coordinate system of the scanner. However, in
contrast to the standard scan, the raw scan did not undergo the smoothing and noise
filtering. This compromise was accepted to be able to use the machine coordinate
system since no negative implications for the quantification of the variability were to
be expected.

5.5.1.4 Gauging sections
The following approach was taken to evaluate the variability with and without
positioning aid:
a. For the first scan out of three captured with the laser scanner, the standard set
of anatomical landmarks was extracted from the scans using the Anthroscan
software. Extracting the landmarks is an automatic process carried out by the
software, which requires no manual interaction. Anthroscan provides the
coordinates of these landmarks allowing the height of each anatomical
landmark from the floor to be determined. The latter is a crucial input for taking
sections with PolyWorks (see c.).
b. The three scans captured with the two scanners were imported as OBJ files and
superimposed in PolyWorks. The software allows different scans to be
displayed in different colours facilitating the identification of individual scans
(Figure 5-8).

Figure 5-8: (a) Single scan; (b) Scan 1 + 2 superimposed; (c) All three scans superimposed
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c. Using PolyWorks horizontal sections were taken through the following seven
anatomical landmarks:
▪

Head front

▪

Armpit right

▪

Breast front

▪

Belly front

▪

Buttock girth point front

▪

Thigh crease right

▪

Minimum leg girth right

d. The rationale behind the selection of the anatomical landmarks was to ensure
that the body parts particularly prone to postural variability (i.e. head, shoulder,
arms, legs, hip) are covered to be able to analyse the effectiveness of the
positioning aid in reducing the variability of these body parts. The sections
through the landmarks “breast front” and “belly front” were not just used to
quantify the variability of the trunk but also of the upper and the lower arm
respectively (Figure 5-9).

Figure 5-9: Anatomical landmarks selected to take horizontal sections for the quantification of the
variability in lateral (z) and longitudinal (y) directions
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The sections were taken at the height identified with the Anthroscan landmark
extraction feature (a.). Since the NX16 software does not provide information
about the location of anatomical landmarks, the sections through the
superimposed scans of the structured light scanner were taken at the same
height.
e. At each of these nine body locations, the maximum lateral distances (z) and
longitudinal distances (y) between the superimposed scans of a section were
identified and the distance measured between the points representing the
extremes of scan 1 and 2, scan 1 and 3 as well as scan 2 and 3. The different
colours of the superimposed scans allowed easy identification of each scan.
Figure 5-10 shows an example of a section taken through the head front
landmark in the standing posture without positioning aid.

Figure 5-10: (a) Position at which the “head front” section is taken; (b) “head front” section;
(c) Measurements in the longitudinal direction; (d) Measurements in the lateral direction
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The underlying principle for selecting the measurement location was to identify
the position of the largest deviation in the y-direction or the z-direction between
the superimposed scans. This is also true for the measurement of the variability
at arms and legs. The measurements were always taken on the side where the
largest deviations occurred. The examples in Figure 5-11 illustrate the
principle. Alternatively, it would have been conceivable to determine the
variability on both sides and calculate the average. This option was discarded,
and the more conservative approach chosen.

Figure 5-11: (a) Example of selected measuring positions for body location armpit
(b) Example of measuring positions for body location lower arm

f. This approach was applied to the scans of each participant separately with and
without the positioning aid to compare the average differences in the
longitudinal and lateral direction in the two experimental conditions. Once the
measurements had been carried out, a screenshot of the section including the
results of the measurements was taken and saved in a file separately for each
participant in both experimental conditions and for both scanning technologies.

172

CHAPTER 5 – EFFECTIVENESS OF THE POSITIONING AID
g. Finally, ten scans of the mannequin were taken. The same sections as those
used for the participant scans were reused, and the maximum differences
between the ten superimposed scans in lateral and longitudinal directions
measured to quantify the technical variability.

5.5.1.5 MAV and MMV indexes
Gauging sections through anatomical landmarks as explained above allows the
distances between the superimposed scans in longitudinal (y) and lateral directions (z)
to be measured. The means of these distances, subsequently referred to as Mean
Absolute Variability (MAV), are used to assess the effectiveness of the positioning aid.
When measuring the distances between the superimposed scans, the respective
maximum distance was documented. The means of the maximum distances across the
sample of all body locations, subsequently referred to as Mean Maximum Variability
(MMV), were used to identify the variability that may occur in the worst case.
Comparing the MAV and MMV ascertained with and without positioning aid permits
the evaluation of the reduction of the means and the maxima of the postural variability
achieved by utilising the positioning aid.
The MAV and MMV were calculated for the nine body locations shown in Figure 5-9.
Calculating the MAV and the MMV values for all evaluable scans captured with the
two different scanning technologies in both experimental conditions (with and without
positioning aid) and either direction (y and z) for nine different body locations led to
a total number 4176 values. The reference test contributed an additional 144 values
each. The MAV and the MMV permitted the evaluation of the effectiveness of the
positioning aid based on different criteria. Depending on the respective criterion, the
values were aggregated differently. This approach is very similar to the approach
already applied in the MAD analysis and facilitates comparing the results obtained
with the two different analysis methods.

5.5.1.6 MAV index as a measure of technical variability
To determine the technical variability solely attributable to the scanner hardware and
software, the MAV LRef was calculated using Equation 5-7.
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Equation 5-7

MAV LRef denotes the mean absolute variability at body location L across the r
repeated scans in the reference test. The variable dRef

jk

represents the distance

measured between the jth scan and the kth scan. Defining that j is greater than k ensures
that all relevant pairs of measurements between r superimposed scans are taken to
calculate the mean absolute difference (r=10 in the reference test).

5.5.1.7 MAV index as a measure of overall variability
The MAV index as a measure of the overall variability, i.e. human and technical
variability, was calculated using Equation 5-8, being a variation of Equation 5-7.
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Equation 5-8

MAV Li denotes the mean absolute variability at body location L across the r repeated
scans ascertained from the ith participant. The variable di jk represents the distance
measured between the jth scan and the kth scan. Again, defining that j is greater than k
ensures that all relevant pairs of measurements between r superimposed scans are
considered to calculate the mean absolute difference (r=3 in this study).

5.5.1.8 MAV index as a measure of variability across the sample
The MAV LS index aggregates the MAV Li of individual participants to the entire
sample utilising Equation 5-9. The analysis of the MAV LS is expected to reveal at
how many of the body locations and also how much the positioning aid reduced the
variability.
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Here, MAV LS denotes the mean absolute variability at body location L across the
entire sample. The variable n represents the number of participants (sample size).
MAV Li denotes the mean absolute variability at body location L ascertained from the
ith participant.

5.5.1.9 MAV index as measure of variability across all body dimensions
The MAV iΣLindex is calculated to evaluate the effectiveness of the positioning aid of
individual participants across all body locations utilising Equation 5-10. The analysis
of the MAV iΣLis expected to show for how many participants and also how much the
positioning aid reduced the variability across the body locations.
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Equation 5-10
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MAV iΣLdenotes the mean absolute variability of the ith participant across all body
locations. The variable m represents the number of selected body locations (n=9 in this
study). MAV Li denotes the mean absolute variability at body location L ascertained
from the ith participant.

5.5.1.10 MMV index as worst-case consideration
Apart from the effectiveness of the positioning aid, the maximum variability that can
occur could be of interest. Therefore, the mean maximum variability (MMV) as worstcase consideration was calculated for all body locations across the sample utilising
Equation 5-11.
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Here, MMV LS denotes the mean maximum variability at body location L across the
entire sample. The variable n represents the number of participants (sample size). di
max denotes

the maximum distance measured at body location L ascertained from the

ith participant.
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5.5.1.11 Generating the data required for the evaluation
In contrast to the MAD analysis, gauging sections provides directional information as
input for the assessment of the positioning aid. In order to indicate to which direction,
the MAV and MMV values are referring to, corresponding indices were introduced.
The index MAV Lyi w/o denotes the MAV value for body location L in y (longitudinal)
direction (as opposed to the lateral direction z) for the ith participant without
positioning aid. In particular, to allow comparability with the results of the MAD
analysis, also the mean of the MAV values in y and z was determined. Thus, MAV Lyzi
with

represents the MAV value for body location L across both directions (y and z) for

the ith participant with positioning aid.
Consistent with the definitions used for the MAD analysis, MAV values related to the
reference test get the index L Ref, MAV and MMV values calculated across the entire
sample are labelled LS, those calculated for individual participants across all body
locations iΣL
.
The analysis of the effectiveness of the positioning aid based on gauging sections was
conducted separately for both scanning technologies. The list below shows in detail
which calculations were performed as well as the underlying experimental conditions.
▪

MAV LRef derived from the ten superimposed scans of the mannequin at
each of the nine body locations in the y-direction, in the z-direction and
across both directions (reference test)

▪

MAV Li derived from the three superimposed scans of a participant at each
of the nine body locations with and without positioning aid in the ydirection as well as in the z-direction

▪

MAV LS for the entire sample at each of the nine body locations with and
without positioning aid in the y-direction, in the z-direction and across both
directions

▪

MAV iΣLfor each participant across all body locations with and without
positioning aid in the y-direction, in the z-direction and across both
directions
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▪

MMV LS for the entire sample at each of the nine body locations with and
without positioning aid in the y-direction, in the z-direction and across both
directions

The results of the section analysis and all related calculations were documented in
Microsoft EXCEL files separately for each scanner. An extract of the results of the
MAV calculations for the set of body dimensions and individual participants is shown
in Appendix 5-3 for the VITUSsmart LC laser scanner and in Appendix 5-4 for the
NX16 structured light scanner.

5.5.2 Results of the section analysis with PolyWorks
5.5.2.1 Technical variability
Using PolyWorks, seven sections were taken through the ten superimposed scans
captured of the rigid mannequin in the reference test. The measurements were taken at
the nine body locations as set out in 5.5.1.4. The distances between the contours of the
10 superimposed scans are very small. They often overlap over a large area or even lie
on top of each other. This makes it difficult to determine the distances between the
individual scans. Therefore, the outermost, the innermost and a contour in the middle
of the two were selected to determine the MAV LRef (Figure 5-12). With this selection,
the calculated MAV LRef represents the entire range over which the 10 scans extend.

Figure 5-12: Innermost, outermost and contour in the centre selected to determine the MAV LRef in
lateral direction at the body location armpit
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For the three selected scans, the MAV LRef as a measure of technical variability was
calculated in the y-direction, in the z-direction and across both directions (yz). Table
5-15 presents the results for both scanners.
It is apparent from this table that for the VITUSsmart LC laser scanner, the MAV LRef
values as a measure of technical variability do not exceed 2.4 mm in any case. The
corresponding means do not exceed 1.7 mm and stay well below the measuring
accuracy of the scanner (< 3 mm).
Table 5-15: Technical variability determined based on gauging sections for the VITUSsmart LC and
NX16 scanning systems by scanning the rigid mannequin
Body
part

VITUS
Body location

MAV LyRef
[mm]

smart

NX16

LC

MAV LzRef
[mm]

MAV LyzRef
[mm]

MAV LyRef
[mm]

MAV LzRef
[mm]

MAV LyzRef
[mm]

Head front

1.6

1.1

1.4

1.8

4.1

3.0

Armpit

1.7

0.9

1.3

2.0

2.9

2.4

Breast front

1.7

1.6

1.7

0.9

2.1

1.5

Belly front

1.9

1.0

1.5

1.1

3.9

2.5

Upper arm

1.7

1.1

1.4

2.9

1.9

2.4

Lower arm

1.9

1.3

1.6

0.5

3.0

1.7

Buttock girth point

1.6

0.8

1.2

1.1

2.8

1.9

Thigh crease right

2.0

1.3

1.6

0.5

1.3

0.9

Minimum leg girth

1.1

2.4

1.7

1.4

5.0

3.2

Mean

1.7

1.3

1.5

1.4

3.0

2.2

As far as the NX16 structured light scanner is concerned, the MAV LRef values for the
body locations head front and min leg girth exceeded the measuring accuracy of 3 mm
specified by the manufacturer in the z-direction (4.1 mm and 5.0 mm). In y-direction,
the variability is generally lower. Looking at the means shows that they do not exceed
the 3 mm in either direction.
Comparing the results of the section analysis with the corresponding results of the
MAD analysis (Table 5-1) reveals that determining the technical variability by gauging
sections leads to 2-3 times lower results.
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As far as the contribution of the technical variability in y and z-direction to the overall
technical variability is concerned, the results are inconclusive. While for the laser
scanner the variability in the y-direction is higher than the variability in the z-direction,
the opposite is the case for the structured light scanner.
At the same time, the results underline the trend of a higher technical variability of the
structured light scanning system already observed in the MAD analysis.
In contrast to the MAD analysis, gauging sections requires a thorough visual inspection
of the horizontal sections, e.g. to determine the location for the measurements
(5.5.1.4). That way, differences between the scans of the laser scanner and the
structured light scanner became apparent providing clues to potential causes for the
deviations in technical variability.
In this context, the following observations were made:
▪

The fact that the NX16 scanner generated only incomplete scans in the area
of the head, hands and feet has already been reported (5.4.1.1; Figure 5-4).

▪

The section analysis also revealed that the polygonal meshes generated by
the NX16 show more defects than those of the laser scanner.

▪

The surface of the scans created with the NX16 has a rougher surface than
that of the laser scanner.

▪

The scans created with the VITUSsmart LC laser scanner show much larger
areas that are not depicted due to occlusion than those of the NX16 (e.g.,
the inside of the arms and legs).

Figure 5-13 depicts the section taken at the belly front landmark through the scans of
the rigid mannequin taken with both scanning technologies. The scan of the NX16
shows irregularities in the contour potentially leading to an increase in technical
variability. On the other hand, the scan taken with the VITUSsmart LC lacks parts of the
contour in the area of the inner arms and the torso due to occlusion.
Since the measurement of the technical variability can only be conducted at locations
where the contour is complete, the latter did not adversely affect the results. However,
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it can be assumed that it affects the automatic extraction of measurements from the
scans and thus the MAD XRef and MAD Xi (5.4.2).

Figure 5-13: Section through 10 superimposed scans of the rigid mannequin at the “belly front”
landmark showing incomplete contours for the VITUS smart LC (a) and irregularities in the contour for
the NX16 (b)

5.5.2.2 Effectiveness of the 3rd generation positioning aid
To assess the effectiveness of the positioning aid, the mean absolute variability across
the sample MAV LS was calculated. The comparison of the variability without
(MAV LS

w/o)

and with positioning aid (MAV LS with) reveals the extent to which the

positioning aid reduced the deviations between the three superimposed scans for the
nine selected body locations. The calculations were conducted for the longitudinal (y)
and lateral (z) directions to identify possible directional dependencies on the
effectiveness of the positioning aid. Table 5-16 and Table 5-17 show the results
separately for the two scanning technologies. The results are presented in the form of
a bar graph to illustrate the reduction in variability by using the positioning aid not
only quantitively but also graphically.
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Table 5-16: Variability of the participants across the sample based on gauging sections with
and without positioning aid measured with the VITUS smart LC laser scanner

MAV LS with
As can be seen from Table 5-16, the mean absolute variability observed for the
VITUSsmart LC laser scanner with positioning aid (MAV LS with) did not exceed 9.1 mm
in the y-direction (armpit) and 7.7 mm in the z-direction (lower arm). Looking at the
means shows that across all body locations, the mean MAV LS with amounts to 5.8 mm
in the longitudinal direction and 4.7 mm in the lateral direction.
From Table 5-17 it is apparent that for the NX16 structured light scanner the variability
with positioning aid does not exceed 7.6 mm in the y-direction (upper arm) and
8.4 mm in the z-direction (lower arm). The means across all body locations with
positioning aid amount to 6.1 mm in the longitudinal direction and 5.9 mm in the
lateral direction. The maximum MAV LS with values observed for the NX16 are in ydirection lower and in z-direction higher than those of the VITUSsmart LC. As far as
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the means are concerned, they are in either direction higher for the NX16 than for the
VITUSsmart LC.
Table 5-17: Variability of the participants across the sample based on gauging sections with
and without positioning aid measured with the NX16 structured light scanner

MAV LS w/o
Independent of the scanning technology used to capture the data, the observed mean
absolute variability without positioning aid (MAV LS w/o) is higher in the longitudinal
direction than in lateral direction. The fact that the means in both directions and for
both scanners do not deviate by more than 1.5 mm is an indication that the guidelines
for body posture given by the experimenter have been consistently followed by the
participants. When determining the reduction in variability achieved with positioning
aid, the MAV LS w/o represents the 100% mark against which the reduction is
measured. The fact that the 100% mark is almost identical for both scanners makes the
results directly comparable.
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Reductions
Utilising the positioning aid reduced the variability by 71.7% in the longitudinal
direction and by 58.8% in the lateral direction for the laser scanner (Table 5-16). The
highest reductions in variability were observed in the y-direction at the body locations
head front (89.6%) and min leg girth (89.6%). In the lateral direction, the greatest
reductions were achieved for the min leg girth (71.3%) and lower arm (69.7%). The
least reduction was found in the y-direction for the body locations armpit (56.5%) and
belly front (66.7%). In z-direction, the reduction was the lowest for the upper arm
(43.4%) and breast front (48.3%).
Table 5-17 presents the results obtained with the structured light scanner. The overall
reduction in variability achieved in the y-direction amounts to 72.6% and in the zdirection to 47.0%. The highest reductions in variability were observed in the
longitudinal direction at the body locations head front (85.4%) and thigh crease
(76.1%). In the lateral direction, the greatest reductions were achieved for the min leg
girth (74.9%) and head front (68.8%) body locations. The lowest reductions were
found in the y-direction for the body locations upper arm (62.5%) and buttock girth
point (67.6%). In z-direction, the lowest reductions were observed at the body
locations belly front (32.2%) and buttock girth point (32.5%).
MAV LyzS
Table 5-18 presents the average of the reductions achieved across both directions
(MAV LyzS). The table confirms that irrespective of the scanning technology higher
reductions were achieved at the body locations head front and min leg girth and lower
reductions at the body locations upper arm and buttock girth point.
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Table 5-18: Variability of the participants across both directions (yz) based on gauging
sections with and without positioning aid for both scanning technologies

When assessing the smaller reductions in variability at the upper arm and buttock girth
point, it must be considered that the variability at these body locations is at the lower
end even without the use of the positioning aid. Regardless, the respective sections
were inspected to identify opportunities for further improvement of the positioning
aid. While the buttock girth point sections did not show any anomalies, the visual
inspection of the sections through the upper arm in combination with the armpit
sections revealed that comparably high MAV LyzS values were caused by “twisted
shoulders” (Figure 5-14). Differences in the longitudinal direction of more than 10 mm
between the right and the left arm indicated that in 4 cases with either scanning
technology participants had difficulties in reliably repositioning their shoulder
correctly in the lateral plane.
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Figure 5-14: Four examples of poor repositioning of the shoulder in the lateral plane
(twisted shoulder)

In summary, these results show:
▪

The mean absolute variability observed when using the positioning aid
(MAV LS with) does not exceed 9.1 mm in case of the laser scanner and
8.4 mm in case of the structured light scanner at any of the body locations.

▪

The mean absolute variability without positioning aid (MAV LS w/o) is for
both scanning technologies higher in y-direction than in z-direction. An
interesting outcome, however, is the fact that in both directions, the
variability without positioning aid is almost identical for both scanners.

▪

In relative terms, the reduction in mean absolute variability across all body
locations achieved when using the positioning aid was almost identical for
both scanners in the y-direction (NX16, 72.6%; VITUS, 71.7%). In zdirection, a higher reduction was observed for the VITUSsmart LC scanner
(58.8%) than for the NX16 scanner (47.0%).

▪

The analysis of the mean absolute variability across both directions
(MAV LyzS) revealed that irrespective of the scanning technology the
positioning aid leads to high reductions in variability at the head front and
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min leg girth. Lower reductions were observed at the upper arm and buttock
girth point.
▪

Visual inspection of the sections through the upper arm and armpit sections
showed that the small reductions observed for the upper arm were caused
by “twisted shoulders”. In four cases with either scanning technology
participants had difficulties in reliably repositioning their shoulder
correctly in the lateral plane.

5.5.2.3 Contribution of the technical variability to the overall variability
The mean absolute variability across both directions when using the positioning aid
(MAV LyzS with) encompasses the remaining human variability as well as the technical
variability (MAV LyzRef). Table 5-19 presents a bar chart of the MAV LyzS with and the
MAV LyzRef for each of the ten body locations providing a graphic impression of the
contribution of the technical variability to the residual variability with positioning aid.
In addition, the contribution of the technical variability to the residual variability with
positioning aid (100% reference) is provided in per cent. From this table, it becomes
apparent that in absolute terms the system-inherent contribution of the technical
variability does not exceed 1.7 mm (breast front, min leg girth) for the laser scanner
and 3.2 mm (min leg girth) for the structured light scanner at any of the body locations.
Thus, only the NX16's technical variability marginally exceeded the scanner's
measurement accuracy (< 3 mm).

In relative terms, the technical variability of the VITUSsmart LC scanner contributed to
the residual variability with positioning aid between 18.5% (armpit) and 75.2% (min
leg girth). In the case of the NX16, the contribution of the technical variability ranged
between 16.3% (thigh crease) and 89.2% (head front). Since the results obtained at
each body location with the two scanning technologies differ significantly, no general
conclusions can be drawn in this respect.
Looking at the means shows that with 40.4% the contribution of the technical
variability to the residual variability is for the NX16 higher than for the VITUSsmart LC
(33.5%).
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Table 5-19: Contribution of the technical variability to the mean absolute variability with positioning
aid observed for the two scanning technologies

In order to permit a comparison with the corresponding results of the MAD analysis
(5.4.2.5) the technical variability (MAV LyzRef) and the mean absolute variability with
positioning aid (MAV LyzS with) across the sample and all body locations were related
to the mean absolute variability without positioning aid (MAV LyzS w/o) representing
the 100% mark. The results presented in Figure 5-15 and Figure 5-16 show that the
MAV LyzRef, which can be solely ascribed to the hardware and software of the
scanning systems, contributes between 9% (VITUSsmart LC) and 13% (NX16) to the
overall mean absolute variability without positioning aid (MAV LyzS w/o).
The reduction in human variability achieved when employing the positioning aid is
irrespective of the scanning technology 74%. Compared to the MAD analysis (5.4.2.5),
the results of the section analysis indicate a significantly higher effectiveness of the
positioning aid in reducing the postural variability. Conversely, it can be concluded
that only moderate potential remains for further optimisation of the positioning aid.

187

CHAPTER 5 – EFFECTIVENESS OF THE POSITIONING AID

Figure 5-15: Comparison of variability without positioning aid, variability with positioning aid and
technical variability based on gauging sections measured with the VITUS smart LC

Figure 5-16: Comparison of variability without positioning aid, variability with positioning aid and
technical variability based on gauging sections measured with the NX16

5.5.2.4 Variability of individual participants across all sections
As with the MAD analysis, the influence of the positioning aid on the mean absolute
variability of individual participants was analysed. For this purpose, the MAV iΣLwas
calculated for each participant across all body locations and either experimental
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condition (Equation 5-10). The results are presented in Table 5-20 and Table 5-21
separately for the two scanning technologies.
Table 5-20: MAV values ascertained with the VITUSsmart LC laser scanner with and without
positioning aid and their resulting differences across all sections and both directions (yz)
Participant

MAV iyz Ȉ/w/o
[mm]

MAV iyz Ȉ/with
[mm]

'
[mm]

Reduction
[%]

1

9.5

4.1

-5.4

-57%

2

19.9

7.5

-12.4

-62%

3

25.0

4.7

-20.3

-81%

4

17.0

7.4

-9.6

-57%

5

19.1

4.2

-14.9

-78%

6

15.8

4.4

-11.4

-72%

7

16.7

4.8

-11.8

-71%

8

14.8

4.3

-10.5

-71%

9

11.5

8.4

-3.2

-28%

10

23.1

5.2

-17.9

-78%

11

16.4

4.5

-11.9

-72%

12

9.1

4.6

-4.5

-50%

13

17.3

3.8

-13.5

-78%

14

20.0

7.2

-12.9

-64%

15

9.1

3.8

-5.4

-59%

Mean

16.3

5.3

-11.0

-65%

Increase/
decrease
in variability

















Table 5-21: MAV values ascertained with the NX16 structured light scanner with and
without positioning aid and their resulting differences across all sections and both directions
(yz)
Participant

MAV iyz Ȉ/w/o
[mm]

MAV iyz Ȉ/with
[mm]

'
[mm]

Reduction
[%]

1

21.0

9.2

-11.8

-56%

2

24.5

7.6

-16.9

-69%

3

17.6

4.0

-13.6

-77%

4

15.3

4.5

-10.9

-71%

5

10.3

5.8

-4.4

-43%

6

17.7

6.2

-11.6

-65%

7

16.9

4.1

-12.8

-76%

8*
9

17.0

7.4

-9.6

-56%

10

16.6

5.7

-10.8

-66%

11

12.8

5.6

-7.2

-56%

12

10.1

5.2

-4.9

-48%

13

16.4

5.3

-11.2

-68%

14

28.3

7.5

-20.7

-73%

15

11.8

5.8

-6.0

-51%

Mean

16.9

6.0

-10.9

-63%

* The NX16 scanner encountered difficulties to generate scans of this participant
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From the data presented in the tables above it can be seen that utilising the positioning
aid led to reductions in MAV iΣXfor all participants irrespective of the scanning
technology. In combination with VITUSsmart LC laser scanner, the positioning aid
reduced the MAV iΣXby 65% and with the NX16 by only marginally less (63%).
In absolute terms, the smaller residual MAV iΣXwas observed for the laser scanner
(5.3 mm). The corresponding MAV iΣXvalue for the structured light scanner amounted
to 6.0 mm. On average, the MAV iΣX value was reduced by 11 mm for the
VITUSsmart LC and 10.9 mm for the NX16 when utilising the positioning aid.
Comparing the reductions achieved for the individual participants in the different
scanners shows that no participant was particularly good or bad in replicating the
standard scanning posture. This would have been the case if one participant showed
particularly low or high reductions in both scanners.
The decrease in the mean absolute variability for all participants in the range between
28% and 78% found in the section analysis proves the effectiveness of the positioning
aid even more clearly than the MAD analysis (5.4.2.7).

5.5.2.5 Worst-case considerations
The focus of the section analysis so far was the determination of the mean absolute
variability (MAV), which was aggregated differently depending on the evaluation
criterion. However, for potential applications of the positioning aid in 3D body
scanning, it is also of interest what variability might occur in the worst case. Therefore,
the maximum distance measured between the three superimposed scans of the
participants was utilised to calculate the mean maximum variability of the sample
(MMV LS). The MMV LS was calculated across the sample for both experimental
conditions and either scanning technology (Equation 5-11). The results are presented
in Table 5-22 and Table 5-23 for the longitudinal and lateral directions separately for
the two scanning systems.
An extract of the results of the MMV measurements for the individual participants is
shown in Appendix 5-5 for the VITUSsmart LC laser scanner and in Appendix 5-6 for
the NX16 structured light scanner.
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Table 5-22: MMV of the participants across the sample based on gauging sections with and
without positioning aid measured with the VITUSsmart LC laser scanner

MMV LS with
From Table 5-22 it is apparent that the maximum values observed for the mean
maximum variability of the VITUSsmart LC laser scanner with positioning aid
(MMV LS with) amount to 13.6 mm in the y-direction (armpit) and to 11.5 mm in the zdirection (lower arm). Looking at the means shows that across all body locations, the
mean MMV LS with amounts to 8.8 mm in the longitudinal direction and to 7.0 mm in
the lateral direction.
As can be seen from Table 5-23, the variability with positioning aid does not exceed
11.2 mm in the y-direction (belly front, lower arm) and 12.8 mm in the z-direction
(lower arm) for the NX16 structured light scanner. The means across all body locations
with positioning aid amount to 8.9 mm in the longitudinal direction and to 8.7 mm in
the lateral direction. While the mean MMV LS with only marginally deviate in the y191

CHAPTER 5 – EFFECTIVENESS OF THE POSITIONING AID
direction, the mean observed for the NX16 in the z-direction is 1.7 mm than the
respective result ascertained with the VITUSsmart LC.
Table 5-23: MMV of the participants across the sample based on gauging sections with and without
positioning aid measured with the NX16

MMV LS w/o
Consistent with the findings reported in Section 5.5.2.2 concerning the MAV LS w/o,
the mean absolute variability without positioning aid (MMV LS w/o) were very similar
for both scanners. In the y-direction they differed by 2.2 mm and in the z-direction by
only 0.7 mm. Since the MMV LS w/o represents the 100% mark against which the
reduction is measured, and they hardly differ for both scanning technologies, the
reductions shown below are directly comparable.
Reductions
Utilising the positioning aid reduced the MMV LS in the y-direction by 71.7% and in
the z-direction by 58.8% for the laser scanner (Table 5-22). The highest reductions in
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MMV LS were observed in the longitudinal direction at the body locations head front
(89.6%) and min leg girth (88.0%). In the lateral direction, the greatest reductions were
achieved at the min leg girth (71.4%) and head front (68.5%). The least reductions
were found in the y-direction at the body locations armpit (56.4%) and at the breast
front (66.3%). In the z-direction, the reduction was the lowest at the upper arm (44.0%)
and at the breast front (48.0%).
The overall reduction in MMV LS achieved with the structured light scanner in ydirection amounts to 73.0% and in the z-direction to 47.5% (Table 5-23). The highest
reductions in variability were observed in the longitudinal direction at the body
locations head front (85.9%) and thigh crease (76.1%). In the lateral direction, the
greatest reductions were achieved for the min leg girth (74.3%) and the head front
(69.1%) body locations. The lowest reductions were found in the y-direction for the
body locations belly front (63.4%) and buttock girth point (68.4%). In the z-direction,
the lowest reductions were observed at the body locations upper arm (30.9%) and
buttock girth point (34.9%).
Comparing the results of the MMV evaluation with the corresponding MAV evaluation
shows that the mean reductions for either scanning technology deviate only marginally
in both longitudinal and lateral directions (< +/- 1%). However, the body locations at
which the maximum and minimum reductions occur do not correspond in every case.
Measured maximum values
So far, the focus has been on the mean maximum variability of the sample at a body
location. Potential users of the positioning aid, however, should also be aware of the
magnitude of the absolute maxima that occur. To this end, Table 5-24 and Table 5-25
present the three absolute maximum variability values observed with positioning aid
in longitudinal (y) and lateral (z) directions and the body locations at which they
occurred separately for the two scanning technologies.
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Table 5-24: The three maximum variability values observed with positioning aid in y- and
z-direction and the body locations at which they occurred for the VITUSsmart LC scanner
Participant
14
14
14

Max. V Liywith
[mm]
25,2
24.5
20.2

Body location

Participant

Armpit
Upper arm
Breast front

10
8
4

Max. V Liz with
[mm]
22.1
19.0
16.0

Body location
Upper arm
Lower arm
Armpit

Table 5-25: The three maximum variability values observed with positioning aid in y- and
z-direction and the body locations at which they occurred for the NX16 scanner
Participant
1
14
9

Max. V Liywith
[mm]
30.0
25.9
25.5

Body location

Participant

Buttock girth point
Lower arm
Belly front

1
10
2

Max. V Liz with
[mm]
29.0
20.2
16.3

Body location
Lower arm
Upper arm
Min.leg girth

From the tables, it becomes apparent that the maxima occurred predominantly at arms
and torso. Consistent with the findings related to the MMV, the maxima observed for
the NX16 structured light scanner were greater (max. 30 mm) than those for the
VITUSsmart LC laser scanner (max. 25.2 mm). It is worthwhile noting that participant
14 appears four times and participants 1 and10 each twice in the above tables. This is
an indication that these participants had more difficulties than others, to replicate the
posture even with the positioning aid.
In summary:
▪

The mean maximum variability observed when using the positioning aid
(MMV LS with) does not exceed 13.6 mm in case of the laser scanner and
12.8 mm in case of the structured light scanner at any of the body locations.
Compared with the corresponding means of the MAV LS with, the means of
the MMV LS with are between 16.7% and 66.0% higher depending on the
direction and the scanning technology.

▪

The mean maximum variability observed without positioning aid
(MMV LS w/o) is for both scanning technologies higher in y-direction than
in z-direction.

▪

The reduction in mean maximum variability (MMV LS) across all body
locations only marginally varied in the y-direction for either scanning
technology (VITUS, 71.7%; NX16, 73.0%) when using the positioning aid.
In the z-direction, higher reductions were achieved with the laser scanner
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(58.8%) than with the structured light scanner (47.5%). These results
almost coincide with the results of the MAV analysis (< +/- 1%).
▪

The comparison of the body locations at which the highest and lowest
reductions in mean maximum variability occurred with the corresponding
results of the MAV analysis reveals that they do not correspond in every
case.

▪

The absolute maximum variability values observed with positionin aid for
the NX16 structured light scanner were greater (max. 30 mm) than those
for the VITUSsmart LC laser scanner (max. 25.2 mm).

5.5.3 Comparison with ANSUR allowable inter-observer error
In order to relate the results of the MAD analysis to the current state of research, they
were compared with previously published research results and the ANSUR benchmark
(5.4.3). Since the evaluation of the human variability by gauging sections is a newly
introduced approach, there is no direct equivalent with which to compare. Although
the ANSUR allowable inter-observer errors are used as a benchmark for assessing the
variability of anthropometric measurements, due to the lack of better alternatives an
attempt has been made to also apply them to the variability determined in the section
analysis.
The ANSUR allowable inter-observer errors are categorised in errors related to
anthropometric breadths, lengths, depths and circumferences. The section analysis
provides the variability between multiple scans in lateral (z) and longitudinal (y)
directions at the nine selected body locations. The allowable inter-observer errors
related to breadths correspond to the lateral direction and those related to depths to the
longitudinal direction. However, not all nine body locations used in the section
analysis have corresponding ANSUR allowable inter-observer errors values. As
shown in Table 5-26 and Table 5-27 in the longitudinal direction five and in lateral
direction six ANSUR equivalents were identified.
From Table 5-26 it becomes apparent, that for the laser scanner in the longitudinal
direction the variability measured at the head front, belly front and thigh crease and in
the lateral direction at the armpit, breast front and buttock girth point stay below the
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ANSUR benchmark. At the remainder of body locations for which corresponding
ANSUR inter-observer errors were identified, the variability exceeds the benchmark
by 0.6 mm to 3 mm.
The results are similar for the structured light scanner (Table 5-27). In the longitudinal
direction the variability at belly front and thigh crease stay below the ANSUR
benchmark, at the head front it exceeds the ANSUR allowable inter-observer error
only marginally (0.2 mm). As for the laser scanner, the ANSUR benchmark is met in
the lateral direction at the armpit, breast front and buttock girth point. At the remainder
of locations, the variability exceeds the allowable inter-observer errors by 0.2 mm to
2 mm.
With a compliance rate with the ANSUR benchmark of around 50%, the results were
inconclusive.
Table 5-26: Comparison ANSUR allowable inter-observer error - Variability of the participants
across both directions (yz) with positioning aid for both scanning technologies

n.c.: no (ANSUR) correspondence
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Table 5-27: Comparison ANSUR allowable inter-observer error - Variability of the participants
across both directions (yz) with positioning aid for both scanning technologies

n.c.: no (ANSUR) correspondence

5.5.4 Comparison of PolyWorks and Anthroscan
5.5.4.1 Objectives
The Anthroscan software of the VITUSsmart LC laser scanner allows sections through
any location of a scan to be taken. This proprietary software, however, does not permit
importing and processing scans taken with the NX16 structured light scanner. As
explained earlier (5.5.1.2), PolyWorks was therefore selected as the software solution
for the section analysis allowing processing the scans of both scanning systems.
The fact that two software solutions were available for conducting the section analysis
of the VITUSsmart LC scans, however, opened up the possibility of evaluating
differences. Thus, the software was compared to identify variations in technical
characteristics and in the practical application. Furthermore, the analysis of the mean
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maximum variability was repeated with Anthroscan and compared with the
PolyWorks results to identify potential software related deviations in the results.

5.5.4.2 Differences in technical features and practical application
The comparison of the software packages PolyWorks and Anthroscan was limited to
the aspects that are relevant for the conduct of the section analysis. The following
crucial differences were identified:
Superimposing scans
Both software packages have in common that the superimposed scans of the
participants are displayed in different colours (Figure 5-17).

Figure 5-17: Display of three superimposed scans in different colours: (a) with Anthroscan;
(b) with PolyWorks

While both software solutions select the colours for the different scans automatically
in the first place, only PolyWorks allows the colours to be changed interactively. The
latter proved to be useful when it came to analysing clothed data.
Taking sections
When taking horizontal sections through superimposed scans, significant differences
between the two software solutions become obvious. Anthroscan displays the
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individual points of the point cloud for all superimposed scans in the same colour
(yellow) (Figure 5-18 a). The thickness of the section taken can be varied between
2 mm, 4 mm, 8 mm, and 16 mm. The thicker the section is, the more scan points are
available for measurements. However, since all scan points are yellow, it becomes
impossible to allocate the points to the different superimposed scans where the
contours are close or intersect even when selecting 2 mm as the thinnest section
thickness.

Figure 5-18: Section through three superimposed scans: (a) with Anthroscan (b) with PolyWorks

In contrast, PolyWorks maintains the colours allocated to the different superimposed
scans when taking sections (Figure 5-18 b). This way, unambiguous identification of
the scans is possible. PolyWorks takes a section and creates a continuous contour from
the points of the point cloud. The continuous contour facilitates measuring the
distances between the superimposed scans. However, it should be noted that neither
the thickness of the section is known nor how accurately the contour calculated by the
underlying PolyWorks algorithms corresponds to the real contour.
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Taking measurements
Anthroscan only permits distances between individual points of the point cloud to be
measured. Therefore, it is not possible to determine distances exactly in longitudinal
(y) and lateral directions (z) respectively. If there are larger deviations between
superimposed scans, as they typically occurred without positioning aid, even the
approximate measurement in y- or z-direction becomes impossible (Figure 5-19 a). By
contrast, PolyWorks allows the measurement of distances between contours of scans
exactly in the y- and z- directions (Figure 5-19 b).

Figure 5-19: (a) Point to point measurements with Anthroscan; (b) measurements in exact y-direction
and z-direction with PolyWorks

Documenting measurement results
To document measurement results, Anthroscan offers to take screenshots of the
respective measurement. However, the measurement situation as such cannot be saved
and revisited at a later moment in time. PolyWorks offers this functionality in addition
to taking screenshots.
In summary:
PolyWorks has distinct advantages over Anthroscan in each of the four compared
categories. Although Anthroscan offers the functionality to take sections through
superimposed scans, it is only partially suitable for the section analysis. In particular,
the fact that exact measurements in y- and z-directions are not possible affects the
precision of the measurements. The deficit that the superimposed scans are not
displayed in different colours and therefore are not always clearly assignable, further
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increases the level of inaccuracy. Conversely, the comparison shows that PolyWorks
has all the properties required to perform a section analysis with a high degree of
accuracy and reproducibility.

5.5.4.3 Comparison of the MMV analysis results
In the next step, the extent to which the use of different software influences the result
of the section analysis was investigated. To this end, the intention was to perform the
section analysis with Anthroscan and PolyWorks and subsequently compare the
results. To permit a meaningful evaluation despite the deficiencies of Anthroscan
identified in the previous section, the analysis of the mean maximum variability
(MMV LS) was selected for the comparison. For analysing the mean absolute
variability (MAV LS) the distances in y- and z-direction between all three
superimposed scans is measured. In contrast, determining the mean maximum
variability (MMV LS) only requires measuring the distance in both directions between
the two scans which are furthest apart. Although the contours of the superimposed
scans are depicted in the same colour with Anthroscan, the risk of incorrect assignment
of contours is thus largely excluded. This significantly reduces one of the two
identified causes of greater inaccuracy when using Anthroscan. However, the fact that
Anthroscan does not support measurements exactly in the direction of the axes of the
coordinate system remains a source of inaccuracy.
The scans taken with the VITUSsmart LC laser scanner were superimposed, and the
mean maximum variability was measured with Anthroscan. A screenshot of the
measurements for each section was taken and the measurements results documented
in an EXCEL file. An extract of the results of the MMV measurements for the
individual participants is shown in Appendix 5-7 for Anthroscan.
For the comparison, the results were aggregated to the entire sample and both
directions (MMV LyzS). Then the MMV LyzS values based on the Anthroscan
measurements were compared to the corresponding PolyWorks results (Table 5-28).
The table below presents the results obtained with the two different software solutions
for the nine body locations in the form of bar charts. These are particularly suitable for
performing a trend analysis by comparing the patterns that result from the different
lengths of the bars. The comparison reveals that the patterns are identical. This is an
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indication that irrespective of the software used the section analysis delivered the same
trend.
Looking at the means shows that the results obtained with Anthroscan are 1.2 mm
greater with positioning aid and 0.9 mm without positioning aid. Closer inspection of
the table reveals that the Anthroscan results are greater for all body locations in both
experimental conditions with just one exception (belly front, without positioning aid).
The greatest deviations were observed with positioning aid for the buttock girth point
(1.7 mm) and without positioning aid for the lower arm (1.9 mm). However, the
deviations found in the comparison are, without exception, below the 3 mm
measurement inaccuracy stated by the scanner manufacturer.
In conclusion, the results of the section analysis ascertained with Anthroscan and
PolyWorks show the identical trend for all body locations. In absolute terms, the
section analysis with Anthroscan led to greater MMV LyzS values. However, the
differences between the results obtained with the two software solutions were lower
than the measurement inaccuracy of the scanners for all body locations and both
experimental conditions.
Table 5-28: Comparison MMV of the VITUSsmart LC scans measured with and without
positioning aid using Anthroscan and PolyWorks respectively
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5.5.5 Statistical analysis
5.5.5.1 Rationale for the analysis
Hypothesis testing was performed based on the rationale described in Section 3.7 to
evaluate whether the differences between the mean absolute variability of individual
participants (MAV iΣL
) across all body locations with and without positioning aid are
statistically significant. In this context, the following statistical tests were conducted:
▪

A two-sample, dependent (paired), one-tailed t-test was selected for
hypothesis testing

▪

A Shapiro-Wilk test was performed to evaluate whether the normal
distribution of the sample difference as assumption for the t-test is met

▪

The effect size between the data obtained with and without positioning aid
was evaluated based on Cohen’s principles (Cohen d)

5.5.5.2 Descriptive statistics
Table 5-20 and Table 5-21 present the MAV iyz ΣLfor each participant across all body
locations in both experimental conditions separately for both scanning technologies.
The tables also include the resulting differences between the with and without
positioning aid observations constituting the sample difference.
The descriptive statistics of the data obtained with and without positioning aid as well
as the resulting sample difference are shown in Table 5-29 and Table 5-30 separately
for the two scanning technologies.
Table 5-29: Section analysis - descriptive statistics of the sample data
obtained with the VITUSsmart LC scanner
Descriptive statistics
Mean
Standard Deviation
Skewness
Kurtosis
Count

MAV iyz Ȉ/w/o
[mm]
16.29
1.26
-0.05
-0.61
15

MAV iyz Ȉ/with
[mm]
5.26
0.40
1.08
-0.40
15
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'
(Sample difference)
[mm]
-11.04
1.25
-0.05
-0.33
15
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Table 5-30: Section analysis - descriptive statistics of the sample data
obtained with the NX16 scanner
Descriptive statistics
Mean
Standard Deviation
Skewness
Kurtosis
Count

MAV iyz Ȉ/w/o
[mm]
16.88
1.37
0.80
0.71
14

MAV iyz Ȉ/with
[mm]
5.99
0.39
0.68
0.16
14

'
(Sample difference)
[mm]
-10.89
1.20
-0.53
0.52
14

5.5.5.3 Results of the normality tests
A Shapiro-Wilk normality test was performed, with the null hypothesis being that the
data is normally distributed and the significance level αset at 0.05.
The null hypothesis of normal distribution for the sample difference obtained with the
VITUSsmart LC laser scanner was not rejected (p = 0.590).
The null hypothesis of normal distribution for the sample difference obtained with the
NX16 structured light scanner was not rejected either (p = 0.526).
Thus, the assumption of normal distribution for the sample differences is considered
satisfied for both scanning technologies.

5.5.5.4 Results of the significance test
A paired sample t-test was performed to test the sample differences for significance
separately for the two scanning technologies. The null hypothesis was that there is no
difference between the mean absolute variability without positioning aid
(MAV iyz ΣLw/o) and the mean absolute variability when using the positioning aid
(MAV iyz ΣLwith). The significance level αwas set at 0.05.
The null hypothesis of equal variability with and without positioning aid was rejected
for the data obtained with the laser scanner (t(14) = 8.753, p < 0.001, one-tailed). Thus,
it can be inferred that utilising the positioning aid in combination with the VITUSsmart
LC laser scanner led to a significant reduction in variability. The mean decrease in
variability was 11.04 mm with a 95% CI ranging from 8.32 to 13.73 mm. The Cohen
d value (2.3) indicates a large effect size.
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For the data captured with the structured light scanner, the null hypothesis of equal
variability with and without positioning was also rejected (t(13) = 9.065, p < 0.001,
one-tailed). This suggests that utilising the positioning aid in combination with the
NX16 structured light scanner significantly reduced the variability. The mean decrease
in variability was 10.89 mm, with a 95% CI ranging from 8.29 to 13.48 mm. The effect
size according to Cohen’s standards was large (Cohen d = 2.4).

5.5.6 Discussion
5.5.6.1 Effectiveness of the 3rd generation positioning aid
The purpose of this study was to determine the effectiveness of the newly developed
positioning aid. The hypothesis was that the use of the positioning aid reduces body
sway and poor replication of postures and consequently results in lower postural
variability. The results of the section analysis revealed that the positioning aid
effectively reduced the mean absolute variability MAV LS between multiple scans for
all body locations in both lateral as well as longitudinal directions. The analysis of the
variability across both directions (MAV LyzS) revealed that irrespective of the
scanning technology the positioning aid led to high reductions at the body locations
head front and min leg girth. Smaller reductions were achieved at the upper arm and
armpit positions, which is why the sections were subjected to a closer visual
inspection. While the section through the buttock girth point showed no abnormalities,
the sections through the upper arm indicated that with either scanning technology
participants had difficulties in reliably repositioning their shoulder correctly in the
lateral plane (Figure 5-14). This “twisting” of the shoulders considerably increases the
deviation in the longitudinal direction for the armpit section but also has an adverse
impact on the precise repositioning of trunk and arms. Hence, the introduction of an
additional fixation element for the shoulder needs to be considered for future studies.
An option for further reducing the variability of the upper and lower arm is to adjust
the handles of the positioning aid at a height, which ensures that the arms are stretched.
This measure potentially reduces deviations due to varying elbow abduction.
The results observed without positioning aid (MAV LS w/o) were revealing in two ways.
Firstly, it became apparent that the variability in the lateral direction is lower than in
longitudinal direction. This supports the findings of Daanen, Brunsman & Robinette
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(1997) reported in the article "Reducing movement artefacts in whole-body scanning”,
which were considered in the development of the positioning aid (4.4.1). An
unexpected finding, however, was that the variability without positioning aid
(MAV LS w/o) was almost identical for both scanners. This suggests that the positioning
of the participants by the experimenters as well as the test conditions in both scanners
were consistent.

5.5.6.2 Technical variability
The section analysis of the scans taken in the reference test with the VITUSsmart LC
laser scanner showed that the MAV LRef value as the measure of technical variability
stayed well below the measurement accuracy of 3 mm at all body locations in either
direction. In case of the NX16 structured light scanner, the 3 mm threshold was
exceeded at two body locations in the z-direction (3.9 mm and 5 mm). The higher
technical variability observed for the structured light scanner is consistent with the
results of the MAD analysis. The inspection of the scans conducted during the section
analysis revealed that irregularities in the contour of the scans caused by defects in the
polygonal mesh and a more uneven scan surface resulted in the higher MAV LRef
values observed for the NX16 (Figure 5-13). These are believed to be a consequence
of the technical differences between laser and structured light scanners described by
Daanen and van de Water in their article “Whole-body scanning” (1998). As already
mentioned earlier, they attributed the lower accuracy of the structured light scanning
technology to the fact that decoding of patterns is more demanding and more complex
than decoding a laser line.
As far as the MAV LRef measured in longitudinal (y) and lateral (z) directions are
concerned, the results are inconclusive. While with the laser scanner higher MAV LRef
values were observed in the y-direction, the opposite was the case for the structured
light scanner.

5.5.6.3 Contribution of the technical variability to the overall variability
The comparison of the results of the reference test with those with and without
positioning aid (Figure 5-15 and Figure 5-16) is revealing in two ways. It becomes
apparent that the mean absolute variability between the repeated scans of the
mannequin that can be affiliated to the scanner hardware and software contributes
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between 9% (VITUSsmart LC) and 13% (NX16) to the overall variability. Furthermore,
the figures show that the positioning aid reduced the human variability irrespective of
the scanning technology by 74%.
This results in a significantly different picture compared to the corresponding outcome
of the MAD analysis (Figure 5-5 and Figure 5-6). In contrast to the MAD analysis, the
measuring chain in the section analysis did not include the automatic landmark
detection. Since the contribution of the technical variability amounted to between
34% (VITUSsmart LC) and 43% (NX16) in the MAD analysis, it can be inferred that
the automatic landmark detection portion of the software is a source of considerable
variability. This supports the findings reported in earlier studies (Ashdown and Dunne,
2006; Han and Nam, 2011c).
With a residual human variability of 26% for both scanners, there is only moderate
potential to further improve the effectiveness of the positioning aid.

5.5.6.4 Statistical analysis
The t-test performed on the mean absolute variability of individual participants
(MAV iΣL
) across all body locations with and without positioning aid showed for either
scanning technologies a significant decrease (p < 0.001) with a large effect size (d >
0.8) according to Cohen’s guidelines.
Due to the very small p-value, the possibility can, in fact, be ruled out that the observed
reduction in variability is random. The large effect size indicates that the newly
developed positioning aid not just significantly but effectively reduced the variability.
The statistical analysis of the results obtained by gauging sections gives a much more
favourable picture of the effectiveness of the positioning aid than that of the MAD
analysis.

5.5.6.5 Worst-case considerations
The analysis of the mean maximum variability of the sample (MMV LS) showed that
it did not exceed 13.6 mm for the VITUSsmart LC and 12.8 mm for the NX16 at any
body location in either direction. Comparing the means of the MMV LS with observed
with positioning aid with the corresponding means of the MAV LS with reveals that
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mean maximum variability exceeds the mean absolute variability between 46%
(NX16) and 51% (VITUSsmart LC). From this result, the rule of thumb can be deduced
that the mean maximum variability is approximately 50% greater than the mean
absolute variability.
The evaluation of the three absolute maximum variability values observed with
positioning aid in longitudinal (y) and lateral (z) directions showed that with 25.2 mm
for the laser scanner and 30.0 mm for the structured light scanner no extreme outliers
occurred. This is an indication that the participants were suitably well instructed as
how to use the positioning aid. On the other hand, it became apparent that the same
participants were repeatedly responsible for having caused maximum variability
values. They obviously had more problems than others to reliably reposition
themselves even with the help of the positioning aid. An improvement might be
achieved by installing light-sensitive cameras in the scanner booths, enabling the
experimenter to assist participants in correctly using the positioning aid even after the
scanner curtains have been closed.

5.5.6.6 Comparison with ANSUR allowable inter-observer error
Although it is evident that the ANSUR allowable inter-observer errors were primarily
used to evaluate the variability of manual and scan-extracted anthropometric
measurements, in the absence of alternatives, an attempt was made to use it also to
benchmark the results of the section analysis. To this end, the inter-observer errors for
depth and breadth measurements best corresponding with the longitudinal and lateral
variability at the nine body locations used for the section analysis were compared. The
comparison was inconclusive, as about half of the results met the benchmark and the
other half exceeded it.
A closer inspection of the data reveals that the ANSUR inter-observer error for the
head length was exceeded regardless of the scanning technology and for the head
breadth as well as the bimalleolar breadth by one scanning technology. With 3 mm for
the head length and 2 mm for head breadth and bimalleolar breadth, the inter-observer
errors for these measurements are particularly challenging. These comparably small
inter-observer errors result from the fact that compression of the tissue does not play a
decisive role at these bony body parts and the measurements are therefore less
susceptible to variations. However, the variability between repeated scans is
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completely independent of such influences. For this reason, the ANSUR benchmark is
of only limited use for evaluating the results of the section analysis. In fact, the
variability determined by gauging sections is a first benchmark against which future
positioning aids or comparable means to reduce variability should be evaluated.

5.5.6.7 Method comparison - MAD analysis vs section analysis
This study comprised of two distinct methods to evaluate the effectiveness of the
positioning aid, i.e. the analysis of the mean absolute differences (MAD) of
automatically extracted measurement and the analysis of the mean absolute variability
(MAV) determined by gauging sections. Both analytical methods demonstrated that
the positioning aid reduces the postural variability. Notable differences, however, were
found in the magnitude of the measured technical and human variability as well as in
the statistical significance. Comparing the means of the technical and human
variability determined by gauging sections with those of the MAD analysis shows that
they are more than 50% lower irrespective of the scanning technology used. This is an
important finding in that reducing the length of the measuring chain showed the
desired effect. For the section analysis, the measuring chain comprised of the scanner
hardware, the visualisation software and the measuring software. In contrast to the
MAD analysis, the automatic landmark detection software was out of the equation. It,
therefore, can be inferred that the landmark detection portion of the scanner software
caused the notably greater variability observed in the MAD analysis. Conversely, this
underlines the suitability of the section analysis, which not only is a more direct and
consequently more precise method to determine the effectiveness of the positioning
aid, but also provides directional information about the variability.
For the MAD analysis, the measurements extracted from the scans are imported into
EXCEL and evaluated. EXCEL allows manifold and in-depth analyses of the
measured data. This results in two challenges:
▪

The fact that the automatic extraction of anthropometric landmarks is
subject to uncertainties fades into the background. This involves the risk of
“over-interpreting” the results of the MAD analysis.

▪

It is not necessary for the MAD analysis to systematically inspect the scans.
Only in the case of conspicuous measurements or results, the relevant scans
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are inspected for the investigation of causes. As a result, the scans remain
largely unused as an essential source for any findings.

In contrast, the section analysis involves reviewing all scans made in the study. In this
way, possible sources of error are systematically identified, and at the same time,
suitable workarounds developed. On the other hand, this process makes the section
analysis more time consuming than the MAD analysis.
A unique feature of the MAD analysis is that it permits identifying adverse effects of
the positioning aid on the automatic measurement extraction from scans. It reveals
whether and if so, to which extent the positioning aid has an adverse impact on the
automatic measurement extraction from scans. Since the automatic and almost instant
extraction of measurements from scans is a pivotal advantage of 3D body scanners
over traditional methods, this information is crucial for the acceptance of a positioning
aid by potential users.
Balancing the advantages and disadvantages of the two analysis methods leads to the
result that the section analysis is the preferred method for quantifying the variability
between multiple scans. The MAD analysis, however, constitutes an important
supplementary element of the evaluation of the positioning aid, since it is the only way
to identify adverse effects of the positioning aid on the automatic measurement
extraction from scans.

5.6 Conclusions
The study aimed to determine the effectiveness of the newly developed positioning aid
in reducing the postural variability of participants during the scanning process. It was
specifically designed to address the following research questions related to the
positioning of participants (1.3):
Q2: If mechanical positioning aids were to be used, what is the minimum amount
of positioning required to achieve the desired result?
Q4: What is a suitable definition of the precision with which postures can be
replicated?
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Research question Q2 was addressed in Chapter 4 already as far as the selection of
fixation elements was concerned. The focus in this chapter, however, was to seek
quantitative confirmation for the selection of the fixation elements and to yield
information for further optimisation.
To address the above research questions, the objectives pursued in the study were:
▪

Determine the degree to which the positioning aid reduces body sway and
postural variability

▪

Understand the contribution of the different support elements of the positioning
aid to the reduction of body movement

▪

Identify additional body parts that contribute considerably to posture variability
and consequently need to be restrained

▪

Assess whether the positioning aid impedes the software-assisted extraction of
body dimensions

▪

Compare the precision of the anthropometric measurements extracted from the
scans with results of earlier studies reported by researchers in this field

▪

Judge whether the same design of the positioning aid can be used for both laser
and structured light scanning technology

The effectiveness of the positioning aid was evaluated based on the MAD index and
subsequently by gauging sections. From the results, the following conclusions can be
drawn:
a. The MAD analysis proved that irrespective of whether the positioning aid was
used in combination with the laser scanner or the structured light scanner, it
did not impede or adversely affect the automatic extraction of measurements
from scans.
b. The MAD indexes determined in this study were compared with those reported
earlier by two frequently cited researchers in this field and were found to lie
well in-between their results. This is an indication that the precision level
achieved in this study meets the standard in this field of research.
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c. When utilising the positioning aid, higher reductions in MAD index were
achieved with the laser scanner than with the structured light scanner
(28% vs 19%).
d. The section analysis showed that the selected support elements effectively
reduced the variability of the head, legs and lower arms. Lower reductions were
achieved at the body locations upper arm and buttock girth point.
e. Participants occasionally had difficulties to reposition their shoulder correctly
in the lateral plane. The introduction of an additional fixation element for the
shoulder area is believed to further reduce the variability by preventing the
participants from “twisting” their shoulders.
f. Regardless of the scanning technology, the MAV determined by gauging
sections with positioning aid were considerably lower than without. In both
absolute and relative terms, the reductions achieved with the two scanners were
in the same order of magnitude (67.5% and 64.4%). This suggests that when
using a positioning aid, the scanning technology does not greatly affect the
level of variability.
These findings address the research questions in the following manner:
Q2: The positioning aid incorporating fixation elements for head, arms, hip and
feet efficiently reduces the postural variability.
Q4: 9 mm for the mean absolute variability (MAV) and 13.5 mm for the mean
maximum variability (MMV) are proposed as suitable precision levels for the
replication of postures.
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6 CHAPTER 6 – CAPTURING CLOTHED 3D DATA

6.1 Introduction
The previous chapter presented the results of the anthropometric study conducted to
quantify the effectiveness of the 3G-STPA in reducing postural variability. To this end,
the MAD between multiple scan extracted measurements were analysed, and the MAV
was determined by gauging sections of multiple superimposed scans. Both analysis
methods showed that using the positioning aid significantly reduced the postural
variability regardless of the scanning technology used. The study also revealed that an
additional fixation element for the shoulder might further reduce the postural
variability.
This chapter describes how the positioning aid was adapted for use in a latestgeneration high-resolution scanner and how its application was extended to the seated
posture. Subsequently, it describes how the newly developed tools were used to collect
semi-nude and clothed 3D data of military personnel.

6.2 Aims and objectives
The aim of this chapter is to describe a study designed to collect semi-nude and clothed
anthropometric data in the standing and seated posture with and without positioning
aid. The fact that the most recent high-resolution laser body scanning technology was
used to collect the data required a redesign of the previous positioning aid resulting in
the 4th generation positioning aid for the standing posture (4G-STPA). In contrast to
the previously used scanners, the new scanner also permitted scanning individuals in
the seated posture. In order to be able to use the scanner's extended use spectrum for
the data collection, a positioning aid for seated posture was developed. The related
design activities were expected to lead to new insights necessitating an iteration of the
following two research questions already addressed in the preceding chapters:
Q2: If mechanical positioning aids were to be used, what is the minimum amount
of positioning required to achieve the desired result?
Q3: What form would mechanical aids need to take to avoid significantly
compromising the scan data?
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The chapter also includes the investigation of possible adverse effects of the 4G-STPA
on the automatic measurement extraction software as well as the analysis of the
effectiveness of both positioning aids. Therefore, the research question of the
achievable postural precision was reiterated:
Q4: What is a suitable definition of the precision with which postures can be
replicated?
To address the above research questions, the objectives pursued in the study were:
▪

Understand the implications of using a high-resolution laser scanner for the
visibility of the positioning aid on scans

▪

Identify the most suitable design for the support elements including an
additional fixture for the shoulder to restrain body movement without
compromising the quality of the scans

▪

Identify a study design for capturing anthropometric data of clothed personnel
with positioning aids that facilitates the determination of linear and spatial
differences between different clothing configurations.

▪

Assess whether the modified positioning aid for the standing posture impedes
the software-assisted extraction of body dimensions

▪

Determine the effectiveness, with which the two positioning aids reduce body
sway and postural variability

6.3 Positioning aids for a high-resolution body scanner
6.3.1 Instrumentation
6.3.1.1 High-resolution 3D whole-body scanner
The Technical Test Centre for Military Vehicles in Trier (employer of the PGR
student) purchased in December 2015 a VITUSbodyscan 3D body scanner manufactured
by VITRONIC. This scanner, which was the first of its kind delivered to a customer,
constitutes a major technological leap as it generates a high-resolution threedimensional image of the scanned object with colour texture within approximately 10
seconds (Figure 6-1).
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Figure 6-1: (a) 3D-body scanner “VITUSbodyscan“; (b) sample scan (VITRONIC GmbH, 2016)

The sensor heads mounted to the four columns of the scanner comprise an eye-safe
infrared (invisible) laser source (class 1 laser) and two infrared cameras each. When
the four sensor heads are simultaneously moving down from the top of the scanner, a
point cloud of the scanned object is generated utilising the principle of optical
triangulation. In combination with the Anthroscan software suite from Human
Solutions, the scanning system features an instant visualisation of the scans and a
precise and reproducible capture of anthropometric data in the standing and the seated
posture.
In contrast to earlier generations of body scanners, the new scanner is not lightsensitive. In total eight vertical LED stripes (two on either side of a scanner column)
provide the light conditions required for the four colour cameras, one of which is
integrated into each sensor head to capture the texture of the scanned object. Table 6-1
compares the technical specifications of the NX16 structured light scanner and the
VITUSsmart LC laser scanner used in the previous studies with the newly purchased
VITUSbodyscan scanner. In particular, the up to 43 times higher resolution of the new
scanner posed challenges when using the positioning aid, which are described in the
subsequent sections.
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Table 6-1: Technical data of the scanners used for the PhD research in comparison
Type

NX 16

smart LC
VITUS

bodyscan
VITUS

Manufacturer

[TC]2

VITRONIC

VITRONIC

Light source

White light,

Laser light

Laser light

8 non-moving
sensor heads
Optical
Measuring principle
triangulation
Scan volume
2 m x 1.2 m x 0.7 m
(h x w x d)

3 moving
sensor heads
Optical
triangulation
2 m x 0.9 m x 0.9 m
(triangle)

8 moving
sensor heads
Double optical
triangulation

Scan duration

8 sec

12 sec

6 -10 sec

Point density

2
42 points / cm

2
7 points / cm

2
300points / cm

Circumferential
accuracy

< 3 mm

< 3 mm

< 1 mm

Texture

No

No

Yes

Software

NX16 V 5.4

Anthroscan
V 3.4.0

Anthroscan
V 3.4.0 a

Technology

2 m x 1.2 m x 1.2 m

Sample scans

6.3.1.2 Development of a scanner platform
Due to its octagonal form, the scanner platform provided by the manufacturer is only
suited to a limited extent for attaching the fixation elements of the positioning aid. It
also is not possible to attach the positioning aid to the frame of the scanner booth since
the four sensitive sensor heads of the scanner are attached to it (Figure 6-2 a). The
transmission of motions and vibrations as they typically occur when adjusting the
positioning aid to the individual would jeopardise the calibration of the sensitive sensor
heads.
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Figure 6-2: (a) Standard scanner platform; (b) purpose-built platform with frame

Thus, the decision was taken to design and build a scanner platform optimised for the
integration of a mechanical positioning aid (Figure 6-2 b), for which the following
functional requirements were defined:
a. Scanner platform to have the same height as the standard platform and two
levels to facilitate access by the participants
b. Scanner platform to allow easy access to the electronic components
underneath
c. Scanner platform to permit performing the calibration process as stipulated by
the manufacturer
d. Scanning platform to incorporate a self-sustained frame located outside the
scanning volume and without interfering with the scanning booth or other
elements of the scanner
e. Frame to provide manifold possibilities to mount the fixtures of the
positioning aid and their adjustment elements outside the scanning volume
f. Frame to be adjustable in longitudinal direction (from the centre to the front
and the rear)
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g. Reference object to be provided in the scanning volume to facilitate aligning
the scans
On the basis of these functional requirements, a scanner platform was created that
consists of a lower platform, an upper platform and a self-supporting frame. In detail,
this is characterised by the following design features:
Lower platform
▪

The platform frame is made of 58 mm x 38 mm spruce wood profiles (Figure
6-3 a).

▪

A coated plywood panel with a thickness of 21 mm and precisely cut to the
shape of the scanner booth is screwed on top of the frame.

▪

In its centre, the lower platform has a cut-out, in which the upper platform is
inserted and allowing to access the electronic scanner components located on
the floor (Figure 6-3 b).

▪

The lower platform almost spans the entire width and depth of the scanner
booth (1995 mm x 1750 mm x 230 mm) making it accessible up to its edges.

Figure 6-3: (a) platform frame made of spruce wood; (b) upper platform inserted in the cut-out of the
lower platform

Upper platform
▪

The upper platform with the dimensions 1250 mm x 500 mm x 150 mm is
also made of a spruce frame covered with coated plywood.
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▪

To the left and the right of the platform a slide rail is mounted, to which a
bracket is attached. The brackets are adjustable in the longitudinal plane
over a range of 800 mm (Figure 6-4 a).

▪

The brackets are pivotable in two positions. Knurled screws allow them to
be fixed in the desired position (Figure 6-4 b). The brackets allow elements
of the positioning aid such as the vertical plexiglass tubes of the arm
fixation to be attached (Figure 6-7). Furthermore, they are needed for the
calibration of the scanner. The calibration process as stipulated by the
manufacturer requires a calibration tube to be scanned in five
predetermined positions, i.e. centre, right, front, left, rear. The brackets are
needed to position the calibration tube in the specified right and left
position.

Figure 6-4: (a) Upper platform with brackets on either side; (b) pivotable bracket with knurled screws
to fix it in the desired position

Self-sustained frame
▪

The self-sustained frame made of 60 mm x 60 mm struts remains
completely

outside

the

scanning

volume

of

the

scanner

(1200 mm x 1200 mm x 2700 mm).
▪

Aluminium profiles from Rexroth (Bosch) were selected for the frame
since a wide range of connection elements are available also from thirdparty suppliers.
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▪

The frame consists of three vertical struts on either side, which are
connected at the top and bottom by horizontal struts. Two additional
horizontal struts were installed halfway down to reinforce the three vertical
struts (Figure 6-5 a)

▪

The side sections are connected at the top with two horizontal struts. At the
bottom end, the frame is connected to a rail-carriage system, which is
mounted to the lower platform (Figure 6-5 b). The rail system allows the
frame to be moved 200 mm forwards or backwards from the centre. One
carriage on either side has a lock to fix the frame in the desired position.

▪

The frame-mounted to the rail carriage system is 2780 mm high, 1870 mm
wide and 620 mm deep. The frame without any attachments weighs
110.7 kg.

Figure 6-5: (a) side sections of the frame connected with two horizontal struts at the top;
(b) bottom of the frame-mounted to the rail-carriage system
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Reference object
In section 5.5.1.3 the challenges of superimposition of scans were discussed when
relying on the system defined coordinate system. For the previous study the raw scans
were used to overcome this issue. In order to simplify this process and to provide an
additional and software-independent option for the exact superimposition of scans, a
reference object was placed in the scan volume. The reference object marks the origin
of the coordinate system at which all scans can be aligned independently of the
software. A test was conducted, in which a cube, a sphere and a cone were examined
for suitability as a reference object (Figure 6-6). The test revealed that the contours of
the cone were the most easily identifiable on the scans and that its tip was well suited
for marking the coordinate origin. The cone was connected with a Plexiglas tube to a
circular base plate, which was mounted to the rear top strut of the self-supporting frame
(Figure 6-6 c).

Figure 6-6: Shapes tested for suitability as reference object: (a) cube; (b) sphere; (c) cone

6.3.2 Adaption of the 3rd generation positioning aid
6.3.2.1 Approach for the adaption of the positioning aid
The VITUSbodyscan 3D body scanner generates scans with a 43-times higher point
density than that of the VITUSsmart LC scanner used for the previous study (Table 6-1).
The significantly higher resolution increases the likelihood that parts of the positioning
aid become visible on scans despite careful material and design selection. In order to
examine to what extent this applies to the 3G-STPA, its fixation elements for head,
arms, hip and feet were mounted on the newly designed scanner platform and support
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frame. In addition, a shoulder fixation formed by two cross-shaped 2 mm steel wires
was introduced (Figure 6-7) in an attempt to address the requirement presented in
Chapter 5 (Figure 5-14 / 5.6) and aims to ensure a reproducible shoulder position in
the lateral plane.
The criteria for the suitability of a positioning aid so far were the visibility on scans
(4.4) and the adverse impact on the software-assisted (automatic) extraction of body
dimensions from scans (5.4.2.6). Consequently, appropriate tests were conducted with
the 3G-STPA installed in the VITUSbodyscan scanner to evaluate its suitability based on
these criteria.

Figure 6-7: 3G-STPA adopted to VITUSbodyscan 3D-body scanner

6.3.2.2 Visibility check
The Anthroscan software suite allows scans to be displayed either monochromatic or
with texture (colour). Since abnormalities are easier to identify on monochromatic
scans, they have been used for the visibility check. When taking the scans for the
visibility check, it is very important to scan an individual utilising the positioning aid
rather than the positioning aid separately. If only the positioning aid is scanned, it is
likely that it is invisible on scans since the software classifies the transparent elements
of the positioning aid as noise and eliminates them from the scan. If, however, the
positioning aid is scanned with an individual utilising it, the probability increases that
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the translucent parts of the positioning aid in the immediate vicinity of the body will
not be classified as noise and therefore become visible on the scans. The results of the
visibility check of the 3G-STPA adapted to the new scanner are shown in Table 6-2:.
Table 6-2: Evaluation of the fixation elements of the 3G-STPA in combination with the VITUSbodyscan
laser scanner
Fixture

Image

Scan

Impact on
Visibility automatic
on scan measurement
extraction

Head

No

No

Arms

Yes

No

Shoulder

Yes

Yes

Hip

Yes

No

Feet

No

No
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Whilst the fixture for head and feet remained invisible, the arm fixture, as well as the
hip support, became visible as a result of the significantly higher resolution. The newly
introduced shoulder fixation was also clearly visible on the scans.

6.3.2.3 Impact on the software-extracted measurements
In order to identify a possible impact of the positioning aid on the software-assisted
extraction of body dimensions from the scans, the following approach was taken:
▪

Three scans of one participant were taken both with and without
positioning aid.

▪

The standard set of 154 body dimensions offered by the Anthroscan
software suite were extracted from the scans.

▪

In case the software was not able to reliably extract a specific body
dimension from all three scans taken with positioning aid, the visualisation
of the respective measurement on the scan was analysed to identify
potential adverse effects of the fixation elements.

The latter was the case for the two body dimensions “Across back width” and “Neck
to across back width at armpit level” (Figure 6-8).
The cross-shaped shoulder fixation obviously prevented the software from identifying
the two anthropometric landmarks, required to measure the “Across back width”
(Figure 6-8 a). Instead, it selected two points approximately at the height of the upper
waist and not even located on the body (Figure 6-8 b). A similar effect was found for
the “Neck to across back width at armpit level”. It is believed that due to the shoulder
fixation, the software failed to identify the armpit level and measured the distance
between the neck and upper waist instead (Figure 6-8 c and d).
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Figure 6-8: Adverse impact of shoulder fixation on automatic measurement extraction of the body
dimensions “across back width” ((a) without positioning aid,(b) with positioning aid)
and “neck to across back width” ((c) without positioning aid, (d) with positioning aid)

The body dimensions related to the remaining four fixation elements were extracted
reliably (Table 6-2).
In summary:
▪

Due to the high resolution of the scanner, the 2 mm steel wires used for the
shoulder fixation as well as for the hip support are clearly visible on the
scans.

▪

To a lesser extent, this also applies to the handles of the arm fixation.

▪

The shoulder fixation impedes the software-assisted extraction of
measurements from the scans for the body dimensions across back width
and neck to across back width.

To eliminate the identified adverse effects of the 3G-STPA on the data integrity and
the automatic extraction of body dimensions, the redesign of its fixation elements was
required.
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6.3.3 4th generation positioning aid
6.3.3.1 Functional requirements
The redesign of the 3G-STPA focused on identifying design solutions for its fixation
elements that avoid their visibility on scans to the greatest possible extent despite the
high resolution of the new scanner. However, since the positioning aid was to be used
by soldiers wearing personal protective equipment (PPE), attention had also to be paid
to a robust design, the ease of handling, and improved adjustability.
The functional requirements for the 4G-STPA were based on those of its predecessor
(4.4.2), but also considered the possibilities offered by the purpose-built scanner
platform:
a.

Fixation elements to be provided for head, shoulder, arms, hip and feet

b.

Fixation elements to achieve the maximum possible stiffness

c.

Fixation elements to be made of translucent Plexiglas tubes to reduce the
reflection of the light emitted by the scanner

d.

Alternatively, fixation elements made of wire or cord with a diameter below
the resolution of the scanner or non-reflective material

e.

Design and adjustment elements of the fixtures to be relocated as far as
practicable outside the scanning volume

f.

Refraction artefacts of the fixation elements on the scanned body as well as
artefacts on the scans to be minimised through the optimised placement of the
fixation elements

g.

The adjustment range of the fixation elements should be as large as the scan
volume allows, but must include the 5th percentile German female and the 95th
percentile German male in terms of stature as a minimum requirement
(informed by the results of the survey “sizeGERMANY” conducted
2007/2008)
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6.3.3.2 Design of the support elements
Guided by the above functional requirements, the fixation elements of the positioning
aid have been systematically optimised for the use in the high-resolution scanner. The
iterative design process resulted in new design solutions for the fixtures of shoulders,
arms and hip and their adjustment options. Whilst the general design principles for the
fixtures for head and feet remained unchanged compared to the 3G-STPA, several
optimisation measures have been taken regarding their adjustment, robustness and
handling. The final configuration of the 4G-STPA is shown in Figure 6-9.

Figure 6-9: 4G-STPA for the standing posture(left); Sample scan (right)

Head fixture – As for the previous head fixture, a mouthpiece incorporating a stop
collar was fixed to one end of a solid Plexiglas rod with a diameter of 8 mm. The
opposite end of the rod was inserted in holes drilled through the bottom end of a
vertical Plexiglas tube (also referred to as centre tube) with a diameter of 44 mm and
a material thickness of 2 mm.

227

CHAPTER 6 – CAPTURING CLOTHED 3D DATA
To increase the adjustment range of the head fixture and to facilitate the handling, the
following design measures were taken:
▪

With a lathe, one end of the Plexiglas rod was reduced in diameter from
8 mm to 6 mm over a length of 15 mm. This created an accurate connection
for the mouthpiece (Figure 6-10 a).

▪

The mouthpiece used for the alcohol analyser "alca® AH 326 Test Set"
was selected for the head fixture since it was easily replaceable and
acceptable in cost.

▪

The overall length of the Plexiglas rod was altered from 400 to 600 mm in
order to increase its adjustment range in the sagittal plane.

▪

Set collars with a grub screw positioned in front and behind the centre tube
allowed the position of the rod relative to the centre tube to be fixed after
adjustment to a specific individual (Figure 6-10 b).

▪

The diameter and material thickness of the centre tube also remained
unchanged (44 mm and 2 mm). However, its length was increased from
600 mm to 1,000 mm to increase the height adjustment range. A total of 24
holes with a diameter of 8 mm were drilled on both sides into the centre
tube at a vertical distance of 30 mm to hold the rod.

▪

The centre tube was placed over a 120 mm long steel tube with a diameter
of 40 mm. In contrast to the 3G-STPA, the circular base plate ( 105 mm)
of the steel tube was attached to the frame of the scanner platform outside
the scanning volume using strong Neodymium magnets (Figure 6-10 c).
Two guide pins ensured the exact and reproducible positioning of the base
plate on the frame. This measure allowed easy removal of the centre tube
to ease entering and leaving the scanner platform when encumbered with
protective gear (Figure 6-10 d).
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Figure 6-10: (a) Plexiglas rod – mouthpiece connection; (b) set collars with grub screw to fix the
position of the rod; (c) centre tube fixed to the self-sustained frame of the scanner
platform; (d) two guide pins and three strong magnets ensuring exact positioning of the
centre tube to the frame

Shoulder fixture – Due to the adverse effects of the shoulder fixation in form of a
crossed wire presented in Section 6.3.2, a fundamental redesign was required. Tests
with the high-resolution scanner showed that Plexiglas tubes midway between the
scanner columns cause little artefacts, if any. From this, a general principle for the
positioning of the Plexiglas elements was derived. In the standing posture, the scanner
manufacturer stipulates that the scanned individual is positioned in the middle of the
square, the corners of which are formed by the scanner columns. In this position, the
individual's shoulders are advantageously exactly midway between two columns on
either side. To avoid the individuals twisting their shoulder during the scanning
process, a shoulder fixation in form of a horizontal Plexiglas tube is located over the
shoulder on either side. While one end of the tube is fixed to the frame (Figure 6-11
a), the other end is equipped with a pivotal clip (Figure 6-11 b) allowing the connection
of the shoulder fixation to the clothing of the individual (Table 6-3). When the shoulder
is twisted, force feedback is created, which is supposed to cause the individual turn
back the shoulders until it has disappeared. The shoulder fixation features the
following adjustment elements:
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▪

The Plexiglas tube ( 12 mm, L = 650 mm, t = 2 mm) is inserted in an
aluminium tube ( 18 mm, L = 250 mm, t = 2.5 mm), which is mounted to
a base plate (100 mm x 60 mm x 8 mm). The base plate is attached to two
sliding blocks in the guide of the centre frame profile and can, therefore,
be adjusted vertically. A red pointer connected to the base plate and a mmscale attached to the rail system of the self-sustained frame allow the
precise height adjustment (Figure 6-11 c).

▪

The lateral adjustability is achieved by two thumbscrews inserted in the
aluminium tube, which fix the Plexiglas tube in the desired position (Figure
6-11 d).

Figure 6-11: (a) shoulder fixation for right shoulder; (b) pivotal clip attached to Plexiglas tube;
(c) height-adjustable base plate with pointer and scale, (d) two thumbscrews allowing to adjust the
Plexiglas tube in the lateral direction

Arm fixture – The vertical Plexiglas tubes of the arm fixation of the 3G-STPA were
located completely within the scanning volume and the height adjustment of the
handles was only possible in 30 mm increments. Due to the frame of the newly
developed scanner platform, the arm fixation design has been significantly improved
in terms of robustness and adjustability. The new arm fixation is formed by a
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horizontal Plexiglas support beam ( 24 mm, L = 445 mm, t = 3 mm) holding the
front-facing handle ( 12 mm, L = 130 mm, t = 3 mm) at one end. The other end is
slid over an aluminium tube with a base plate of the same dimensions as that used for
the shoulder fixation (Figure 6-12 a and b). A set collar with a grub screw allows the
support tube to be adjusted laterally on the aluminium tube holding it (Figure 6-12 c).
Two thumbscrews and a pointer in combination with a mm-scale facilitate its height
adjustment in the guide of the centre frame profile (Figure 6-12 a).

Figure 6-12: (a) arm fixation for the left arm; (b) handle inserted in the support tube; (c) set collar
with a grub screw to fix the position of the support tube in lateral direction

Hip fixture – Since the steel wire with a diameter of 2 mm used for the 3G-STPA
became visible on scans taken with the high-resolution scanner (Table 6-2), a redesign
of the hip fixture was required. When replacing the 2 mm steel wire by a single wire
or cord with diameters of 1 mm or less, the hip fixture was not visible on scans
anymore. However, this design solution was found to be unsuitable since it did not
generate sufficient force feedback in case of postural changes in the 10-20 mm range
despite high tension of the cord. A significantly improved force feedback could be
achieved with four parallel cords with a diameter of 1 mm. The cords of exactly the
same length are attached at both ends to a square aluminium tube (15 mm x 15 mm)
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with a length of 55 mm (Figure 6-13). These are fastened with tensioning screws to a
base plate, which is mounted to the centre and rear frame profile (Figure 6-13 a and c).

Figure 6-13: (a) hip fixation; (b) four cords attached to the square tube; (c) base plate allowing to
adjust the hip fixation longitudinally and in height

The hip fixation features the following adjustment elements:
▪

The base plate is connected at either end to the rail system of the frame with
two knurled screws. At the upper edge of the base plate, a spirit level has
been mounted, which makes it possible to align it exactly horizontally. A
red pointer connected to the base plate and a mm-scale attached to the
frame profiles facilitate the precise height adjustment. (Figure 6-13 c).

▪

The longitudinal adjustability is achieved through a horizontal slit in the
base plate in which the position of the tensioner can be varied over a range
of 200 mm. Again, a mm-scale facilitates the precise adjustment (Figure
6-13 a and c).

Foot fixtures – The foot measuring gauges used for the 3G-STPA as foot fixtures were
modified for the use on the newly developed scanner platform. Previously, the foot
fixtures were permanently fixed in a specific location on the scanner platform. Since
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the new scanner platform was to be used not just for the positioning aid for the standing
posture but also with a newly developed SEPA, the foot fixture had to be adjustable in
the longitudinal direction. To this end, the heel cups were cut off from the rest of the
foot gauge and fitted with two guide pins (Figure 6-14 a). At a lateral distance of
375 mm, a total of 36 pairs of holes were drilled into the scanner platform (Figure 6-14
b). As a result, an adjustment range of 620 mm in 20 mm increments was achieved.

Figure 6-14: (a) heel cup with two guide pins; (b) 32 pairs of holes in the platform allow to vary the
position of the heel cups in the longitudinal plane

Adjustability – Compared to its predecessor the adjustability of the 4G-STPA
improved considerably in that
▪

the height adjustment ranges were enlarged,

▪

the arm and shoulder fixations are now also adjustable in the lateral plane,

▪

the hip and foot fixation also feature adjustment options in the longitudinal
plane,

▪

apart from the head and the foot fixation, the positioning aid is infinitely
adjustable.

Figure 6-15 depicts the adjustment ranges of the fixation elements relative to the
scanner platform. It needs to be noted that the adjustment ranges do not consider the
fact that the frame the positioning aid is mounted to is also adjustable in the
longitudinal plane (Figure 6-5). However, the longitudinal adjustment option of the
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frame has not been used in practice. Once the frame was fixed exactly in the middle of
the platform, there was no need for further adjustment.

Figure 6-15: Adjustability of the 4G-STPA

6.3.3.3 Visibility and impact on software-extracted measurements
To find out whether the redesign efforts led to the desired result, all potential design
solutions had to undergo a visibility test. In addition, it was investigated whether the
fixtures of the 4G-STPA have an adverse effect on the automatic extraction of body
dimensions with the Anthroscan software. For the aforementioned tests, the same
principles and criteria applied as for the tests with the 3G-STPA described in 6.3.2.2
and 6.3.2.3.
Table 6-3 gives an overview of the test results.
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Table 6-3: Evaluation of the fixation elements of the 4G-STPA in terms of visibility and impact on
automatic measurement extraction

Fixture

Image

Scan

Head

Impact on
Visibility automatic
on scan measurement
extraction

No

No

(No)
Clip
causes
little
artefacts

Shoulder

No

Hip

No

No

Arms

No

No

(No)

Heel cups
cause
minor holes in
the scan)

Feet
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Visibility test
▪

The head, arm and hip fixation are invisible on scans.

▪

While the Plexiglas tube of the shoulder fixation remains invisible, the
pivotal clip attached to it causes minor artefacts. The latter was not to be
expected because of the chromed surface as laser scanners have difficulties
to detect reflective surfaces.

▪

The part of the heel cap covered with self-adhesive black foil causes a
minor hole in the scan. This is unexpected since the design remained
unchanged in comparison to the 3G-STPA and this effect did not occur
there (Table 6-2).

Impact on software-extracted measurements
All 154 standard Anthroscan body dimensions were reliably extracted by the
Anthroscan software.
Only minor artefacts of the shoulder fixation and heel cups remain visible on scans,
which do not have an adverse impact on the software-extracted measurements. This
suggests that the 4G-STPA is fully suitable for use in the high-resolution scanner.

6.3.4 Positioning aid for the seated posture
6.3.4.1 Functional requirements
In contrast to the previous studies, the encumbered anthropometry study also included
scans in the seated posture. It is therefore necessary to develop a positioning aid for
the seated posture (SEPA). Since the fixation elements for the standing posture
eventually met the design criteria, the design principles and functional requirements
were also adopted for the seated posture (6.3.3.1).
For the study, the seated posture according to ISO 7250-1 (2008) was selected, which
delivers the key seated body dimensions and therefore has been used in numerous
large-scale anthropometric surveys (Gordon et al., 1988; Paquette, Gordon and
Bradtmiller, 2009; Keefe, Angel and Mangan, 2012). ISO 7250-1 stipulates for the
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seated posture that the upper and lower legs have to be at a 90° angle and both forearms
are bent 90° with hands in a fist.
Figure 6-16 shows the final design of the SEPA per ISO 7250. The fixation elements
deviating from those for the standing posture are depicted in Table 6-4 and their design
is described in more detail below.

Figure 6-16: Positioning aid for the seated posture (SEPA) (left); Sample scan (right)

6.3.4.2 Design of the support elements
Stool – A commercially available height-adjustable stool was mounted on a base plate
with four guiding pins on its bottom, creating a robust and easily detachable
connection. For the seated posture according to ISO 7250-1, the upper and lower legs
have to be at a 90° angle. Therefore, the stool and the heel cups were placed at a
distance from each other that fulfilled this requirement. (Figure 6-17).
Head fixture – Due to the lower head position when sitting, the centre tube of the head
fixation had to be extended to a length of 1400 mm. In order to ensure an adequate
stiffness of the head fixation, the diameter of the centre tube was increased to 50 mm
with a material thickness of 3 mm. The tube was slid over a metal tube with a length
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of 250 mm and a diameter of 42 mm. The attachment to the frame remained
unchanged.

Figure 6-17: height-adjustable stool

Elbow fixture – To prevent variability of the upper arms in lateral direction a fixation
element for the elbows was introduced. It was assumed that this new fixation element
also stabilises the shoulder region of the individuals and thus makes the shoulder
fixation unnecessary. For the elbow fixation the design elements of the shoulder
fixation, apart from the pivotal clip, were reused (6.3.3.2). The individual is expected
to press the elbows against the end of the Plexiglas tube ( 12 mm, L = 460 mm, t =
2 mm), which is adjusted to ensure that the right and left arm from elbow to fist are
parallel and pointing to the front of the scanner (Figure 6-18).

Figure 6-18: arm and elbow fixture
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Arm fixture – In the seated posture as per ISO 7250-1, both forearms are bent 90°
with hands in a fist. This required turning the handles of the arm fixation in an upright
position (Figure 6-18).
Knee tube – Like the elbows, the knees are susceptible to variability in the lateral
direction. Therefore, a Plexiglass “knee tube” ( 56 mm, L = 250 mm, t = 3 mm) was
introduced as an additional fixation element, the individuals were expected to clamp
between the lower legs. The upper edge of the tube was placed exactly at the height of
the knee pit to ensure reproducibility (Figure 6-19).

Figure 6-19: Plexiglas knee-tube clamped between lower legs

Hip fixture – retained unaltered.
Foot fixtures – retained unaltered.
Adjustability – Figure 6-20 depicts the adjustment ranges of the fixation elements
relative to the scanner platform. As for the 4G-STPA, the adjustment ranges of the
SEPA do not consider the fact that the self-sustained frame itself is adjustable in the
longitudinal plane (6.3.3.2). In practice. the frame remained fixed in the longitudinal
plane in the centre of the platform for the entire study.
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Figure 6-20: Adjustability of the SEPA

6.3.4.3 Visibility and impact on software-extracted measurements
Impact on software-extracted measurements
A fundamental difference between the seated and the standing posture is, that the
Anthroscan software does not offer fully automatic extraction of body dimensions
from seated scans. In contrast to the standing posture, the operator has to mark the
relevant landmarks on the scans manually guided by a software “wizard”. After the
operator has completed this task the software calculates the body dimensions. In a third
step, the operator is expected to check the visualisation of the measurements conducted
by the software for potential errors and correct them as and when required. Since no
automatic extraction of body measurements is offered for the seated posture, there is
no need to examine any negative effects of the positioning aid on it.
Visibility test
The design solutions for the fixtures of the positioning aid had to undergo the visibility
test as described in Section 6.3.2.2. An overview of the result is shown in Table 6-4.
The head, elbow and hip fixation are invisible on scans.
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Table 6-4: Evaluation of the fixation elements of the SEPA in terms of visibility

Fixture

Image

Scan

Impact on
Visibility automatic
on scan measurement
extraction

Head

No

n/a

Elbow

No

n/a

No

Only very
minor
artefacts
remain
visible

Arms

Hip

No

n/a

n/a

(No)

Minor
artefacts
remain
visible

Knee

n/a

(No)

Heel cups
cause
minor holes
in the scan

Feet
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In summary:
▪

In contrast to the positioning aid for the standing posture, the arm fixtures
in the seated posture cause minor artefacts on the scan. This is because the
arm fixtures are located further forward and not midway between the
scanner columns as in the standing position.

▪

For the same reason, the knee tube creates small artefacts on the scan.

▪

As seen with the 4G-STPA, the black surface of the heel cups causes an
insignificant hole in the scan.

The fixation elements cause only minor artefacts on the scan, which do not result in
any occlusions of body parts. Thus, the SEPA was also found to be suitable for use in
the high-resolution scanner.

6.3.5 Monitoring the participant during the scanning process
The two scanners used for the previous studies were light-sensitive and required that
the scanner booths had to be completely shielded from light ingress to ensure the
desired scan quality. Consequently, it was completely dark in the scanner booth and
impossible for the experimenters to monitor the posture of the participants during the
scanning process. However, it was considered desirable for the experimenters to be
able to check that the participants maintain the correct posture throughout the scanning
process. Taking advantage of the fact that the new scanner is not light sensitive two
USB cameras were installed close to the upper right and left corner of the support
frame. The cameras allowed the experimenters to monitor the participant’s posture and
the correct application of the positioning aid prior to and during the scanning process
(Figure 6-21).
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Figure 6-21: (a) USB camera installed in the top rear corner of the scanner booth; (b) scanner
operator monitoring the posture of the participant on a separate monitor (left); (c) images of the
two USB cameras on the monitor

6.4 Encumbered anthropometry study
6.4.1 Introduction
After the design of the positioning aids for the standing and seated posture was found
to be suitable for use with the high-resolution 3D body scanner an essential
prerequisite for the conduct of the encumbered anthropometry study was met. As
shown in the previous study, utilising the positioning aid allows individuals to reliably
replicate postures with a mean absolute variability (MAV) of less than 10 mm. This is
a prerequisite for precisely superimposing multiple scans of the same individual
obtained in different clothing conditions. The resulting data can be used for
determining the linear, circumferential and volumetric differences between different
clothing configurations. These are important input variables e.g. for developing
representative 3D human models featuring protective equipment and, above all, for
optimising the work station design for encumbered personnel.
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Currently, more than 20 countries are either developing or already procuring soldier
systems for their infantrymen. The soldier systems typically comprise protective
clothing and equipment as well as navigation, communication and night vision
equipment. The German Bundeswehr is one of the Armed Forces introducing such a
soldier system into service (Figure 6-22).

Figure 6-22: Components of the German soldier system
(Indian Defence Review (IDR)- News Network, 2012)

The trade-off for the improved capabilities and better protection for the soldiers is the
increased space claim. That is why the new soldier system is not compatible with the
existing workstations of armoured vehicles, which have not been specifically designed
for it (Figure 6-23).
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Figure 6-23: Incompatibility of the German soldier system with the workstation of an armoured
vehicle not specifically designed for it
(Source: Bundeswehr Technical Center for Weapons and Ammunition (WTD 91))

There are numerous civilian user groups that suffer from the same or similar
challenges. Since the PGR student was working at a test centre of the German Armed
Forces at that time, it was expedient to carry out a 3D encumbered anthropometry
study with the newly introduced soldier system. Combining the data collection for the
PhD together with a professional data collection introduced no compromises on the
PhD work.
The 3D data of the soldiers with their new equipment were regarded as valuable input
for the modification of the workplace design of legacy vehicles. In addition, the 3D
data were to be used to validate DHM software developed by Human Solutions as a
self-funded activity to model soldiers with their specific equipment. To this end, the
German Army Command commissioned three infantry units to find volunteers to
participate in the study, which was carried out at the Technical Test Centre for Military
Vehicles in Trier.

6.4.2 Study design and rationale
The encumbered anthropometry study serves the following three distinct purposes:
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a. Collection of semi-nude and clothed data of military personnel as the basis for the
determination of the space claim differences between the clothing configurations.
To this end the participants are scanned with positioning aid both standing and
seated in three clothing configurations:
▪

tight underwear (Table 6-5, CL0)

▪

combat clothing and protection vests of the German soldier system (Table
6-5, CL1),

▪

all elements of the PPE belonging to the German soldier system (“fully
protected” (Table 6-5, CL2)).

b. Analysis of the effectiveness of the two newly developed positioning aids in
reducing human variability. The results of the analysis allow the precision, with
which scans taken in the above clothing configurations can be superimposed, to be
determined.
As in the previous study, participants are scanned semi-nude (in tight underwear)
with and without positioning aid.
c. Taking scans of participants in postures stipulated by the developer of the RAMSIS
Digital Human Modelling (DHM) Software allowing it to automatically generate
digital human models resampling the main body dimensions of the participants.
These datasets were generated to validate a new software module for clothed
DHM, which is described as a case study in Chapter 7. Participants were scanned
semi-nude in two standing and a seated posture.

6.4.3 Sampling strategy
As explained in Section 3.5.3 in detail, cluster sampling can be assumed for this study
since complete squads from three different Infantry units took part in the study on a
voluntary basis. A sample size of > 30 was targeted in order to meet the statistical
criterion of a large sample for the hypothesis testing (3.7.1). The only two prerequisites
the participants in the study had to meet were adult age (18) for ethical reasons and a
reasonable degree of physical fitness. as a prerequisite for performing the tests fully
encumbered over a period of > 1 hour without noticeable signs of fatigue. Since both
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are admission requirements for the infantry, these two prerequisites for participation
in the study are considered to be met.

6.4.4 Setup of the study area
In preparation for the study, a former workshop was converted into a scanner
laboratory with an area for the in-processing of participants in front of it (Figure 6-24).
The scanner room had to meet the following technical requirements:
▪

Surface area:

15 m2 (5 m2 for the 3D scanner)

▪

Floor:

level and vibration-free

▪

Temperature:

15-30° C (at max. 70% rel. humidity)

▪

Light conditions: No direct sunlight

▪

Power supply:

1000 W

Apart from the scanner two computer workstations and a cabinet for the storage of
personal clothing and equipment were set up in the scanner room. A double door was
installed to allow entering the room with a pallet jack to facilitate the handling of heavy
equipment if required. In front of the room, a changing booth for the participants was
installed, which was separated from the rest of the study area by folding screens to
ensure the privacy of the participants. The in-processing of the participants took place
in a meeting room next to the study area. Figure 6-25 shows the layout of the study
area.

Figure 6-24: Conversion of a former workshop into a scanning laboratory
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Figure 6-25: Layout of the study area

6.4.5 In-processing and participant preparation
Since at the Technical Test Centre no guidelines for tests involving humans were in
place, the ethics regulations of Loughborough University formed the only basis for the
study conduct and were applied without exception. In preparation for the study the
Ethical Clearance Check List, the Adult Participant Information Sheet and the
Informed Consent Form were produced in the recommended format (Appendix 6-1).
After University approval, the information sheet and the consent form were translated
into German.
On a strictly voluntary basis 37 human participants were recruited to participate in the
study, ranging in height from 168.1 to 190.0 cm (M = 179.6 cm, SD = 5.9 cm) and in
weight from 63.1 to 146.8 kg (M = 86.8 kg, SD = 16.4 kg). Although there are no
gender-related admission restrictions in the German Armed Forces there is a lack of
female personnel in the infantry. Therefore, the sample was male-only.
Before the start of the tests, the participants were briefed verbally about the objectives
of the study and the measures taken to ensure anonymity and confidentiality
respectively. Once they had read the Adult Participant Information Sheet the
participants were asked to sign the Informed Consent Form. Then they were asked to
change into the first clothing configuration for the study in the changing booth in front
of the scanner room.
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6.4.6 Test conduct
The experimental protocol included 27 scans of each participant in three different
postures and in three different clothing configurations separately with and without
positioning aid. In total 999 scans of the sample were taken. A detailed overview is in
Appendix 6-2.
In summary:
▪

Three semi-nude scans (Table 6-5, CL0) were taken with and without
positioning aid both in the seated and the standing postures (3 scans x 4) to
determine the effectiveness of the positioning aids. In contrast to the
previous study, the participants kept their undershirt on to reduce the time
for getting changed into the subsequently described encumbered
configurations. Since the underwear was stretch-like, the contour of the
upper body was expected to be well represented on the scans.

▪

Three scans (two in standing postures, one in the seated posture), all of
them without positioning aid, were specifically taken to generate 3D
models representing the key dimensions of the participant in a 3D software
tool used at the Technical Test Centre.

▪

Three scans were taken in the two clothed configurations (Table 6-5, CL1
and CL2) and two different postures (seated and the standing) postures with
positioning aid (3 scans x 4). The scans served the analysis of the precision
of superimposed scans in multiple conditions and the space claim
differences between the different clothing configurations.

▪

All scans were taken with the participants wearing socks even in the
encumbered configuration. Boots would have led to differences in height
and to a slightly different body posture compared to the semi-nude scans.
This would have made it difficult to superimpose the semi-nude and
clothed scans. The boots of the German soldier system are almost identical
in terms of space claim with the regular boots used in the German Army
and therefore were not of particular interest for the clothed anthropometry
study.
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Table 6-5: Overview of clothing configurations
Clothing
configuration
Semi-nude

Front

Side

Back

CL0
▪ Tight underwear

▪ Socks

Combat clothing

CL1
▪ Combat jacket
▪ Combat trousers
▪ Protection vest

Fully encumbered

CL2
▪ Combat jacket
▪ Combat trousers
▪ Protection vest
▪ Helmet
▪ Electronic
backpack

After the participants completed the in-processing and got changed the positioning aid
was adjusted to their physical dimensions (semi-nude). Then they were instructed how
to take the correct posture and how to use the positioning aid correctly. The participants
were requested to continue breathing quietly throughout the scanning process. Once
the doors of the scanner booth were closed, the experimenter monitored the correct
application of the positioning aid as well as the retention of the correct posture with
the help of the two USB cameras installed in the scanner. After each scan, the
participants were asked to relax.
Getting changed five times (25 min), installing the positioning aid for the standing
posture (5 min), adjusting it (5 min), changing to the SEPA (5 min), adjusting it (5
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min) and taking 27 scans (60 min) led to an average test time of 105 min per
participant.
For organisational reasons, the study was conducted in three dedicated test weeks
spread over a two-month time period:
▪

21st – 23rd Nov 2016

10 participants

▪

9th – 12th Jan 2017

11 participants

▪

23rd – 25th Jan 2017

16 participants

The experimental protocol proved to be practical and the time needed for processing
one participant decreased from 105 to 95 minutes over the course of the study.

6.4.7 Reference test
As in the previous study, a reference test was performed with a mannequin as the
mannequin completely eliminates the effects of human variability (5.3.6). Due to the
limited adjustability of the mannequin' s extremities, no reference test could be
performed in the seated posture. The reference test was therefore restricted to the
standard standing posture (Figure 5-3). Since the technical variability is independent
of the body posture this limitation was considered acceptable.

Figure 6-26: Reference test with a mannequin
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Following the protocol proposed by Kouchi et al. (Kouchi and Mochimaru, 2008;
Kouchi et al., 2012) 10 scans of the mannequin were taken.

6.4.8 Data acquisition and storage
The acquired 3D data are kept on password-protected computers to which only the
researcher, the supervisors and selected staff of the Technical Test Centre have access.
In addition, the participant number, surname and email address, as well as the sizes of
the helmet and the ballistic vest of the participants were recorded on a strictly voluntary
basis. The personal data were used to send a screensaver created from the 3D models
as an incentive to the respective participant. The information is kept on a separate
computer that is not used to store or process the 3D data at the same time to prevent
mapping of the names to the 3D data.

6.5 Rating the effectiveness of the positioning aids
6.5.1 Analysis of the study results
For the analysis of the space claim differences in different clothing configurations
described in Chapter 7, the precise superimposition of scans is a key prerequisite. The
accuracy with which the scans can be superimposed is determined by the technical
variability of the hardware and software of the VITUSbodyscan scanning system and the
effectiveness with which the two new positioning aids reduce the human variability.
Therefore, both are analysed in depth in Section 6.5. The methodology for determining
the technical variability as well as for quantifying the effectiveness of positioning aids
was described and discussed in detail in Chapter 5. Thus, the findings and conclusions
made in Chapter 5 constitute essential input for this section.
As highlighted in Section 5.5.6.7, rating the technical variability and the effectiveness
of the positioning aid by gauging sections through scans was found to be the more
precise method compared to the MAD analysis of repeatedly software-extracted body
dimensions. This conclusion was essentially based on the fact that the MAD analysis
does not allow a directional analysis of the variability and that the error-prone
landmark detection forms an essential part of the measurement chain. Consequently,
the section analysis was selected as the evaluation method for the technical variability
and the effectiveness of the positioning aids.
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The MAD analysis nevertheless plays an important role, as it permits the extent to
which a positioning aid has an adverse impact on the automatic measurement
extraction from scans to be identified. As pointed out earlier, this feature is only
offered by the scanner software for the standing posture. A rudimentary check of
potential adverse effects of the 4G-STPA on the software-supported extraction of body
dimensions was already carried out during its development. However, a statistically
verified quantification based on a MAD analysis of the entire sample had still to be
done.
From the above, the following need for analysis can be derived:
Section analysis:
▪

Determination of the technical variability

▪

Effectiveness of the 4G-STPA

▪

Effectiveness of the SEPA

MAD analysis:
▪

Impact of the 4G-STPA on the software-supported extraction of body
dimensions

Conduct and results of the aforementioned analyses are presented in the subsequent
sections separately for the section analysis and the MAD analysis.

6.5.2 Section analysis
6.5.2.1 Experimental design
As in the previous study, a one-way experimental, dependent measures, pretestposttest design was applied to test the hypothesis (5.3.2).
Causal hypothesis: Utilising the positioning aid reduces the postural
variability of repeatedly scanned individuals.
Independent variable: The only independent variable (one-way design) is the
fixation level of the scanned individuals, i.e. with and without positioning aid.
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Dependent variable: The dependent variable is the postural variability, i.e. the
Mean Absolute Variability (MAV) measured from sections through multiple
superimposed scans.
The dependent measures (within-participants) design was chosen because exposing
the same participant to both experimental conditions (pretest-posttest) requires only
half the number of participants but delivers the same level of statistical power as the
between-participants design. To overcome potential weaknesses of the withinparticipants design such as fatigue or practise effects the following mitigation
measures were taken:
▪

On the day of the test, the participants did not have any work obligations
other than taking part in the test

▪

The test was designed to not exceed a duration of two hours per participant

▪

Practise effects could be precluded as the test consisted of 27 scans in four
different postures, three different garment configurations, both with and
without positioning aids, of which the four scans to assess the effectiveness
were just a subset.

6.5.2.2 Technical variability
The same methodology as in the previous study was applied to determine the technical
variability (5.5.2.1). Using PolyWorks, sections were taken through the ten
superimposed scans of the mannequin captured in the reference test at the anatomical
landmarks
▪

Head front

▪

Armpit right

▪

Breast front

▪

Belly front

▪

Buttock girth point front

▪

Thigh crease right

▪

Minimum leg girth right
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The measurements taken are shown in Table 6-6. For these, the MAV LRef as a measure
of technical variability was calculated in the longitudinal plane (y), in the lateral plane
(z) and across both directions (yz). As explained in more detail in Section 5.5.2.1 the
contours of the 10 superimposed scans frequently lie on top of each other, making it
difficult to determine the distances between the individual scans. Therefore, the
outermost, the innermost and a contour in the centre were selected to determine the
MAV LRef (Figure 5-12). Table 6-6 depicts the Mean Absolute Variability calculated
from the distances between the three selected scans using Equation 5-7 in the
longitudinal plane (MAV LyRef), lateral plane (MAV LzRef) and the average of both
(MAV LyzRef). In addition, the corresponding maximum values from each of the three
measurements are given as Maximum Variability (Max. V LRef).
Table 6-6: Technical variability of the VITUSbodyscan scanning system determined by scanning the
rigid mannequin
Body
part

Body location

MAV LyRef
[mm]

MAV LzRef
[mm]

MAV LyzRef
[mm]

Max.
V LyRef
[mm]

Max.
V LzRef
[mm]

Max.
V LyzRef
[mm]

Head front

0.10

0.19

0.14

0.15

0.28

0.22

Armpit

0.16

0.37

0.26

0.24

0.55

0.40

Breast front

0.15

0.46

0.31

0.22

0.69

0.46

Belly front

0.19

0.20

0.19

0.28

0.29

0.29

Upper arm

0.26

0.32

0.29

0.39

0.48

0.43

Lower arm

0.29

0.40

0.35

0.44

0.60

0.52

Buttock girth point

0.22

0.27

0.25

0.33

0.41

0.37

Thigh crease right

0.25

0.57

0.41

0.38

0.86

0.62

Minimum leg girth

0.25

0.60

0.42

0.37

0.90

0.63

Mean

0.21

0.38

0.29

0.31

0.56

0.44

The table shows that for the VITUSbodyscan scanning system the MAV LRef values as a
measure of the technical variability do not exceed 0.6 mm in any case. The
corresponding means do not exceed 0.38 mm. Looking at the Max. V LRef values
reveals that no outliers occurred in the reference test. With 0.9 mm the Max. V LzRef
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observed at the min leg girth section constitutes the absolute Maximum and confirms
the measurement accuracy of < 1 mm specified by the manufacturer (VITRONIC
GmbH, 2016).
The results confirm the findings of the previous study. They support the rule of thumb
developed in Section 5.5.6.5, which states that the Max. V values generally are about
50% above the calculated MAV LRef values. The MAV LRef values measured in the
lateral plane are higher than those in the longitudinal plane. The latter was an
observation, which also applied to the NX16 structured light scanner, but not to the
VITUSsmart LC laser scanner (Table 5-15). It can be inferred, therefore, that this
observation is not dependent on whether laser or structured light scanning technology
is used.

6.5.2.3 Effectiveness of the 4th generation positioning aid
As in the previous study, the mean absolute variability across the sample MAV LS was
calculated with and without positioning aid to evaluate its effectiveness. The
comparison of the variability without (MAV LS w/o) and with positioning aid
(MAV LS with) reveals the extent to which the positioning aid reduced the deviations
between the three superimposed scans for the nine selected body locations. The
calculations were conducted for the longitudinal (MAV LyS) and lateral (MAV LzS)
directions to identify possible directional dependencies. In addition, the average of
both was calculated to obtain MAV LyzS as a direction-independent measure of
variability. In Table 6-7 and Table 6-8 the results are presented in the form of bar
graphs to visualise the reduction in variability. An extract of the results of the MAV
calculations for individual participants can be found in Appendix 6-3.
MAV LS with
From Table 6-7 it is apparent that the variability with positioning aid does not exceed
7.8 mm in the y-direction (upper arm) and 5.7 mm in the z-direction (lower arm). The
lowest variability was measured in both the longitudinal and lateral planes for the body
locations head front (2.8 mm; 3.2 mm) and min leg girth (2.0 mm; 3.7 mm). Looking
at the means shows that across all body locations the mean MAV LS with amounts to
5.9 mm in the longitudinal direction and 4.3 mm in the lateral direction.
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Table 6-7: Variability of the sample in longitudinal (MAV LyS) and lateral (MAV LzS) plane with and
w/o 4G-STPA measured with the VITUSbodyscan

MAV LS w/o
As in the previous study, the observed mean absolute variability without positioning
aid (MAV LS w/o) is higher in the longitudinal direction than in the lateral direction.
The variability of the participants standing freely on the scanner platform of the
VITUSbodyscan is 13.5 mm in the y-direction and 9.4 mm in z-direction and is
significantly smaller than the results observed for the 3G-STPA in combination with
the VITUSsmart LC (20.6 mm; 11.9 mm) and the NX16 (22.1 mm; 11.6 mm).
Reductions
Utilising the 4G-STPA more than halved the variability in either direction (54.9% (y);
52.7% (z)). The highest reductions were observed in the longitudinal direction at the
body locations head front (82.8%) and min leg girth (81.3%). In the lateral direction,
the greatest reductions were achieved for the lower arm (67.7%) and min leg girth
(61.1%). The least reduction was found in the y-direction for the body locations upper
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arm (36.9%) and buttock girth point (40.1%). In the z-direction, the reduction was the
lowest for the thigh crease (45.7%) and belly front (46.2%).
MAV LyzS
Table 6-8 compares the MAV LyzS values measured at the nine body locations across
the sample as a direction-independent measure of variability. It becomes obvious that
as in the previous study the arms and the head were particularly susceptible to
variability when scanning an individual unrestrained by a positioning aid. The table
also shows that the positioning aid very consistently reduces the variability for seven
of the nine body locations to between 5.3 mm and 6 mm. Exceptions are the two body
locations head front and min leg girth, where even MAV LyzS values as low as 2.9 mm
and 3 mm were achieved.
Table 6-8: Variability (MAV LyzS) of the sample across y and z-direction with and w/o
4G-STPA measured with the VITUSbodyscan
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6.5.2.4 Selection of landmarks for taking sections in the seated posture
In order to assess the effectiveness of the newly developed SEPA, in principle, the
same procedure was applied as for the positioning aid for the standing posture.
However, there was a difference in the selection of anatomical landmarks due to the
seated posture and the fact that both forearms have to be bent at a 90-degree angle, as
defined in ISO 7210-1 (2008). Here, too, it was important to place the sections so that
the variability of all body parts could be determined. Figure 6-27 depicts the selected
landmarks for the section analysis in the seated posture.

Figure 6-27: Anatomical landmarks through which sections were taken to evaluate the effectiveness
of the SEPA

The sections through the landmark “nipple” were not just used to quantify the
variability of the trunk but also of the upper arm. Thus, measurements were performed
at seven different body locations.
In contrast to the standing posture, Anthroscan does not offer fully automatic
extraction of body dimensions for the seated posture. However, the software offers a
wizard, which requires user interaction. To this end, the user is expected to identify
and mark specific anatomical landmarks on the scan. To find these, Anthroscan
provides support in the form of a text instruction describing how to find the landmark.
The full set of anatomical landmarks that Anthroscan subsequently needs for automatic
calculation of the body dimensions consists of the landmarks identified by the user and
those determined automatically by Anthroscan. To be consistent with the approach
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taken for the standing posture (5.5.1.4), the landmarks through which the sections were
taken were selected from the set automatically determined by the software. For these
Anthroscan provides the coordinates allowing the height of each anatomical landmark
from the floor to be determined. The latter is a crucial input for subsequently taking
the sections through the three superimposed scans with the PolyWorks software suite
(5.5.1.4 c).

6.5.2.5 Effectiveness of the positioning aid for the seated posture
As for the 4G-STPA, the variability without (MAV LS

w/o)

and with positioning aid

(MAV LS with) was compared to determine the extent to which the SEPA reduced the
variability at the seven selected body locations. The variability was measured in the
longitudinal (MAV LyS) and lateral (MAV LzS) directions (Table 6-9). In addition, the
average of both was calculated to obtain the MAV LyzS as a direction-independent
measure of variability (Table 6-10). An extract of the results of the MAV calculations
for individual participants can be found in Appendix 6-4.
MAV LS with
As can be seen from Table 6-9, the variability with positioning aid does not exceed
9.9 mm in the y-direction (deltoid) and 6.6 mm in the z-direction (popliteus). The
lowest variability was observed in the longitudinal plane at the body location eye
sitting (3.8 mm) and in the lateral plane at the buttock (2.5 mm). The mean
MAV LS with across all body locations amounts to 6.5 mm in the longitudinal direction
and 3.9 mm in the lateral direction. Thus, the variability in the y-direction is about
10% higher than the values measured for the 4G-STPA and 10% lower in the zdirection.
MAV LS w/o
Also, with the SEPA, the mean absolute variability without positioning aid
(MAV LS w/o) is higher in the longitudinal direction than in lateral direction. The
variability of the participants sitting unrestrained by a positioning aid on the stool of
the VITUSbodyscan amounts to 12.5 mm in the y-direction and 6.5 mm in the z-direction.
This means that the variability in the y-direction is 7% lower and in the z-direction
30% lower when sitting unrestrained by a positioning aid on a stool than in the standing
posture.
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Reductions
As shown in Table 6-9, the SEPA reduced the variability by 45.8% in the longitudinal
direction and 38.9% in the lateral direction. The highest reductions were observed in
the longitudinal plane at the body locations eye sitting (75.9%) and upper arm (64.9%).
In the lateral plane, the greatest reductions were achieved for the body locations
buttock (58.8%) and eye sitting (50.5%). The least reductions were found in both
directions for the body locations deltoid (23.7% (y); 23.8% (z)) and abdomen
(28.8% (y), 28% (z)).
Table 6-9: Variability of the sample in longitudinal (MAV LyS) and lateral (MAV LzS) plane with and
w/o SEPA measured with the VITUSbodyscan

The reductions achieved with the SEPA are 10.6% lower than those achieved with the
4G-STPA. This difference is to a large extent due to the fact that the variability without
positioning aid represents the 100%-mark the reductions are rated against. The
variability without positioning aid was 10% lower when sitting than when standing.
Assuming comparable efficiency of the positioning aids, the reductions for the seated
posture thus are proportionally lower.
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MAV LyzS
Table 6-10 compares the MAV LyzS values measured at the seven body locations
across the sample as a direction-independent measure of variability. It reveals that the
positioning aid particularly efficiently reduced the variability of the head (eye sitting)
and buttock (3.4 mm; 3.8 mm). The table also suggests that the body location deltoid
is more susceptible to variability (7.0 mm) than the variability of the remainder of
trunk and arm related body locations (5.1 - 5.9 mm).
Looking at the means reveals that with 5.2 mm across all body locations the residual
variability of the positioning aid can be considered to be comparable with the result
observed for the 4G-STPA (5.1 mm).
Table 6-10: Variability (MAV LyzS) of the sample across y and z-direction with and w/o
SEPA aid measured with the VITUSbodyscan

6.5.2.6 Contribution of the technical variability to the overall variability
The mean absolute variability when using the positioning aid encompasses the
remaining human variability as well as the technical variability. As in the previous
study, an analysis was conducted to quantify the extent to which the technical
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variability contributes to the mean absolute variability when utilising the positioning
aid.
Since the reference test with the mannequin was only conducted in the standing
posture, the evaluation was limited to this posture.
Table 6-11 presents a bar chart of the MAV LyzS w/o, MAV LyzS with and MAV LyzRef
as a direction-independent measure of variability at the nine body locations relevant
for the standing posture. Furthermore, the contribution of the technical variability
MAV LyzRef to the residual variability with positioning aid MAV LyzS with constituting
the 100%-reference is provided.
Table 6-11: Contribution of the technical variability to the mean absolute variability with and w/o
4G-STPA

The table shows that in absolute terms the system-inherent technical variability does
not contribute more than 0.4 mm at any of the body locations and stays well below the
measurement accuracy specified by the manufacturer (< 1 mm). With 0.1 mm the
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contribution of the technical variability to the overall variability is particularly low at
the body location head front. In relative terms, the technical variability contributed to
the residual variability with 4G-STPA between 4.4% (armpit) and 14.7% (min leg
girth).
On average the technical variability contributed 6.2% to the residual variability with
positioning aid. The value determined in the previous study for the VITUSsmart LC is
about four times higher (23.1%) and even seven times higher for the NX16 (40.4%).
This is further proof of the leap in precision that was achieved with the introduction of
the high-resolution scanner.

Figure 6-28: Comparison of variability without positioning aid, variability with positioning aid and
technical variability based on gauging sections measured with the VITUS smart LC

As in the previous study, the technical variability (MAV LyzRef) and the mean absolute
variability with positioning aid (MAV LyzS with) across the sample and all body
locations were related to the mean absolute variability without positioning aid
(MAV LyzS w/o) representing the 100%-reference. The results presented in Figure 6-28
show that the MAV LyzRef, ascribed to the hardware and software of the VITUSbodyscan
scanning system contributes 2.6% to the overall variability without positioning aid
(MAV LyzS w/o). The reduction in human variability achieved when employing the 4GSTPA is 56.8%.
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6.5.2.7 Variability of individual participants across all sections
To evaluate the influence of the positioning aid on the mean absolute variability of
individual participants, the MAV iΣLwas calculated for each participant across all body
locations and both experimental conditions separately for the standing and seated
posture (Equation 5-10).
4th generation positioning aid
From the results presented in Table 6-12, it can be seen that utilising the 4G-STPA led
to reductions in MAV iΣXfor 35 participants. In two cases (Participant 6 and 25) the
MAV iΣXwith positioning aid increased. In the case of Participant 6, despite the
shoulder fixation twisted shoulders were observed contributing to the variability with
positioning aid. It needs to be noted that the variability without positioning aid
measured for these two participants was at the lower end observed across the sample
(6.8 mm; 7.7 mm) and that the differences between the two experimental conditions
were with 0.1 mm and 0.6 mm below the measurement accuracy (< 1mm). However,
the latter is also true for four cases where a reduction of variability was observed.
Looking at the mean reduction achieved across the sample shows that the positioning
aid for the standing posture approximately halved the MAV iΣX(47%).
When gauging sections at the body location armpit, for only one participant out of 37
(Participant 6) a twisted shoulder was observed (Table 6-12). This is a strong
indication that the newly introduced shoulder fixation of the 4G-STPA was shown to
be effective.
Positioning aid for the seated posture
Using the SEPA led to reductions in MAV iΣXfor 36 participants (Table 6-13). In one
case (Participant 30) the MAV iΣXwith positioning aid increased. This participant was
well able to replicate the required posture in the seated posture without positioning aid
(6.9 mm). The fact that this participant twisted the shoulders also contributed to the
fact that no reduction was achieved. Nevertheless, the measured increase of variability
with positioning aid (0.2 mm) was below the measurement accuracy. It needs to be
noted that the latter also applies to six results where a reduction in variability was
found.
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Table 6-12: MAV iyz ΣL of each participant across all body locations with and w/o 4G-STPA
Participant

MAV iyz Ȉ/w/o
[mm]

MAV iyz Ȉ/with
[mm]

'
[mm]

'
[%]

1

4.6

3.4

-1.2

-26%

2

10.2

3.9

-6.2

-61%

3

10.9

3.6

-7.3

-67%

4

12.0

5.3

-6.6

-55%

5

13.2

5.5

-7.8

-59%

6*

6.8

7.4

0.6

9%

7

20.2

4.4

-15.8

-78%

8

13.5

5.5

-8.0

-59%

9

7.5

5.0

-2.5

-34%

10

16.1

6.3

-9.8

-61%

11

13.5

3.9

-9.6

-71%

12

7.3

4.1

-3.2

-44%

13

7.6

6.8

-0.9

-12%

14**

19.1

7.5

-11.5

-60%

15

6.2

5.8

-0.4

-6%

16

19.9

6.0

-13.9

-70%

17

19.5

6.2

-13.4

-68%

18***

13.2

6.1

-7.0

-54%

19

8.4

8.1

-0.3

-4%

20

18.0

7.7

-10.4

-57%

21

9.3

7.4

-2.0

-21%

22

6.5

5.7

-0.8

-12%

23

10.2

7.2

-2.9

-29%

24

8.0

6.9

-1.1

-14%

25

7.7

7.8

0.1

1%

26

13.8

7.1

-6.7

-48%

27

11.2

9.8

-1.3

-12%

28***

11.3

8.1

-3.2

-28%

29

14.6

5.5

-9.2

-63%

30

9.6

8.0

-1.6

-17%

31

13.1

7.2

-6.0

-45%

32

13.7

7.9

-5.7

-42%

33

13.8

7.6

-6.2

-45%

34

10.0

7.7

-2.3

-23%

35***

14.2

9.8

-4.5

-32%

36

26.7

6.5

-20.2

-76%

10.1

8.0

-2.1

-21%

12.2

6.5

-5.7

-47%

37**
Mean

*
Shoulders were twisted
** Strong folds of the underwear at the upper arm
*** Strong folds of the underwear at the belly front
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Table 6-13: MAV iyz ΣLof each participant across all body locations with and w/o SEPA
Participant

MAV iyz Ȉ/w/o
[mm]

MAV iyz Ȉ/with
[mm]

'
[mm]

'
[%]

1*

8.5

5.3

-3.1

-37%

2

7.5

5.8

-1.6

-22%

3

9.5

4.0

-5.6

-58%

4

10.4

8.1

-2.3

-22%

5

19.8

8.5

-11.2

-57%

6

14.1

6.9

-7.2

-51%

7

6.6

5.9

-0.7

-10%

8

10.7

6.0

-4.7

-44%

9

22.1

6.2

-15.9

-72%

10

11.7

7.6

-4.0

-35%

11

9.8

6.0

-3.8

-39%

12

5.6

5.2

-0.3

-6%

13

8.1

6.5

-1.6

-19%

14*

21.9

6.9

-15.0

-69%

15

6.8

5.7

-1.1

-16%

16

10.4

6.1

-4.3

-42%

17

8.2

5.8

-2.4

-29%

18**

12.1

8.9

-3.1

-26%

19

6.0

4.9

-1.2

-19%

20

17.6

8.1

-9.4

-54%

21

6.7

6.3

-0.3

-5%

22

8.8

6.7

-2.0

-23%

23*

6.8

8.5

1.6

24%

24

6.3

5.2

-1.1

-17%

25

9.6

9.5

-0.1

-1%

26

9.2

5.5

-3.7

-40%

27

11.3

6.6

-4.8

-42%

28

12.1

6.2

-6.0

-49%

29

8.0

7.3

-0.7

-9%

30*

6.9

7.1

0.2

3%

31

12.1

7.7

-4.4

-37%

32

10.5

7.9

-2.6

-25%

33

10.6

8.2

-2.4

-23%

34

9.8

8.4

-1.4

-14%

35

9.7

9.6

-0.1

-1%

36

15.0

8.2

-6.8

-45%

37

14.7

7.4

-7.3

-50%

Mean

10.7

6.9

-3.8

-36%

*
**

Shoulders were twisted
Strong folds of the underwear at the abdomen
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The mean reduction achieved across the sample with the SEPA amounts to 36%. This
result is 11% lower than that achieved for the 4G-STPA. The reason for this difference
becomes clear when comparing the MAV iΣXvalues with and without positioning aid
for both postures. While the variability without positioning aid is greater standing than
seated (12.2 mm; 10.7 mm), the variability with positioning aid is very similar in both
postures (6.5 mm; 6.9 mm). Since the variability without positioning aid constitutes
the 100% mark the reduction is measured against, this leads to generally higher
reduction rates in the standing posture.
The inspection of the scans when gauging sections revealed that in four cases twisted
shoulders were a potential source for increased variability in the shoulder region (Table
6-13).
Observations applicable to either positioning aid
In contrast to the previous study, the participants wore tight-fitting undershirts in the
semi-nude clothing configuration (Table 6-5, CL1). Although the undershirts were
made of stretch fabric, a closer inspection of the scans showed that in the seated posture
in one case and in the standing posture in six cases strong folds occurred in the area of
the upper body. These folds lead inevitably to a higher variability when determining
the differences between the test conditions.

6.5.2.8 Worst-case considerations
To determine the variability that might occur in the worst case, the maximum distance
measured between the three superimposed scans of the participants was used to
calculate the mean maximum variability of the sample MMV LS. The MMV LS was
calculated with and without positioning aid in the standing and seated posture
(Equation 5-11). Table 6-14 and Table 6-15 depict the results separately for both
postures in the form of a bar chart for both the longitudinal as well as the lateral
direction. An extract of the measurement results for individual participants can be
found in Appendix 6-5 for the standing posture and in Appendix 6-6 for the seated
posture.
MMV LS with
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From the data presented in Table 6-14, it is apparent that the maximum MMV LS with
values observed with 4G-STPA occurred in the longitudinal direction at the body
location upper arm (11.8 mm) and in the lateral direction at the lower arm (8.6 mm).
Looking at the means shows that across all body locations the mean MMV LS with
amounts to 8.9 mm in the longitudinal direction and 6.5 mm in the lateral direction.
Table 6-14: Maximum variability of the sample in longitudinal (MMV LyS) and lateral (MMV LzS)
plane with and w/o 4G-STPA

As can be seen from Table 6-15 the mean maximum variability with SEPA does not
exceed 14.9 mm in the y-direction (deltoid) and 9.8 mm in the z-direction (popliteus).
The means across all body locations with positioning aid amounts to 9.7 mm in the
longitudinal direction and 5.9 mm in the lateral direction. The maximum MMV LS with
values observed with SEPA at individual body locations are in either direction higher
than the respective results of the 4G-STPA. This is consistent with the finding of the
corresponding MAV analysis (6.5.2.5).

269

CHAPTER 6 – CAPTURING CLOTHED 3D DATA
MMV LS w/o
The mean absolute variability without positioning aid (MMV LS w/o) is higher in the
seated posture in the longitudinal direction than in the standing posture. In the lateral
direction, it is the other way around. Again, this is consistent with the corresponding
results of the MAV analysis (6.5.2.3 and 6.5.2.5).
Table 6-15: Maximum variability of the sample in longitudinal (MMV LyS) and lateral (MMV LzS)
plane with and w/o SEPA

Reductions
Table 6-14 shows that the 4G-STPA more than halved the MMV LS in either direction
(54.9% (y); 52.6% (z)). The reductions observed with SEPA were 46.1% lower in the
longitudinal direction and 39.6% lower in lateral direction (Table 6-15). With both
positioning aids, the greatest reductions in longitudinal direction were achieved for the
head (head front (82.8%) and eye sitting (75,9%)). In the lateral direction, the greatest
reduction was achieved in the standing posture at the body location lower arm (67.7%)
and in the seated posture at the buttock (59.5%).
Comparing the results of the MMV evaluation with the corresponding MAV evaluation
(6.5.2.3; 6.5.2.5) shows that the mean reductions for either positioning aid deviate only
marginally in both longitudinal and lateral directions (< ± 1%). Also, the body
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positions at which the maximum and minimum reductions occurred coincide. The
results for the 4G-STPA are also consistent with the findings obtained with the 3GSTPA in the previous study.
Measured maximum values
In addition to the MMV, the measured absolute maximum values and the body parts
at which they occurred are important for a comprehensive evaluation of the positioning
aids. Therefore, as in the previous study, the three maximum values measured in the
longitudinal direction (y) and lateral direction (z) are shown separately for the 4GSTPA and the SEPA in Table 6-16 and Table 6-17.
Table 6-16: The three maximum variability values observed with 4G-STPA aid in y- and z-direction
and the body locations at which they occurred
Participant
19
6
27

Max. V Liywith
[mm]
33.5
32.1
28.6

Body location

Participant

Upper arm
Armpit
Thigh crease right

5
13
14

Max. V Liz with
[mm]
21.6
20.0
19.3

Body location
Lower arm
Armpit
Upper arm

Table 6-17: The three maximum variability values observed with SEPA in y- and z-direction and the
body locations at which they occurred
Participant
25
5
5

Max. V Liywith
[mm]
29.8
29.4
26.2

Body location
Deltoid
Abdomen
Nipple

Participant
6
25
4

Max. V Liz with
[mm]
29.0
23.0
19.3

Body location
Popliteus
Nipple
Upper arm

From Table 6-16, it becomes apparent that the maxima for the 4G-STPA occurred
predominantly at arms and legs. This observation is consistent with the findings
presented in Section 5.5.2.5 for the 3G-STPA. The picture is different as far as the
SEPA is concerned. Here, the maximum values occurred across all body locations
except for the head (Table 6-17). A trend that applies equally to both positioning aids
is that higher maxima were measured in the longitudinal direction than in the lateral
direction. Participant 5 appeared three times and Participant 6 two times in the above
tables. This is an indication that these participants had more difficulties than others, to
replicate the posture even with the positioning aid.
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6.5.2.9 Comparison 3rd generation and 4th generation positioning aid
In the previous chapter, an attempt was made to use the ANSUR allowable interobserver errors not just to evaluate the results of the MAD analysis, but also to
benchmark the results of the section analysis. However, comparing the ANSUR
benchmark with the variability determined in longitudinal and lateral directions by
gauging sections was found to be inconclusive (5.5.3). In the discussion section
(5.5.6.6) it was therefore concluded that the ANSUR benchmark, which was actually
intended to assess the accuracy of anthropometric measurements and improve the
associated measurement methods, is not really suitable for assessing the results of the
section analysis. It was also found that in fact the variability measured in the section
analysis for the 3G-STPA in combination with the laser and structured light scanner
represents the benchmark against which future positioning aids must be evaluated.
Against this background, the results of the 4G-STPA section analysis are compared to
the results obtained with the 3G-STPA.
Table 6-18 shows the direction-independent MAV LyzS with values for the entire sample
at the selected body locations for the two positioning aids and the three different
scanning technologies deployed in the studies. In addition, the bar chart depicts the
technical variability MAV LyzRef in order to visualize its share of the residual
variability with positioning aids.
From the data presented in the table it becomes apparent that across all body locations
the lowest residual variability MAV LyzS

with

was achieved with the 4G-STPA in

combination with the VITUSbodyscan scanner (5.1 mm) and the greatest with the 3GSTPA installed in the NX16 scanner (6.0 mm). The result achieved with the 3G-STPA
in combination with the VITUSsmart LC scanner lies in between (5.3 mm). This
demonstrates that with the 4G-STPA a further increase in accuracy has been achieved.
The table also compares the MAV LyzRef values as a direction-independent measure of
variability observed for the three scanners used in the PhD research. It becomes
obvious that the VITUSbodyscan scanner delivers a level of precision (0.3 mm) five times
higher than the VITUSsmart LC (1.5 mm) and seven times higher than the NX16 scanner
(2.2 mm).
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Table 6-18: Comparison of the direction-independent residual and technical variability for the entire
sample at the selected body locations for the two positioning aids and the three different scanning
technologies

When comparing the positioning aids, however, it is of particular interest to compare
the differences between the technical variability and the residual variability with
positioning aids. These differences are expected to provide an indication of which
positioning aid has the greatest potential for further optimisation. Looking at the means
reveals that the difference between technical and residual variability amounts to
▪

3.8 mm for the 3G-STPA regardless of the scanning technology,

▪

4.8 mm for the 4G-STPA in combination with the VITUSbodyscan.

Although the 4G-STPA exhibits the lowest residual variability, the difference between
residual variability and technical variability and thus the optimization potential in
combination with the VITUSbodyscan is higher than that of the 3G-STPA in combination
with the VITUSsmart LC or NX16. This is primarily due to the extremely low technical
variability of the high-resolution scanner compared to its predecessors rather than the
design differences between 4G-STPA and 3G-STPA.
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The comparison of the results observed at the different body locations shows that the
residual variability observed at the body locations head front and min leg girth are
across all scanning technologies at the lower end. Looking at the pattern formed by the
orange bars representing the residual variability reveals an identical pattern for the
NX16 and the VITUSsmart LC. The pattern observed for the VITUSbodyscan is apart from
the minima at head front and min leg girth very balanced with deviations of ≤ 0.7 mm.
In the study with the 3G-STPA, in four cases out of 15, twisted shoulders were
observed for both scanners. As a conclusion from these results, a fixation for the
shoulder was introduced as an additional fixation element for the 4G-STPA. As
already stated in Section 6.5.2.7, when using the 4G-STPA for only one participant
out of 37 (Participant 6) a twisted shoulder was observed (Table 6-12). This is a strong
indication that the introduction of the shoulder fixation as an additional restraining
element of the 4G-STPA has addressed a design deficiency of the 3G-STPA.
In summary:
▪

The residual variability achieved with the 4G-STPA is lower than that of
the 3G-STPA, suggesting that its design led to a further increase in
efficiency.

▪

The extremely low technical variability of the high-resolution scanner leads
to a difference between the technical variability and the residual variability
in an order of magnitude, which indicates that there is still potential for
further optimisation of the 4G-STPA.

▪

The introduction of the shoulder fixation as an additional design element
of the 4G-STPA reduced the number of participants with twisted shoulders
compared to the previous study.

6.5.3 Statistical analysis
6.5.3.1 Rationale for the analysis
Hypothesis testing was performed based on the rationale described in Section 3.7 to
evaluate whether the differences between the mean absolute variability of individual
participants (MAV iΣL
) across all body locations with and without positioning aid for
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the standing and seated posture are statistically significant. To this end, the following
statistical tests were performed:
▪

A two-sample, dependent (paired), one-tailed t-test was selected for
hypothesis testing

▪

The effect size between the data obtained with and without positioning aid
was evaluated based on Cohen’s principles (Cohen d)

6.5.3.2 Descriptive statistics
Table 6-12 and Table 6-13 present the MAV iyz ΣLfor each participant across all body
locations with and without positioning aid for the standing and seated posture. The
tables also include the resulting differences between the with and without positioning
aid observations constituting the sample difference. The data presented in these two
tables constitute the input for the subsequent statistical analyses.
The descriptive statistics of the data obtained with and without positioning aid as well
as the resulting sample difference is shown in Table 6-19 and Table 6-20 separately
for the two postures.
Table 6-19: Section analysis - descriptive statistics of the sample data obtained with the 4G-STPA
Descriptive statistics
Mean
Standard Deviation
Skewness
Kurtosis
Count

MAV iyz Ȉ/w/o
[mm]
12.20
0.78
0.92
1.03
37

MAV iyz Ȉ/with
[mm]
6.51
0.26
-0.16
-0.37
37

'
(Sample difference)
[mm]
-5.70
0.81
-0.98
0.72
37

Table 6-20: Section analysis - descriptive statistics of the sample data obtained with SEPA
Descriptive statistics
Mean
Standard Deviation
Skewness
Kurtosis
Count

MAV iyz Ȉ/w/o
[mm]
10.69
0.69
1.38
1.61
37

MAV iyz Ȉ/with
[mm]
6.88
0.22
0.15
-0.63
37

'
(Sample difference)
[mm]
-3.79
0.65
-1.56
2.55
37

6.5.3.3 Results of the significance test
A paired sample t-test was performed to test the sample differences for significance
separately for the two positioning aids. The null hypothesis was that there is no
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difference between the mean absolute variability without positioning aid
(MAV iyz ΣLw/o) and the mean absolute variability when using the positioning aid
(MAV iyz ΣLwith). The significance level αwas set at 0.05.
The null hypothesis of equal variability with and without positioning aid was rejected
for the data obtained with the 4G-STPA (t(36) = 7.012, p < 0.001, one-tailed). Thus,
it can be inferred that utilising the 4G-STPA led to a significant reduction in
variability. The mean decrease in variability was 5.70 mm with a 95% Confidence
Interval (CI) ranging from 4.05 mm to 7.35 mm. The Cohen d value (1.2) indicates a
large effect size.
For the data captured with the SEPA the null hypothesis of equal variability with and
without positioning was also rejected (t(36) = 5.83, p < 0.001, one-tailed). This
suggests that utilising the SEPA significantly reduced the variability. The mean
decrease in variability was 3.81 mm, with a 95% CI ranging from 2.48 mm to
5.13 mm. The effect size according to Cohen’s standards was large (Cohen d = 1.0).

6.5.4 MAD analysis
6.5.4.1 Methodology
To analyse whether the 4G-STPA has an adverse effect on the automatic extraction of
body dimensions from scans in the standing posture, a MAD analysis was performed.
To this end, the body dimensions were extracted with the Anthroscan software
constituting an integral part of the body scanning system. The body dimensions were
extracted from three scans taken without and three scans with positioning aid for each
of the participants. In order to be consistent and to permit the comparison of results,
the set of 73 body dimensions selected for the previous study was reused (5.4.1.1). The
mean of each body dimension across the sample (XS), as well as the corresponding
mean absolute differences (MAD XS, Equation 5-4), were calculated for both
experimental conditions. In addition, the absolute differences «
Xs with - Xs w/o«between
the body dimensions with and without positioning aid were determined to identify
deviations potentially caused by the positioning aid. The results are presented in Table
6-21.
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6.5.4.2 Impact on software-supported extraction of body dimensions
For the entire set of 73 body dimensions, the software managed to extract
measurements from the scans in both experimental conditions. However, looking at
the means of the MAD Xs as a measure of the variability across all automatically
extracted body dimensions shows that it is greater with than without positioning aid
(5.9 mm; 7.7 mm). For 40 of the 73 body dimensions considered in the MAD analysis
corresponding ANSUR inter-observer errors exist. These were included in Table 6-21
to allow the identification of any MAD index or absolute difference between
measurements with and without positioning aid exceeding the ANSUR benchmark.
The eight absolute differences between measurements with and without positioning
aid «
Xs with - Xs w/o«
exceeding the ANSUR benchmark are highlighted in red. Lower
deviations (< 4 mm) were observed for the body dimensions neck at base girth,
shoulder width right, bust point around neck and ankle girth right and left. Larger
deviations (≤ 7.4 mm) were found for the body dimensions across front width and arm
length left and right. Overall, the largest deviations were observed in the arm-related
measurements. The mean of the absolute differences «
Xs

with

- Xs w/o«
amounted to

4.5 mm.
The MAD indexes exceeding the ANSUR benchmark were highlighted in blue. There
are five body dimensions for which the MAD indexes in both experimental conditions
exceed the allowable inter-observer error. Since these pairs of MAD values are
consistently different from the ANSUR benchmark they are not relevant for evaluating
the impact of the 4G-STPA on the automatic software-extraction. In contrast, the MAD
indexes for the body dimensions neck at base girth, bust points around neck and
buttock height exceed the ANSUR benchmark with positioning aid only. This is an
indication that the 4G-STPA potentially had an adverse impact on the variability of
these measurements. As far as the body dimensions are concerned for which no
corresponding ANSUR inter-observer errors exist, particularly high MAD Xs values
were observed for the body dimensions shoulder angle left and right. They were
already amongst the three highest observed without positioning aid (4.5%; 6.5%) and
increased drastically with positioning aid (58.8%; 32.3%).
Overall, the analysis shows that the 4G-STPA does not impede the automatic
extraction of body measurements, but moderately affects the variability of the results.
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Table 6-21: MAD XS with and w/o positioning aid measured with the VITUSbodyscan
w/o positioning aid
Body
part

Body dimension

Neck diameter
Mid neck girth
Neck at base girth
Cross shoulder over neck
Cross shoulder
Shoulder width left
Shoulder width right
Shoulder angle left (°)
Shoulder angle right (°)
Across front width
Width armpits
Bust points width
Neck right to waist over bust
Neck front to waist
Bust points around neck
Bust point to neck left
Bust point to neck right
Bust/chest girth
Under bust circumference
Across back width
Across back width (armpit)
Neck to waist centre back
Neck left to waist back
Neck right to waist back
Waist to buttock
Crotch length
Crotch length, front
Crotch length, rear
Waist girth
Waist to buttock height left
Waist to buttock height right
Waist to hip/thigh left
Waist to hip/thigh right
High hip girth
Buttock girth
Hip girth
Belly circumference
Total torso girth
Arm length to neck back left
Arm length to neck back right
Arm length left
Arm length right
Upper arm girth left
Upper arm girth right
Elbow girth left
Elbow girth right
Forearm girth left
Forearm girth right
Side seam right
Thigh girth left (horizontal)
Thigh girth right (horizontal)
Knee girth left
Knee girth right
Calf girth left
Calf girth right
Ankle girth left
Ankle girth right
min. leg girth left
min. leg girth right
Neck height
Distance neck to buttock
Distance neck knee
Distance waist knee
Waist height
Buttock height
Hip height
Crotch height
Knee height
Ankle height
Belly circumference height
Height of shoulder blades
Breast height
Neck height front
Mean [mm], [°]
Mean [mm], angles* excluded

XS w/o
[mm], [°]*
138
398
453
438
490
147
147
26
26
386
423
216
461
357
725
285
277
1082
1006
415
422
434
469
469
217
880
443
438
929
214
214
386
386
969
1034
1061
964
1764
853
860
639
639
325
327
277
279
289
292
1031
607
607
389
390
404
404
302
305
243
242
1541
622
1051
641
1131
919
857
788
490
79
1074
1339
1307
1467

MAD
XSw/o
[mm], [°]*
3.8
3.2
9.9
13.3
11.3
6.5
11.1
11.8
17.3
13.4
12.9
3.5
4.7
7.7
8.4
5.5
4.3
8.2
13.1
10.2
10.8
6.2
5.8
4.9
4.6
8.2
4.8
5.4
7.2
3.8
3.7
5.4
5.3
5.1
5.4
5.3
5.2
10.8
11.7
11.3
9.9
8.8
6.0
6.0
3.0
2.8
2.2
2.1
6.4
3.8
3.8
3.8
3.1
0.7
0.8
2.2
2.1
0.5
0.5
2.1
5.3
3.3
1.6
2.9
5.0
7.1
4.8
2.7
0.1
5.0
17.1
3.4
5.9
6.1
5.9

with positioning aid
XS with
[mm], [°] *
150
399
466
437
490
144
141
26
25
372
410
215
462
359
741
285
279
1072
997
421
432
433
464
464
217
875
442
434
935
213
213
385
385
976
1040
1069
971
1765
873
873
655
654
327
328
285
282
288
292
1038
608
608
388
390
408
408
311
314
246
246
1539
620
1049
640
1129
918
864
787
489
79
1073
1338
1303
1468
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MAD
XS with
[mm], [°] *
12.9
3.0
24.9
10.1
13.2
16.3
7.5
58.8
32.3
8.6
12.9
3.6
6.7
9.2
15.8
4.8
4.9
8.1
16.1
9.1
10.5
10.3
8.9
8.4
7.7
12.8
7.2
7.0
10.0
6.1
6.7
7.3
7.3
7.8
8.3
6.6
9.5
10.5
13.1
12.4
8.3
9.8
4.5
7.0
9.0
6.1
3.1
2.3
11.7
3.0
2.8
5.9
5.9
0.8
0.9
2.5
2.6
0.6
0.8
2.7
11.4
6.6
1.9
5.5
10.9
10.1
4.3
5.9
0.2
10.8
13.5
3.4
6.5
8.7
7.7

'
IXS with
- XS w/oII
[mm], [°] *
12.4
1.6
13.5
1.1
0.1
3.0
5.4
0.3
1.1
14.4
13.4
1.3
1.3
2.7
15.9
0.3
2.6
10.1
9.0
5.9
9.9
1.8
4.7
4.5
0.7
5.1
0.7
4.4
5.5
1.4
1.0
0.9
1.4
7.1
5.8
7.7
7.4
1.1
20.0
13.0
16.8
14.4
1.8
0.9
7.6
3.6
0.7
0.1
6.9
0.7
1.0
0.1
0.1
3.6
3.8
8.8
8.9
3.1
3.1
2.9
1.8
2.3
1.4
2.1
1.1
7.5
0.5
0.6
0.0
1.1
1.0
3.8
0.5
4.5
4.5

ANSUR
allowable
inter-observer error
[mm]
Neck circ.
Neck circ.,base

6
11

Shoulder lt.
Shoulder lt.

3
3

Chest breadth

8

Bust point

10

Strap lt.
Neck - bustpoint
Neck - bustpoint
Chest circ.

12
8
8
15

Interscye II
Interscye I

13
10

Crotch lt. (O)

18

Crotch lt., post
Waist circ. (O)

11
12

Buttock circ.

12

Vert. Trunk circ.

22

Sleeve lt.,wrist
Sleeve lt.,wrist
Biceps circ.
Biceps circ.
Elbow circ.
Elbow circ.
Forearm circ.
Forearm circ.

9
9
6
6
4
4
5
5

Thigh circ.
Thigh circ.
Knee circ.
Knee circ.
Calf circ.
Calf circ.
Ankle circ.
Ankle circ.

6
6
4
4
5
5
4
4

Neck ht.

7

Waist ht, (O)
Buttock ht.

7
7

Crotch ht.
Knee ht.
L. Malleolus ht.

10
6
3

Chest ht.

11

8.0
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6.5.4.3 Comparison 3rd generation and 4th generation positioning aid
The 4G-STPA led to an increase in mean MAD Xs, while the 3G-STPA used in the
previous study led to a reduction irrespective of the scanning technology used. This
reversal of the trend was the reason to make a detailed comparison of the results from
the previous and the current study. From the data presented in Table 6-22 it becomes
apparent that the mean MAD Xs w/o observed for the high-resolution VITUSbodyscan
scanner (5.9 mm) significantly lower than the results ascertained with the scanners
used in the previous study (9.7 mm (VITUSsmart LC); 16.3 mm (NX16)). The mean
MAD Xs measured with 4G-STPA is greater (7.7 mm) but still close to the result
achieved with the 3G-STPA installed in the VITUSsmart LC scanner (6.9 mm). The
mean MAD Xs for the 3G-STPA in combination with the NX16 scanner (13.2 mm)
exceeds the corresponding results for the 4G-STPA by 71%. This shows that although
there is an increase in mean MAD X when using the 4G-STPA in the high-resolution
scanner, the measured values in absolute terms are at the lower end of the range
spanned by the 3G-STPA in combination with the VITUSsmart LC representing the
minimum and the NX16 constituting the maximum.
Table 6-22: Comparison of the mean MAD Xs w/o, mean MAD Xs with and mean difference
between both ascertained with the 3G-STPA and 4G-STPA
3G-STPA
VITUSsmart

LC

[mm]

4G-STPA
NX16

VITUSbodyscan

[mm]

[mm]

Mean MAD Xs w/o

9.7

16.3

5.9

Mean MAD Xs with

6.9

13.2

7.7

6.5.5 Discussion
6.5.5.1 Scope
The discussion section refers to the portion of this chapter dedicated to determining
the effectiveness of the 4G-STPA and the SEPA. The development of the purposebuilt platform and of the two positioning aids as well as the experimental set-up and
the actual collection of clothed 3D data will only be discussed if there is a direct
implication for the effectiveness of the positioning aids.
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The methodology used to determine the effectiveness is consistent with the approach
chosen in the previous study. Therefore, the methodology is only discussed in the case
of fundamentally new insights.
Due to the similarity of the positioning aids and the approach to determining their
effectiveness used in the previous study, a considerable number of results described
and discussed in the previous chapter were confirmed in this study. In order to avoid
unnecessary redundancies, this section highlights when an earlier result has been
confirmed but does not reiterate the discussion.
The thematic delimitation of the discussion as described above is intended to
effectively avoid repetitions, in particular of discussion portions from Chapter 5.

6.5.5.2 Effectiveness of the positioning aids
4th generation positioning aid
The section analysis showed that the 4G-STPA effectively reduced the mean absolute
variability MAV LS between multiple scans for the nine selected body locations in both
lateral as well as longitudinal directions. A comparison of the variability with and
without positioning aid confirms the result of the previous study that the positioning
aid is particularly effective in reducing the variability MAV LyzS of the head, forearms
and lower legs (66% - 74%). While in the previous study the reduction varied strongly
at the six remaining body locations (17% - 54%), in contrast, the 4G-STPA almost
halved the variability very consistently at these body locations (43% - 52%). It can,
therefore, be concluded that the design changes to the respective fixation elements
have contributed to a more balanced reduction in variability across all body regions.
Looking at the residual variability in absolute terms underlines this conclusion as at
seven body locations the residual variability only varies by less than one mm (5.3 mm
- 6.0 mm). At the extremities head and feet, a consistent residual variability as low as
3 mm can be assumed. This very evenly distributed residual variability across the body
is an advantage when determining the space claim differences between different
clothing configurations, as it can be assumed that the scans can be superimposed with
an accuracy of ≤ 6 mm irrespective of the body location.
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The previous study called for the introduction of an additional fixation element for the
shoulder to further reduce postural variability by preventing participants from
"twisting" their shoulders (5.5.6.1). For this purpose, a shoulder fixation was designed
as an additional restraining element for the 4G-STPA (6.3.3.2). This shoulder fixation
was shown to be effective, as twisted shoulders were observed in only one of the 37
participants. This shows that the newly introduced shoulder fixation provides enough
force feedback to support the participants in reliably repositioning the shoulder in the
lateral plane when scanned repeatedly. This significant improvement over the 3GSTPA demonstrates that a key objective of the redesign has been achieved.
The mean variability across all body locations and both directions observed without
positioning aid in the VITUSbodyscan (MAV LyzS w/o) is with 11.4 mm significantly
lower than those obtained with the VITUSsmart LC (16.3 mm) and NX16 (16.9 mm).
Due to light sensitivity the scans with the NX16 and VITUSsmart LC had to be taken at
low illumination levels. In contrast, the VITUSbodyscan allows scans to be taken in
normal light conditions. As reported by Rugelj et al. (2014), body sway is more intense
in absolute darkness than at low illumination levels. This offers a plausible explanation
for the differences in variability. Since the variability without positioning aid
constitutes the 100 % mark against the reduction in variability with positioning aid
was measured against, it should be at least similar to allow a meaningful comparison.
Thus, in future studies involving more than just one scanner the illumination level
should be considered as an additional extraneous variable and attention paid to
ensuring comparable light conditions.
Positioning aid for the seated posture
Generally speaking, the reductions in variability observed for the SEPA were
moderately lower than those in the standing posture (24% - 67%). Since the variability
without positioning aid representing the 100% mark against which the reduction is
measured was 17% lower in the seated posture than in the standing posture, this result
is plausible. Looking at the residual variability when using the SEPA shows that the
results are very similar to those of the 4G-STPA. At four of seven body locations, the
residual variability is in the range of 5.1 mm and 5.9 mm. At the body locations head
and buttock the residual variability was even lower (3.4 mm – 3.8 mm) and only in the
shoulder region (deltoid) higher (7 mm) (Table 6-10). Varying between 3.4 mm and
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7 mm over the seven body positions, the residual variability is thus distributed largely
evenly over the body. It can therefore be assumed that the scans taken in a seated
position can be superimposed with an accuracy of ≤ 7 mm, regardless of the body
position.
The maximum residual variability was observed at the shoulder (deltoid) and exceeded
the residual variability observed with the 4G-STPA at the corresponding body location
(armpit) by approximately 1 mm. As explained in Section 6.5.2.7, a possible cause for
the increased variability in this area is twisted shoulders, which occurred in four out of
37 cases. This is a strong indication that the elbow fixation did not reduce the
variability in the shoulder area to the same extent as the shoulder fixation of the 4GSTPA.
However, the elbow fixation is indispensable to avoid variability of the lower arm in
the lateral plane. Using, in addition, the shoulder fixation designed for the 4G-STPA
would increase the burden on the participants further. Moreover, after the participant
has taken the seated posture, the experimenter would no longer have sufficient freedom
of movement to adjust such a shoulder fixation. Therefore, the slightly higher
variability in the shoulder area was accepted at that point as a trade-off for a lower
burden on participants and experimenters. Nevertheless, it is recommended to explore
alternative design options for a shoulder fixation, which reduces the variability of the
shoulder in the seated posture, is easily accessible and adjustable by the experimenters
and at the same time does not unduly increase the physical and mental burden on the
participants.
The variability observed in the seated posture without positioning aid (MAV LS w/o)
was lower than that in the standing posture. This result was to be expected since only
the upper body is exposed to body sway while the lower body rests on the stool.

6.5.5.3 Technical variability
Due to the limited postural adjustability of the mannequin, the reference test was
restricted to the standing posture. Since the technical variability is determined by the
hardware and software of the scanner independently of the posture, the appropriate
results from the reference test are also applicable to the seated posture.
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The MAV LyzRef values observed in the reference tests show that the VITUSbodyscan
scanner delivers a level of precision three times higher than the VITUSsmart LC and
seven times higher than the NX16 scanner. With the introduction of the VITUSbodyscan,
which can be regarded as being representative for the latest generation of highresolution body scanners, a level of precision has been achieved that does not appear
to require further improvement. This is all the more true as due to human-induced
variability, anthropometric and ergonomic measurements tend to be less accurate than
standard technical measurements. It is also worth mentioning that the ratio between
the accuracy of the three scanners reflects the ratio of their acquisition costs quite
accurately and that with over 80,000 € for the VITUSbodyscan a price level is reached
that makes the acquisition for purely scientific purposes difficult.

The MAV LRef values measured in the lateral plane are higher than those in the
longitudinal plane. The latter was an observation, which also applied to the NX16
structured light scanner, but not to the VITUSsmart LC laser scanner (Table 5-15).
Although the VITUSsmart LC and the VITUSbodyscan are both laser scanners originating
from the same manufacturer, they show opposite trends in this respect. This suggests
that the differences between the transverse and longitudinal measurements are neither
technology nor manufacturer dependent.

The results of the reference test also support the rule of thumb developed in the
previous study (5.5.6.5), according to which the Max. V values are about 50% above
the MAV LRef values. This ratio proved to be applicable, independent of the
significantly lower technical variability of the VITUSbodyscan scanner compared to
scanners used so far.

6.5.5.4 Worst-case considerations
4th generation positioning aid
The analysis of the mean maximum variability of the sample (MMV LS) with
positioning aid showed that 11.8 mm was not exceeded at any body location in either
direction. This result lies below the range spanned by the 3G-STPA in combination
with the NX16 (12.8 mm) and the VITUSsmart LC (13.6 mm) in the previous study.
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The evaluation of the three absolute maximum variability values observed with
positioning aid showed that with 33.5 mm in longitudinal and 21.6 mm in the lateral
direction no extreme outliers occurred. These results are in the order of magnitude
observed in the previous study.
Positioning aid for the seated posture
The maximum of the mean maximum variability (MMV LS) with SEPA occurred at
the body location deltoid in the longitudinal direction (14.9 mm). With 12.4 mm the
second greatest mean maximum variability was observed at the body location
abdomen. While the latter result is in the order of magnitude observed for the 4GSTPA and 3G-STPA for the standing posture, the result for the deltoid exceeds the
results obtained in the standing posture. As already discussed in Section 6.5.5.2 this
can only be countered by developing a specific shoulder fixation for the seated posture.
With 29.8 mm in longitudinal and 29.0 mm in the lateral direction, the absolute
maximum variability values observed with SEPA were in the order of magnitude of
those in the standing posture. Looking at the participants causing these maximum
values it became obvious that two participants had in the standing and the seated
posture more difficulties than the rest of the sample to reliably reposition themselves
even with the help of the positioning aids.
Observations applicable to either positioning aid
As a measure to reduce the absolute maximum variability values occurring in a test,
the previous study called for cameras allowing the experimenter to support the
participants in using the positioning aid even after the doors of the booth were closed.
In this study, such cameras were installed, and the experimenter was able to monitor
what was going on inside the booth. However, this measure did not show the expected
result and the absolute maximum variability values remained in the same order of
magnitude as in the previous study. It can, therefore, be assumed that deviations in the
handling of the positioning aid between repeated scans are so minor that they cannot
be detected by the experimenter on the monitor displaying the scene inside the booth.
Comparing the means of the MMV LS with observed with 4G-STPA and SEPA with the
corresponding means of the MAV LS with confirms the rule of thumb derived from the
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results of the previous study, according to which the mean maximum variability is
50% greater than the mean absolute variability.

6.5.5.5 Comparison of the 3rd generation and 4th generation positioning aid
The comparison of the direction-independent MAV LyzS with means obtained with the
4G-STPA (5.1 mm) with those of the 3G-STPA (VITUSsmart, 5.3 mm and NX16,
6.0 mm) underlines that the 4G-STPA led to an increase in efficiency.
The greater the difference between the mean technical variability MAV LyzRef and the
mean residual variability MAV LyzS

with,

the greater the potential for further

optimisation of the positioning aid. Due to the extremely low technical variability of
the high-resolution scanner this difference is higher for the 4G-STPA (4.8 mm) than
for the 3G-STPA with the lower resolution scanners employed in the previous study
(3.8 mm for both scanners). It can be inferred, therefore, that it would be worthwhile
considering a further design iteration for the 4G-STPA when used in combination with
a high-resolution scanner. The 4G-STPA led to a lower residual variability than the
3G-STPA, which is why overall its design can be considered superior. However, an
observation during the tests was that the four tightly tensioned nylon cords against
which the test persons leaned with their back to stabilise the hip provided less force
feedback than the tightly taut steel cable used for the 3G-STPA. An objective of a
further design iteration with the 4G-STPA could therefore be the improvement of the
force feedback e.g. by using six instead of four nylon cords. Alternatively, the hip
fixture could be positioned in front of the participants where they are more susceptible
to force feedback.
Although the aim was to ensure that the experimental conditions were as similar as
possible to those of the previous study, there were differences in the extraneous
variables that potentially had an impact on the results:
Differences in scanning attire
In the second study, the participants kept their undershirts on to reduce the time for
changing into the two encumbered clothing configurations. Since the underwear was
stretch-like, the assumption was that it would always fit tightly and that the contour of
the upper body would also be reproduced on the scans. Due to frequent washing or the
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selection of clothing sizes that were too large, however, folds occurred along the upper
arm and belly in a small number of cases (Table 6-12). When gauging sections, the
superimposed contours of the body on the scans are used to determine the inter-scan
variability. Folds distort the contours of the body on the scan, rarely occur at exactly
the same position when scanned repeatedly and therefore constitute a source of
imprecise measurements and a potential increase in variability. Therefore, the
recommendation is to scan participants without undershirts in the semi-nude condition
even if it is less convenient for the participants and increases the time needed to change
from semi-nude to clothed conditions and vice versa.
Differences in test duration and test sequence
The first study was dedicated to determining the effectiveness of the 3G-STPA. The
tests with positioning aid were conducted with either scanner directly after the tests
without positioning aid.
In contrast, the test to determine the effectiveness of the 4G-STPA was only a subset
of the 2nd study. The test sequence was optimised in order to minimise the time
required to install and adjust the positioning aid and for the participants to get changed.
Given the already relatively long testing time of 115 minutes, this measure had priority
over other considerations. As a consequence, the three scans to determine the
effectiveness without positioning aid were carried out at the very beginning and those
with positioning aid at the very end of the test. At the end of the test, the concentration
and physical condition of the participants may have deteriorated. This potentially
results in increased variability.
Differences in the sample
The sample size of the second study was with 37 participants more than twice as large
as in the first study (15 participants). It can be assumed that the results in the second
study are statistically more robust due to the larger sample.
The sample for the first study consisted essentially of PhD students and staff from
Loughborough University who were aware of the importance and implications of the
results. Although a thorough briefing on the purpose of the tests was carried out, the
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participants in the second study cannot be expected to have the same level of
understanding and receptivity.
Although no statement can be made as to whether and to what extent the abovementioned differences in approach and mindset had an impact on the results obtained
with the 4G-STPA, it is nevertheless a potential contributory factor to the variability.

6.5.5.6 Impact of protective clothing and equipment on posture
When determining the test sequence, a priority was to ensure that the time needed to
change to the different clothing configurations was kept to a minimum. In this way,
the burden on the study participants was to be kept as low as possible, also to prevent
negative influences on the results due to fatigue. As a consequence, the adjustment of
the positioning aids was carried out in the semi-nude clothing configuration.
For the adjustment of the positioning aid in the standing posture the participants were
asked to adopt an erect position and keep their head level. It was essential that this
adjustment of the positioning aid was remained unchanged for all clothing
configurations since only this way is it possible to enable the precise superimposition
of the scans in the three clothing configurations. However, one observation during the
tests was that the participants had a backward inclined posture in the fully protected
clothing configuration due to the weight of the ballistic vest and the electronic
backpack. As a consequence, they had to lean forward to reach the mouthpiece of the
head fixation. This was perceived by the participants as an unnatural posture. Although
this position only had to be taken for three scans, it became noticeably tiring for the
majority of the participants. Conversely, it is no problem for the participants in the
semi-nude configuration to adopt a slightly backward inclined posture. It is therefore
proposed in future studies to adjust the positioning aid for the standing posture in the
clothing configuration that constitutes the greatest loading for the participants.
No corresponding observations were made in the seated posture, as the weight of the
ballistic vest and the electronic backpack is basically taken by the stool.

6.5.5.7 Statistical analysis
The t-test performed on the mean absolute variability of individual participants
(MAV iΣL
) across all body locations with and without positioning aid showed for both
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positioning aids a significant decrease (p < 0.001) with a large effect size (d ≥ 1.0)
according to Cohen’s guidelines.
The very small p-values observed for both positioning aids permit ruling out the
possibility that the observed reduction in variability is random. It can, therefore, be
inferred that both positioning aids reduced the variability.
While the t-test answered the question of whether or not the positioning aids worked,
the effect size answers the question of how well they worked. To this end, the effect
size quantifies the difference between the two experimental conditions with and
without positioning aid. With an effect size of d ≥ 1.0 for both positioning aids, the
effect size is large according to Cohen’s guidelines meaning that the difference
between the two means is equal to or greater than one standard deviation. It can,
therefore, be inferred that both positioning aids not just reduced the variability but
reduced the variability effectively.

6.5.5.8 MAD analysis
The MAD analysis was limited to the 4G-STPA since the software suite of the
scanning system (Anthroscan) only supports the automatic extraction of body
measurements in the standing posture. To this end, the MAD XS determined from the
body dimensions automatically extracted from three scans of a participant with and
without 4G-STPA was analysed. It was shown that the 4G-STPA, like its predecessor,
did not impede the automatic extraction of any of the 73 selected body measurements.
In contrast to the 3G-STPA, however, a higher MAD XS value occurred when using
the 4G-STPA than without (5.9 mm, 7.7 mm).
In order to understand what caused this trend reversal, the MAD XS values from the
current study were compared with those of the previous study. It became apparent that
the MAD XS values for the three different scanners without using the positioning aid
differ significantly. The MAD XS value for the VITUSbodyscan scanner (5.9 mm) was
more than 50% smaller than that of the VITUSsmart LC (9.7 mm) and more than three
times smaller than that of the NX16 (16.3 mm). As shown in section 7.3.2.1, the
VITUSbodyscan scanner has a resolution of up to 43 times higher than the two previously
used scanners, which leads to a considerably denser point cloud. Also, more cameras
are used, which reduces holes in the scan due to occlusion. When taking horizontal or
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vertical sections through the point cloud the resulting contour of the body is
represented by correspondingly more points and there are fewer missing parts. Since
the software measures the body dimensions as linear distances between or
circumferences through anthropometric landmarks, located on the contour, the
measurements vary less. This explains the significantly lower MAD XS values of the
VITUSbodyscan without positioning aid compared to the other two scanners. On the other
hand, the high resolution is the reason why even the transparent Plexiglas elements of
the fixation aid partly generate small artefacts barely visible on scans. If such artefacts
occur near the body, the software may interpret them as part of the body contour. Since
these artefacts appear on the scans in varying manifestations, this increases the
variability of the scan extracted measurements with positioning aid.
There remains the question of why the 3G-STPA, in contrast, led to a reduction of the
MAD values. First, due to the lower resolution of the scanners used in the previous
study, the Plexiglas elements produced less or no artefacts at all that could have
negatively affected the contour. On the other hand, the positioning aid ensured that the
test persons reliably adopt the posture intended by the scanner manufacturer and thus
ensured that occlusions were avoided as far as possible. These two aspects led to
reduction in MAD values. In case of the 4G-STPA no similarly positive effect
occurred, since the higher number of cameras and the high resolution already
countered the consequences of poor adoption of the scanning posture on the scan
extracted measurements to a great extent.
This explains the trend of decreasing MAD XS values when using the 3G-STPA in
combination with the low-resolution scanners and increasing MAD XS values for the
4G-STPA in combination with the high-resolution scanner.
The MAD analysis also revealed particularly high MAD Xs values for the body
dimensions shoulder angle left and right. They increased with positioning aid
drastically (58.8%; 32.3%) compared to without. The clips of the shoulder fixation
were identified as a likely cause of the increase since they caused artefacts on the scans
(Table 6-3). Such artefacts potentially disrupted the natural contour of the upper
shoulder constituting the plane used for the angle measurement.
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Against the background described above, the question arises whether the 4G-STPA
should be used at all if the body dimensions are to be measured automatically by the
software. The answer is obvious. When using the high-resolution VITUSbodyscan
scanner the body dimensions should be determined without positioning aid, as this
provides the most accurate results. However, if there are time restrictions or if the
removal of the positioning aid from the scanner is too laborious, the body dimensions
can also be determined with the positioning aid. This results in an accuracy comparable
to the best result of the previous study (3G-STPA with VITUSsmart LC). However, as
highlighted above, the shoulder fixations should be removed in any case to avoid
unacceptably high variability in shoulder angle measurements.
In this context, it is important to recall that the positioning aid is needed to accurately
superimpose scans taken in different clothing configurations or on different occasions.
The reduction of variability (MAD) in software-assisted extraction of body dimensions
was a positive side effect discovered in the previous study.

6.6 Conclusions
The aim of this chapter was to describe
▪

the redesign of the 3G-STPA for the standing posture for the use in the high
resolution-scanner, which resulted in the 4G-STPA

▪

the design of a SEPA based on the design principles for the 4G-STPA

▪

the study designed to collect semi-nude and clothed anthropometric data in
the standing and seated posture with and without positioning aid

The new design of the positioning aids was expected to lead to new insights
necessitating an iteration of the following three research questions already addressed
in the preceding chapters:
Q2: If mechanical positioning aids were to be used, what is the minimum amount
of positioning required to achieve the desired result?
Q3: What form would mechanical aids need to take to avoid significantly
compromising the scan data?

290

CHAPTER 6 – CAPTURING CLOTHED 3D DATA
The study also investigated possible adverse effects of the 4G-STPA on the automatic
measurement extraction software as well as the analysis of the effectiveness of either
positioning aid. Therefore, the research question of the achievable postural precision
was reiterated:
Q4: What is a suitable definition of the precision with which postures can be
replicated?
To address the above research questions, the objectives pursued in the study were:
▪

Understand the implications of using a high-resolution laser scanner for the
visibility of the positioning aid on scans

▪

Identify the most suitable design for the support elements to restrain body
movement without compromising the quality of the scans including an
additional fixture for the shoulder

▪

Identify a study design for capturing anthropometric data of clothed personnel
with positioning aids that facilitates the determination of linear and spatial
differences between different clothing configurations.

▪

Assess whether the modified positioning aid for the standing posture impedes
the software-assisted extraction of body dimensions

▪

Determine the effectiveness, with which the two positioning aids reduce body
sway and postural variability

The design of the positioning aids for the standing and seated posture was
systematically optimised to remain invisible on scans, to provide improved
adjustability options and to ensure the robustness required for scanning military
personnel wearing PPE. Following the design process, the effectiveness of the
positioning aids was evaluated by gauging sections. Furthermore, an assessment of the
MAD index was conducted with the 4G-STPA to identify possible adverse effects on
the automatic extraction of body dimensions from scans. From the insights gained, the
following conclusions can be drawn:
Design of the positioning aids
a. The purpose-built scanner platform with its self-sustained frame provides
manifold possibilities to mount the support elements of the positioning aids
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and the components for their adjustment outside the scanning volume without
compromising the data integrity.
b. High-resolution scanners of the latest generation as used in the study require
careful positioning of the support elements made of Plexiglas tubes and nylon
cords ( ≤ 1 mm) to ensure that they remain invisible on scans. The
development tests showed that positioning Plexiglas tubes midway between
the scanner columns causes only little artefacts if any. From this, a general
principle for the positioning of the support elements of the two positioning
aids was derived.
c. In addition to support elements for head, arms, hips and feet, the previous
study also called for a shoulder fixation to prevent the participants from
twisting their shoulders. A shoulder fixation in form of a horizontal Plexiglas
tube placed over the shoulder on both sides, with a pivotal clip connected to
the clothing at one end, proved to be least detrimental to data integrity.
d. The SEPA needs to incorporate support elements for head, arms, elbow, hip
and feet to avoid the most eminent effects of postural variability in the seated
posture.
Effectiveness of the positioning aids
e. The effectiveness of the 4G-STPA and the SEPA was evaluated by gauging
sections. The results showed that the 4G-STPA reduced the directionindependent variability (MAV LyzS) across all body parts on average by 54%
and the SEPA by 44%. The lower reduction rate for the seated posture is
mainly due to the fact that the variability without positioning aid constituting
the 100% mark against which the reduction is measured is generally lower
when sitting.
f. In absolute terms, the direction-independent variability of the sample
(MAV LyzS) across all body parts was reduced to 5.1 mm with the 4G-STPA
and to 5.2 mm with the SEPA. From this, it can be concluded that both
positioning aids ensure a residual variability in the order of 5 mm.
g. The selected support elements for the 4G-STPA effectively reduced the
variability at all selected body locations (> 42%) and particularly well at the
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extremities (66%-74%). With only one exception, the newly introduced
shoulder fixation prevented the test persons from twisting their shoulders,
which confirms the suitability of its design.
h. The fixation elements constituting the SEPA effectively reduced the
variability at the body locations eye sitting, nipple, upper arm, buttock and
popliteus. Lower reductions were achieved at the body locations deltoid and
abdomen. In four cases twisted shoulders were identified as the cause of
increased variability. Hence, it is recommended to explore design options for
a shoulder fixation in the seated posture, which is easily accessible and
adjustable by the experimenter and does not unduly increase the burden on
the participants.
i. The MAD analysis showed that the 4G-STPA did not impede the automatic
extraction of body dimensions. The MAD index, however, increased when
using the positioning aid. The high resolution of the scanner and its ability to
detect parts of the positioning aid was identified as the most probable cause
for the adverse effect on the software-supported extraction of body
dimensions.
j. The comparison with the results of the previous study showed that the
difference between the technical variability and the residual variability is
greater in the case of the 4G-STPA than for its predecessor. This suggests that
there is still optimisation potential for the 4G-STPA.
k. The results of the section analysis obtained with the 4G-STPA were
benchmarked against the variability measured for the 3G-STPA. The results
indicate that the 4G-STPA led to a further increase in efficiency compared to
its predecessor.
Study design
l. The test sequence was optimised to minimise the time required to install and
adjust the positioning aid and for the participants to get changed. The
effectiveness test only formed a subset of the study. The scans required to
evaluate the effectiveness were taken at the very beginning and at the very
end of the test. An observation was that at the end of the test the concentration
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of the participants was not as good as at the beginning. This suggests that the
scans required for the effectiveness tests should be taken first to avoid
increased variability.
m. The participants were asked to keep their undershirts on to reduce the time
for changing into the encumbered clothing configurations. Despite the fact
that the underwear was stretch-like, folds occurred along the upper arm and
belly in a small number of cases. Inspection of the scans indicated that folds
lead to an increased variability. It can be concluded, therefore, that asking the
participants to take their undershirts off for the effectiveness tests leads to a
more accurate result.
n. An observation during the tests was that the participants had a backward
inclined posture in the fully protected clothing configuration due to the
weight of the ballistic vest and the electronic backpack. Leaning forward to
reach the mouthpiece of the head fixation became noticeably tiring for the
participants. It is therefore proposed in future studies to adjust the positioning
aid for the standing posture in the clothing configuration that constitutes the
largest loading.
The findings of this study refine the answers to the research questions already
addressed in the previous chapters in the following manner:
Q2: Fixation elements to locate the head, arms, hip, feet and shoulder in the
standing posture and the head, arms, elbow, hip, knees and feet in the seated
posture efficiently reduce the postural variability.
Q3: Plexiglass tubes and thin nylon cords are used as the main structural elements
of the positioning aids and are invisible on scans taken with modern highresolution scanners.
Q4: 10 mm for the mean absolute variability (MAV) and 15 mm for the mean
maximum variability (MMV) are proposed as suitable precision levels for the
replication of postures for both the standing and seated posture.
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7.1 Introduction
The previous chapter described a study designed to collect anthropometric data in three
clothing configurations utilising positioning aids. For the data collection, one of the
most recent laser body scanners was used allowing scans to be taken not only in the
standing but also in the seated posture.
This chapter describes the methodology and results for evaluating the 3D data acquired
in the study. This includes the following elements:
▪

Preparation of the 3D data for the space claim analysis

▪

Determination of the space claim differences between different clothing
configurations using 1D, 2D and 3D techniques

▪

Case study describing the validation of a clothed DHM as the first technical
application of the PhD research

7.2 Aims and objectives
In contrast to semi-nude anthropometry, no recognised standards have yet been
established for the evaluation of clothed anthropometry. Therefore, the possible
approaches for the evaluation of the 3D data collected in the study are manifold. The
aim of this chapter is to explore expedient options for the evaluation of the clothed 3D
data.
To this end, in a first step, the data preparation for the evaluation will be described.
This includes explaining how the scans ascertained in the different clothing
configurations can be precisely aligned by means of a reference object placed in the
scanning volume. In addition, a methodology is presented as to how the amount of
data to be analysed can be reduced by selecting representative data sets.
Expedient methodologies for determining the space claim differences between the
three different clothing configurations are then proposed, which explicitly address the
following research questions:
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Q5: Which differential techniques (1D, 2D or 3D) support best the definition of
the relationship between semi-nude and clothed scans?
Q6: What set of dimensions best describes the relationship between semi-nude
and clothed measurements?
Q7: Would a non-anthropometric reference scheme provide practical advantages?
Finally, the chapter contains a case study describing the validation of a clothed DHM
using the data collected and the evaluation methods developed in the PhD research.
The case study also includes the categorisation of protective clothing and equipment
with respect to their physical properties. This establishes the basis for answering the
last two research questions:
Q8: How can protective clothing and equipment (or parts of it) sensibly be
categorised to describe their physical properties e.g. in terms of
compressibility?
Q9: Should the different categories of clothing be treated differently when
analysing the scan data?
To address the above research questions, the objectives pursued in this chapter are:
▪

Identify an expedient methodology for precisely aligning multiple scans
ascertained semi-nude and clothed

▪

Understand the context and criteria relevant to the selection of representative
participants from the overall sample in order to reduce the amount of data
required for the evaluation.

▪

Identify the most suitable options for determining the linear, circumferential
and spatial space claim differences

▪

Understand the implications of using a non-anthropometric reference scheme
instead of an anthropometric reference scheme and derive criteria for deciding
which should be used when

▪

Develop a methodology for validating a clothed DHM based on the collected
clothed 3D data

▪

Categorise the protective clothing and equipment in terms of their physical
properties and understand the implications for the validation of the DHM
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7.3 Preparation of clothed 3D data for analysis
7.3.1 Introduction
Taking 27 scans of 37 participants in three different clothing configurations in the
standing and seated posture both with and without positioning aid resulted in a total of
999 Scans creating 66 Gigabytes of data. Besides the actual evaluation of the 3D data,
their preparation for the evaluation requires a high level of diligence and is very timeconsuming. In view of the enormous amount of data, it was therefore particularly
important to carefully consider possibilities of reducing the workload without
compromising the scientific value and significance of the evaluation. In this sense, the
sections below describe an expedient method for aligning the scans and how data sets
representing the sample were identified to reduce the workload for data preparation
and evaluation.

7.3.2 Alignment of scans
7.3.2.1 Approach
As previously mentioned (5.5.1.3), the origin of the default coordinate system of the
Anthroscan software lies in the volumetric CG. The three different clothing
configurations considered in the study, however, differ significantly in volume (Table
6-5). Thus, superimposing scans taken of the same person in the three clothing
configurations using the default coordinate system leads to a significant misalignment
and fails to take positional variability into account (Figure 7-1). A workaround applied
in the first study was to refer to the raw scans for evaluation, which allowed the
machine coordinate system of the scanner to be accessed. To be able to use the standard
scans in the study and in particular to provide a software-independent datum
facilitating the precise alignment of scans, a cone as a reference object was placed in
the scanning volume (Figure 6-6). The Anthroscan software suite allows the position
of the cone to be determined on each scan, which can then be used to precisely align
the origins of the coordinate systems by superimposing the reference objects. This
process is described in more detail in the following two sections.

297

CHAPTER 7 – METHODOLOGICAL APPROACH TO CLOTHED DATA

Figure 7-1: Misalignment of scans using the Anthroscan default coordinate system

7.3.2.2 Measuring the reference object
The cone placed as a fixed reference object in the scanning volume is visible on the
raw scan. As a result of the noise filtering process, however, it is no longer visible on
the standard scan. Therefore, the raw scans were used to determine the position of the
cones in the default coordinate system. Anthroscan allows persistent markers to be
placed on a scan, the coordinates of which are displayed in a table. To determine the
exact position of the cone in the space, persistent markers were placed at its lowest
point in the vertical plane (x-axis), its most left point in the lateral plane (z-axis) and
the most forward point in the longitudinal plane (y-axis). An example of how the
persistent markers were positioned in the three planes on a raw scan is shown in Figure
7-2. The table with the coordinates of the persistent markers was exported to MS
EXCEL as an input parameter for the next step in the alignment process.
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Figure 7-2: Example of persistent markers placed on a scan in (a) the vertical plane,
(b) longitudinal plane, (c) lateral plane

7.3.2.3 Translating the scans
In order to align two or more scans, the first scan served as reference. The coordinate
systems of the remaining scans have to be repositioned in all three planes utilising
Anthroscan until their cones are aligned with the cone of the reference scan. Since the
positions of the persistent markers on the reference scan and the scans to be aligned
were known, the correction parameters in x-, y- and z-direction for their repositioning
could be calculated with EXCEL.
Utilising the standard scan for the evaluation has the advantage that the polygon mesh
got smoothed, imperfections were removed, and the noise was eliminated. As a result,
the evaluation is less prone to errors. The position of the scanned individual in the
coordinate system of the raw scan is identical with the position on the corresponding
standard scan. Hence, the calculated correction parameters were applied to the
standard scans instead of the raw scans.
This approach has been applied in two distinct steps to the three scans taken with
positioning aid in the standing and seated posture in each of the three clothing
configurations, i.e. semi-nude (CL0), combat clothing with protection vest (CL1) and
fully encumbered (CL2) (Figure 7-3):
Step 1: The first scan in each clothing configuration served as a reference to which
the second and third scans of the same clothing configuration were aligned.
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Step 2: The set of three scans taken semi-nude (CL0) served as reference and the
set of scans taken in clothing configuration CL1 and CL2 were aligned to the
reference set.

Figure 7-3: Two-step approach for the alignment of scans taken in three different
clothing configurations

As a by-product of this two-step approach, the deviations induced by the default
coordinate system between the scans within each clothing configuration were
determined as well as the deviations between the three different clothing
configurations. Table 7-1 depicts the maximum and mean deviations observed when
aligning the reference cone across the sample in the different clothing configurations
with positioning aid.
The table shows, that the maximum deviations between the reference scan and the
scans to be aligned were particularly high in the standing posture in the longitudinal
plane (47.9 mm for CL1) and the seated posture in the lateral plane (81.8 mm for CL1).
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Table 7-1: Maximum and mean deviation observed between the three scans taken semi-nude
(CL0), with protective clothing and ballistic vest (CL1) and fully encumbered (CL2)
X
Posture

Standing

Seated

Clothing
configuration

CL0

(vertical plane)
Max.
Mean
deviation deviation
[mm]
[mm]
3.1
1.0

Y
(longitudinal plane)

Z
(lateral plane)

Max.
Mean
deviation deviation
[mm]
[mm]
15.3
3.0

Max.
Mean
deviation deviation
[mm]
[mm]
10.0
2.2

CL1

5.8

1.0

47.9

4.2

6.3

1.7

CL2

4.0

0.9

46.6

5.6

14.5

1.8

CL0

9.1

2.1

12.9

2.7

49.4

2.0
2.9
1.9

CL1

19.0

2.6

19.3

1.8

81.8

CL2

8.8

1.9

25.9

2.8

27.7

The results show that if the scans were superimposed utilising the default coordinate
system without the corrective measures described above, a meaningful evaluation
would not be possible.

7.3.3 Identification of 3D data sets representing the sample
7.3.3.1 Approach
Ideally, the evaluation of the clothed 3D data would always include the data sets of all
37 participants who participated in the study. Often, however, the associated workload
is not manageable within a reasonable period of time or is disproportionate to the
benefits. This calls for an approach to reduce the workload by selecting those data sets
that are representative of the sample and provide the information necessary to address
a particular research or design question. In order to achieve this aim, various methods
have been developed which differ essentially in whether one (univariate), two
(bivariate) or more body dimensions (multivariate) are taken into account (Salvendy,
2012).
Apart from supporting the PhD research, the study data were used to create a database
of 3D data of the German soldier system that can be revisited for design purposes at
any time. The first technical application, however, was providing anthropometric data
for the development of a clothed DHM “RAMSIS Defense” (2.8.5) and in particular
its validation based on the collected clothed 3D data and the evaluation methods
developed in the PhD research. From experience with earlier applications, the DHM
developer proposed a bivariate analysis to select those data sets for development that
best represent the sample. Stature and weight in the standing posture and sitting height
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and weight in the seated posture were used as suitable dimensions to characterise the
sample.

7.3.3.2 Generating bivariate plots
In a first step, two separate bivariate plots were created for the standing and seated
postures, in which the weight of the surveyed sample was plotted on the abscissa and
the stature or sitting height on the ordinate. In a second step, MATLAB was utilised
to calculate the 95% confidence ellipse, which represents the two-dimensional
confidence interval of the sample for the two plotted body dimensions. For designers,
mid-size individuals are important as a starting point and the individuals representing
the size and shape extremes to define the design limits. The 95% confidence ellipse
overlay in the bivariate plots facilitates identifying these individuals (Figure 7-4 and
Figure 7-5).

7.3.3.3 Selecting representative 3D data sets
Figure 7-4 shows the bivariate plot for the standing posture characterising the sample
in terms of weight and body height. Participant 4 clearly represented an extreme in
terms of both weight and height. However, since it was far outside the 95% confidence
ellipse it is not representative for the population and therefore was not considered. The
data sets of participant 10 in the centre of the ellipse and the participants closest to the
contour of the ellipse, i.e. 8, 5, 29, 27, 13, 36 and 31, were selected to represent the
sample. The same approach was applied to the data ascertained in the seated posture
(Figure 7-5). Again, participant 4 was disregarded as an outlier. In the bivariate plot
for the seated posture, participant 24 was selected from the centre of the ellipse and
participants 2, 8, 11, 27, 13 and 16 as boundary cases.
Only considering the selected datasets for the evaluation of the clothed data and the
development of the clothed DHM respectively reduces the workload by approximately
80% compared to including all data sets.
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Figure 7-4: 95% confidence ellipse of the sample for stature and weight

Figure 7-5: 95% confidence ellipse of the sample for sitting height and weight

7.3.4 Best-fit analysis
7.3.4.1 Approach
To determine the space claim differences between different clothing configurations,
the appropriate scans need to be superimposed. To this end, a best-fit analysis was
conducted.
The selection of the best fitting scans in the three clothing configurations poses a
challenge since the scans have very little in common in terms of shape. Only areas of
the body not covered with clothing are unrestrictedly suitable for this purpose, as the
shape of these body parts is identical on all scans, regardless of the clothing
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configuration. Taking sections at such locations through superimposed scans allows
distances between the scans to be measured and those out of the three taken in each
configuration showing the least deviation to be selected. As can be seen in Figure 7-6,
only the front part of the head up to the forehead remains uncovered in the clothing
configuration fully encumbered (CL2). Therefore, the head front landmark meets the
requirements as set out for a location to take a section. In order to perform meaningful
best-fit analysis, however, more sections need to be taken covering the main body
parts. Hence, also locations were considered at which the body can be expected to be
very close or even in contact with the clothing. This is the case for the wrist and the
calf in the standing posture as well as for the buttock and the knees in the seated
posture. To consider not just the extremities but also the upper body, in addition, a
section through the breast front landmark was taken. At this location, at least the scans
of the clothing configurations CL1 and CL2 can be expected to be close since in both
clothing configurations the participants wear the ballistic protection vests.
Figure 7-6 depicts the nine superimposed scans taken in the three clothing
configurations and the four sections selected for the best-fit analysis in either posture.
In the next step, the linear deviations between the scans were to be determined by
gauging the sections. The best-fit analysis was limited to the data sets of the 15
participants identified to be representative of the sample in the previous section.

Figure 7-6: Sections through nine superimposed scans in three clothing configurations (a) in the
standing posture and (b) in the seated posture
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7.3.4.2 Identification of the best fitting scans
To facilitate the best-fit analysis, blue colour shades were allocated to the CL0 scans,
green shades to the CL1 scans and red shades to the CL2 scans. Figure 7-7 depicts
sections taken through the superimposed scans of one participant at the selected
locations. The sections through calf and wrist in the standing posture and through
buttock and knee (patella) in the seated posture confirmed the assumption that at these
locations the clothing is very close or even in contact with the body (Figure 7-7). The
situation is similar regarding the section through the breast front. As expected, there
was only a minor deviation between the CL1 and CL2 scans.

Figure 7-7: Sections through nine superimposed scans taken at the four selected locations for the
standing posture (a) head front, (b) breast front, (c) calf and (d) wrist as well as the two sections
deviating in the seated posture, i.e. (e) buttock and (f) knee
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The next step was to check for each of the four sections which of the three scans of a
clothing configuration had the smallest deviation to one of the three scans of another
clothing configuration. Between two clothing configurations, nine pairs of scans have
to be looked at since they could constitute the minimum deviation. This was
determined separately for the clothing configurations CL0 and CL1, CL0 and CL2,
and CL1 and CL2. The hypothesis was that the same combination of scans shows the
minimum deviation at the majority of body locations. This labour-intensive analysis
was limited to the measurement of the longitudinal deviations between the scans since
both studies conducted in the PhD research showed that the variability is smaller in the
lateral plane than in the longitudinal plane (5.5.2.2 and 6.5.2.3).
Contrary to expectations, however, the same pair of scans never represented the best
fit between clothing configurations at more than two of the four body locations. For
the majority of the participants each of the four body locations indicated a unique pair
of scans that showed the smallest deviation. Thus, this method proved to be unsuitable
for selecting the best fitting scans for the subsequent space claim analysis.
As a by-product of the best-fit analysis, the minimum and maximum deviations
between the scans of the different clothing configurations were determined. These are
presented below to illustrate the order of magnitude of the deviations. The maximum
distances are of particular interest as they indicate the consequences of selecting the
worst fitting scans for the analysis. The results of the measurements are shown in Table
7-2 for the standing posture and in Table 7-3 for the seated posture.
Table 7-2: Mean maximum and mean minimum deviations between scans of the three
clothing configurations observed across the eight selected data sets in the standing posture
MMaxD

MMinD

between the two scans representing the
extremes of the three clothing configurations
[mm]

between the two scans representing the
best-fit of the three clothing configurations
[mm]

Head front

11.93

1.11

Breast

15.89

2.21

Wrist

18.45

1.52

Calf

21.09

1.22

Section
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Table 7-3: Mean Maximum and mean minimum deviations between scans of the three
clothing configurations observed across the seven selected data sets in the seated posture
MMaxD

MMinD

between the two scans representing the
extremes of the three clothing configurations
[mm]

between the two scans representing the
best-fit of the three clothing configurations
[mm]

Head front

14.94

1.22

Breast

19.19

3.21

Buttock

24.49

1.75

Knee

25.22

2.78

Section

The tables show:
▪

The mean minimum deviations MMinD of the four sections in the standing
posture across the chosen datasets varied between 1.11 mm (head front)
and 2.21 mm (breast front). The corresponding mean maximum deviations
MMaxD values varied between 11.93 mm (head front) section and
21.09 mm (calf).

▪

The MMinD of the four sections in the seated posture across the chosen
datasets varied between 1.22 mm (head front) section and 3.21 mm
(breast). The corresponding MMaxD varied between 14.94 mm (head
front) section and 25.22 mm (knee).

The fact that the variability observed in the seated posture is higher than in the standing
posture is in line with the results described in the previous chapter (6.5.2.5). At the
extremities, i.e. calf and wrist in the standing posture as well as knee and buttock in
the seated posture, particularly high deviations between superimposed scans of the
three clothing configurations were found.

7.3.4.3 Methodological considerations
The result of the best-fit analysis calls for a new approach for the selection of the most
suitable scans in each clothing configuration for the subsequent evaluation. The
following three options have been identified:
a. Mathematical approach
Measuring the deviations between the set of nine scans as described for the
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best-fit analysis and using the mean across all selected body locations to
identify the set of three scans leading to the least deviation.
Advantage:
 Only one scan is selected and superimposed for each clothing
configuration, which facilitates analysis methods like e.g. the 3D colour
scale analysis presented in Section 7.4.4.2.
Disadvantages:
 The best-fit analysis showed that measuring the deviations between
multiple scans at multiple sections is very time consuming and hardly
manageable for larger sample sizes.
g. Best-case approach
Sophisticated software suites such as PolyWorks permit all nine scans to be
superimposed while hiding individual scans for evaluation. This makes it
possible to identify separately in each section the scans with the least deviation
and to hide the remaining six. As a consequence, it is possible that in each
section a different set of three scans are selected.
Advantage:
 Expedient approach, as apart from the need to import all nine scans, there
is no additional workload.
Disadvantages:
 Since always the most favourable combination of scans is considered for
the measurements, the results tend to be smaller than the space claim
differences that can actually be expected.
h. Outliers approach
Of the three scans in each clothing configuration, the scan whose contour is
the most deviant from the other two is not evaluated. To determine the space
claim differences, the largest distances between the remaining two scans of
each clothing configuration are determined.

308

CHAPTER 7 – METHODOLOGICAL APPROACH TO CLOTHED DATA
Advantages:
 Expedient approach, as apart from the need to import all nine scans, there
is no additional workload.
 Removing the scan constituting the “outlier” in each clothing
configuration avoids overestimating the space claim differences.
 Determining the maximum deviation between the remaining scans in each
clothing configuration avoids underestimating the space claim
differences.
Disadvantage:
 Although less likely, it cannot be ruled out that the "outlier" scan not
included in the evaluation is actually the one that represents the "true"
relationship to the other clothing configurations best.
After weighing up the advantages and disadvantages of the three different methods,
the "Outliers" method described under c. was selected to determine the space claim
differences. On the one hand, this method avoids unnecessarily high workload for data
preparation, on the other hand, the expected results are neither best-case nor
worst-case.

7.4 Analysis of space claim differences
7.4.1 Introduction
After the clothed 3D data have been prepared for the evaluation, the prerequisites for
determining the space claim differences between the clothing configurations are in
place. The content and scope of such an evaluation, however, is dependent on the
specific application and the design questions to be answered. At the time, the German
Army did not have a specific design question in mind but wanted the 3D data of their
soldier system at hand once such a question arises.
The focus of the PhD research was to find and describe suitable ways to effectively
evaluate clothed 3D data. Therefore, this research does not claim to comprehensively
evaluate the space requirements related to the captured clothing configurations.
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Instead, the following sections focus on the presentation of methods for 1D, 2D and
3D data analysis and the exemplary presentation of the results.

7.4.2 Linear space claim differences
7.4.2.1 Approach
Full encumbrance constitutes for the majority of military design applications the worst
case (Figure 6-23). Therefore, the offset between these two clothing configurations is
of particular interest to designers. Hence, the linear space claim differences between
the semi-nude (CL0) and the fully encumbered (CL2) clothing configurations were
determined to serve as an example for extracting 1D information from 3D data.
However, in the case of the offset caused by the electronic backpack, the distance
between the ballistic vest and the backpack also had to be measured. This specific
measurement also required the three scans taken in clothing configuration CL1 to be
superimposed (Figure 7-10, d and Figure 7-11, d).
Horizontal sections were taken at locations constituting extremes. The space claim
differences were measured in the longitudinal or the lateral direction depending on
which direction represented the worst case using the “Outliers approach” presented in
7.3.4.3. The data sets selected in Section 7.3.3.3 were used for the evaluation.

7.4.2.2 Selecting sections
Figure 7-8 reveals that, regardless of the posture, in clothing configuration CL2 the
helmet, the ballistic vest and the electronic backpack constitute an extreme in terms of
space claim in the longitudinal plane. In the lateral plane, the same is true for the
helmet and the trouser pockets. Since the emphasis was on methodology and the effort
was to be limited, body parts that might also be relevant for the space claim, such as
shoulders, upper arms and lower legs, were not included in the analysis.
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Figure 7-8: Overview selected sections and measurement points (a) longitudinal – standing,
b) lateral – standing, (c) longitudinal – seated (d) lateral – seated

Therefore, landmarks needed to be identified, allowing horizontal sections to be taken
through these areas. The anthropometric reference scheme offered suitable landmarks
for most of the sections. As previously mentioned, the anthropometric landmarks are
extracted automatically by Anthroscan in the standing posture and semi-automatically
in the seated posture and provided in the form of EXCEL spreadsheets (4.4.2.1).
However, in order to place sections exactly through the front edge of the helmet in
both postures and in the centre of the trouser pocket in the standing posture, there were
no corresponding anthropometric landmarks and it was necessary to use an
“equipment-oriented” reference scheme. In practice, this means that the coordinates of
the edge of the helmet as well as the centre of the trouser pocket have to be identified
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with PolyWorks and sections are taken through the respective coordinate points. An
overview of the anthropometric and equipment-oriented landmarks used for the
evaluation is provided in Table 7-4.
Table 7-4: Anthropometric and equipment-oriented landmarks through which the horizontal
sections for the linear space claim analysis were taken
Anthropometric and equipment-oriented landmarks
through which horizontal sections were taken

Section

standing

seated

Helmet front

front edge of the helmet

front edge of the helmet

Helmet back

“head back“ landmark

front edge of the helmet

Ballistic vest front

“midriff girth point“ landmark

“nipple“ landmark

Ballistic vest back

“high waist girth back“ landmark

“grip axis sitting“ landmark

Electronic back*

“high waist girth back“ landmark

“grip axis sitting“ landmark

Trouser pocket

Centre pocket right

“patella“ landmark

7.4.2.3 Gauging sections
In accordance with the methodology described for the best-fit analysis (7.3.4), all nine
scans were superimposed. Again, blue colour shades were allocated to the CL0 scans,
green shades to the CL1 scans and red shades to the CL2 scans to facilitate identifying
the different clothing configurations.
Applying the “outliers” approach, the maximum distances between the different
clothing configurations were measured. Figure 7-9 illustrates how this was done in
practice at the helmet front section.

Figure 7-9: Application of the “outliers” approach at the helmet front section

The dark blue scan, the dark green scan and the light red scan constitute the outliers in
their respective clothing configuration and are therefore not considered in the analysis.
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Subsequently, the maximum deviation is measured between the scans constituting the
extremes of the remaining two scans of each clothing configuration. As explained in
7.4.2.1, at the helmet front section the longitudinal deviation between clothing
configuration CL0 and CL2 was to be measured. Therefore, the measurement was
taken between the dark red scan and the mid-blue scan. The latter intersects exactly at
the symmetry line of the helmet with the light green scan (CL1), which is why the
intersection point was chosen as the measuring point. This way, the measurements
were taken in longitudinal and lateral directions in the selected sections as depicted in
Figure 7-10 for the standing posture and in Figure 7-11 for the seated posture.

Figure 7-10: Overview of longitudinal and lateral measurements in the standing posture
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Figure 7-11: Overview of longitudinal and lateral measurements in the seated posture

The results of the linear space claim analysis are presented for the selected set of
participants in Table 7-5 for the standing posture and in Table 7-6 for the seated
posture.
Table 7-5: Results of the linear space claim analysis in the standing posture
Participant

MaxD [mm]

Max

Mean

[mm] [mm]

Min

[mm]

5

8

10

13

27

29

31

36

front

52

44

40

40

39

42

44

44

39

52

43

back

43

16

40

33

43

22

35

40

16

43

34

right

31

68

31

27

48

35

36

35

27

68

39

left

49

18

38

34

49

44

36

34

18

49

38

front

77

67

71

68

64

79

49

52

49

79

66

back

92

66

71

56

81

71

80

95

56

95

77

back→ CL0

192

185

158

138

159

160

174

171

138

192

167

back→ CL2

98

119

87

89

82

90

96

85

82

119

93

79

67

87

83

77

85

82

91

67

91

81

Helmet

Ballistic vest

Electronic backpack

Trouser pocket
right
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Table 7-6: Results of the linear space claim analysis in the seated posture
Participant

MaxD [mm]

Max

Mean

[mm] [mm]

Min

[mm]

2

8

11

13

16

24

27

front

61

47

53

40

47

33

46

33

61

47

back

23

18

36

27

43

30

45

18

45

32

right

54

35

38

49

48

39

49

35

54

44

left

36

43

39

28

44

27

39

27

44

37

front

65

62

69

48

49

52

47

47

69

56

back

68

81

65

74

62

86

68

62

86

72

back→ CL0

169

194

145

165

155

183

132

132

194

163

back→ CL2

106

93

82

88

94

102

77

77

106

92

81

65

57

59

62

61

65

57

81

64

Helmet

Ballistic vest

Electronic backpack

Trouser pocket
right

The most notable observations from the space claim analysis were:
▪

Wearing the ballistic vest leads to greater offsets at the back than at the front

▪

The additional bulk caused by the trouser pocket in the lateral plane was
smaller in the seated posture than in the standing posture.

▪

Almost identical results observed in both postures for the additional space
claim at the back caused by the ballistic vest and the electronic backpack worn
over it. The observed offset constitutes the extreme in the fully encumbered
clothing configuration and amounts to 167 mm when standing and 163 mm
when seated.

Methodological insights gained through the linear space claim analysis were:
▪

The combination of the anthropometric and the equipment-oriented reference
scheme has proven to be expedient for identifying and parameterising designrelevant areas or locations on the encumbered body.

▪

The outlier approach proved to be expedient since in the majority of cases it
was possible to identify the outliers visually and therefore not causing
additional measuring effort. The fact that PolyWorks offers the possibility to
assign any colour to the scans makes the measurements much easier and
avoids errors.
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7.4.2.4 Analysis of aggregated 1D results
The results of the linear space claim analysis presented in the previous section quantify
the offset caused by encumbrance. Dependencies or correlations, however, are difficult
to derive. This changes as soon as the results of the linear space claim analysis are
aggregated or supplemented with additional information. This will be demonstrated
with two examples relating to the helmet and the ballistic vest. In order to obtain
clearer trends, the evaluation of the linear space claim analysis was extended for these
two pieces of PPE to the entire sample.
Example 1
The design of ballistic vests has been a focus over the last decade since they used to
be bulky, heavy and rigid. The new generation of ballistic vests offer the same level of
protection but are lighter and restrict the wearer's freedom of movement considerably
less. Therefore, it can no longer be assumed that the ballistic vest is a rigid piece of
equipment that does not deform regardless of posture. Against this background, Figure
7-12 depicts the longitudinal offset caused by the vest at the front and the back of the
body measured both in the standing posture (blue diamonds) and seated (orange
squares).

Figure 7-12: Differences in offset due to the ballistic vest when standing and sitting
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The diagram reveals that across the entire sample the vest is closer to the body both at
the front and the back in the seated posture than when standing. A possible cause is
that the ballistic vest with its lower edge rests on the stool at the back and on the thighs
at the front, thus pushing the vest against the body. This example shows that the
aggregation of 1D results of the linear space claim analysis facilitates the detection of
trends.
Example 2
The next example aggregates the offset caused by the helmet in the standing and the
seated posture separately for the helmet front and helmet back. The results of the linear
space claim analysis are depicted in Figure 7-13. While the participant numbers 1 to
37 are given on the abscissa, the offset is depicted on the ordinate. As additional
information, the helmet size of the test persons was included in the diagrams. Different
colours and shapes were assigned to the different sizes in the two postures. From the
diagram the following conclusions can be drawn:
▪

In the standing posture, the distances measured at the helmet front tend to
be lower than in the seated posture. For the measurements at the back of
the helmet, the reverse is true.

▪

Apart from a few outliers, the additional space claim varies irrespective of
the helmet size at both measuring points about 30 mm (grey area).
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Figure 7-13: Differences in offset due to the helmet when standing and sitting

By including the helmet size as additional information in the diagrams, also an
undesirable fact becomes apparent, which is not directly related to the space claim
analysis, but nevertheless requires corrective action.
Participants 1 to 10 wear predominantly size S/M helmets, participants 11 to 22 size
L/XL helmets and participants 23 to 37 size M/L helmets. Considering that participants
1 to 10, 11 to 21 and 22 to 37 belong to three different units, it is doubtful that this is
a coincidence. There is a high probability that no clear criteria for deciding on the size
of the equipment have been established and the availability of a certain size of helmets
was the leading criterion.
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This example shows how aggregating the results of the linear space claim analysis and
supplementing size information facilitates the identification of interdependencies even
outside the scope of the actual analysis.

7.4.2.5 Circumferential space claim differences
Although the circumferential space claim analysis plays no or only a subordinate role
in the design of workplaces, it is nevertheless important for apparel design and PPE
development. Therefore, capturing circumferences from 3D data obtained in different
clothing configurations has its justification as a complementing 1D analysis method in
clothed anthropometry. An example of the circumferential space claim analysis
method is presented below.
Determining circumferences, however, requires special software. PolyWorks, which
has proven to be a valuable tool for conducting measurements in 3D data does not
provide this functionality. Here Anthroscan offers a useful feature. Circumferences are
measured by contracting a polygon like a rubber band around the desired part of the
body. The desired area has to be roughly encircled with the computer mouse. The
contour created in this way is automatically contracted around the surrounded data.
Figure 7-14 and Figure 7-15 show a circumferential space claim analysis conducted to
determine the differences between clothing configuration CL0 and CL1. As for the
linear space claim differences, horizontal sections at locations relevant to the design
application need to be taken. In the example, sections were taken through the
anthropometric landmarks armpit right, belly front and thigh crease right.
While the section is displayed in yellow, the circumferences are displayed in bright
blue with an annotation of the measured circumference. This way, very quickly an
overview can be generated how encumbrance increases the circumferential space
claim.
The example shows that the software tools are available for performing circumferential
space claim analysis and that measurements based on the 3D data can be performed as
quickly as linear measurements.
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Figure 7-14: Circumferential space claim in clothing configuration CL0

Figure 7-15: Circumferential space claim in clothing configuration CL1

7.4.3 2D space claim analysis
7.4.3.1 Introduction
2D data in the form of physical templates or CAD data representing the human shape
are to this day a tool that is used in the design of workplaces and products. Such
templates show the human shape in the side view, the front view or the top view and
can be displayed in the corresponding 2D CAD views of the working environment.
Veitch et al. (Veitch, Caple and Blewett, 2009) highlight that such 2D tools are
inexpensive and easy to use but that they can be misleading and too simplistic when
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derived from anthropometric 1D data. When the templates originate from 3D data,
however, the perception is different. The authors stress the value of 2D anthropometric
tools complimenting 3D tools. They also point out that 2D tools ideally should be
derived from the same 3D database to ensure continuity throughout the design process.
Against this background, subsequently, two options for 2D space claim analysis with
data obtained from the 3D clothed data are presented.

7.4.3.2 Horizontal shape analysis
When developing military vehicles and ships, the question regularly arises as to how
large hatches must be sized and what shape they should have in order to be suitable
for encumbered personnel. For an initial assessment in the early design phase, a 2D
space claim analysis can be used, in which the inner envelope of the hatch is compared
with the 2D representation of individuals wearing PPE. The superimposition of the
hatch envelope with the top view of an encumbered person would most probably lead
to overestimating the space claim since the arms are spread in approximately a 20°
angle during the scanning process to avoid occlusions. This can be countered by
identifying the most design critical spots of the encumbered body for taking more
representative horizontal sections. In this example, sections were taken through the
bideltoid landmark, at the point of maximum bulk caused by the ballistic vest and the
point of maximum bulk caused by the trouser pockets both in clothing configurations
CL1 and CL2. The results of the 2D space claim analysis are depicted in Figure 7-16
and Figure 7-17. While the 2D representations of the three sections taken in clothing
configuration CL1 indicate that ingress and egress through the hatch would be
possible, two out of three sections taken in clothing configuration CL2 are clearly
incompatible.
The example shows that the 2D representation of the 3D data provides valuable shape
information. However, specifying the area enclosed by the respective contours in m2
does not provide any added value for the parameterisation of differences between
clothing configuration nor for the evaluation of this specific design question. If at all,
1D dimensions like distance spanned by the contour or the clearance between the
contour and hatch in longitudinal and lateral directions could be used to quantify the
differences in space claim.
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Figure 7-16: Superimposition of the contours of a hatch of a military vehicle and horizontal sections
taken from scans taken in clothing configuration CL1

Figure 7-17: Superimposition of the contours of a hatch of a military vehicle and horizontal sections
taken from scans taken in clothing configuration CL2
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7.4.3.3 Longitudinal shape analysis
Sophisticated software tools like Anthroscan or PolyWorks permit taking sections in
all three planes at any angle and even support taking multiple equidistant sections over
a user-definable area. The latter feature is used in the second example, in which five
longitudinal sections were taken of a participant wearing clothing configuration CL1
in the seated posture. This clothing configuration is typically worn by drivers and codrivers in military vehicles during the transfer to and from missions. The 2D
representation of the five longitudinal sections is depicted in Figure 7-18. It shows how
the contour of the back in the area of the ballistic vest significantly varies from the
centre of the body to the left or right. This shape information could provide valuable
input e.g. for the seat design.

Figure 7-18: Multiple longitudinal sections taken in the seated posture in clothing configuration CL1

The two examples show that the tools to perform a 2D space claim analysis are
available and that 2D data extracted from clothed 3D data can provide valuable shape
information for the design process. However, the examples were essentially related to
design tasks rather than characterising clothing configurations or describing
differences between clothing configurations. Undoubtedly, superimposing sections
captured in different clothing configurations provides an instant visual image of shape
differences. Given the richness and value of the 2D information, it would appear useful
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to explore ways to parameterise the shape data to describe differences between
garment configurations. Nevertheless, 2D techniques play a subordinate role in the
overall picture compared to the other tools presented in this section and should
therefore be considered as complementary tools in clothed anthropometry.

7.4.4 3D space claim analysis
7.4.4.1 Introduction
As highlighted in the literature review (2.10), true clothed 3D scan data have not been
utilised directly for design purposes. In fact, the clothed scan data were used to create
representative human models in terms of posture and reach in DHM, which are then
made available to the design process for a specific application. Until now, it was not
even possible to determine differences in space claim between clothed and semi-nude
3D scan data, since the deviations in the scan posture prevented an exact alignment of
the scans as a prerequisite for such an analysis. This has fundamentally changed with
the development of effective positioning aids and the evaluation methods presented in
this thesis. Subsequently, a 3D space claim analysis based on the scan data ascertained
in the three clothing configurations is presented.

7.4.4.2 Visualisation of 3D space claim differences
For quality assurance applications, the PolyWorks software suite allows comparison
of 3D objects. Typically, CAD data is used to create a reference object, which is then
compared with scans of products manufactured from that data. The differences
between reference object and scans can be displayed with a colour scale, where both
the colour and the scale can be set by the user with a wide range of options.
This functionality of PolyWorks is ideally suited to perform a 3D space claim analysis
to determine the 3D differences between the three clothing configurations. In
preparation for the analysis, holes in the scans typically caused by occlusions
underneath arms and the inner side of the legs had to be closed. For this purpose,
Anthroscan offers a routine that automatically detects such holes and closes them
according to the expected shape of the body at the respective location. It needs to be
noted in this context, that significantly fewer and much smaller number of such defects
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were observed for the scans taken with the high-resolution scanner than those taken
with the scanners used in the earlier studies.
After the scans in the three clothing configurations were transformed into "watertight"
polygon models, they were imported into PolyWorks. The semi-nude model served as
a reference the CL1 and CL2 models were compared to. An example of the result of
the 3D space claim analysis is shown in Figure 7-19 for the CL1 clothing configuration
and in Figure 7-20 for the CL2 clothing configuration. Although here only the front,
side and rear views of the models are shown, it must be emphasized that it is, in fact,
a 3D model that can be rotated in any direction. Space claim differences are determined
along the normal to the surface of the semi-nude model and the respective clothing
configuration.
A colour scale is used to visualise the differences resulting in a colour map on the
surface of the clothed model parameterising the space claim. The positive and negative
deviations between the semi-nude model as reference and the two different clothing
configurations are given in the range of + 0.25 m to - 0.25 m. When the cursor is moved
over the surface of the model, PolyWorks also displays the exact distance at any point,
which can be recorded and made visible for documentation purposes. The specific
result of the space claim analysis will not be discussed at this point, as the focus is on
the methodology. Nevertheless, it is worthwhile highlighting two interesting
observations:
▪

Spots of negative deviations between semi-nude and clothed configurations
marked in blue shades occur in both clothing configurations at the head,
shoulder, right thigh and hands. This means that at these spots the semi-nude
reference model is located in front of the dressed model from the observer's
point of view. This is a consequence of the fact that even when using
positioning aids, human variability cannot be eliminated completely. However,
the turquoise blue colour at these points indicates that the residual variability
is in the range 0 - 25 mm. This underlines the effectiveness of the positioning
aids presented in Chapters 5 and 6.
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Figure 7-19: 3D space claim analysis utilising a colour scale to parameterise the offset between
clothing configuration CL0 and CL1

Figure 7-20: 3D space claim analysis utilising a colour scale to parameterise the offset between
clothing configuration CL0 and CL2
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▪

As shown in Table 6-5, the CL1 and CL2 clothing configurations do not differ
as far as the trousers, the jacket and the upper front of the ballistic vest is
concerned. After taking scans in clothing configuration CL1, the participants
had to put on the additional equipment required for the CL2 scans. It was
assumed that this would lead to increased variability, e.g. by different folding
of the trousers and jacket sleeves. However, a comparison of Figure 7-19 and
Figure 7-20 shows that this is not the case.

The example shows, that the use of effective positioning aids opens up the possibility
of reliably determining 3D space claim differences between different clothing
configurations.

7.5 Validation of a clothed DHM - case study
7.5.1 Introduction
As highlighted in Section 1.1, DHM have become an essential tool for product
development in the automotive and aerospace industries. While these DHM have been
optimised to evaluate whether a workplace suitably accommodates lightly clothed
individuals with diverse sizes and shapes, there are hardly any DHM available for
encumbered personnel. The literature review revealed that just six out of more than 90
known DHM offer to generate human models wearing protective clothing and
equipment (2.8). Only three of the six clothed DHM serve the purpose to perform
clothed digital ergonomics analysis for improved workstation design. The
development of two out of these three clothed DHM was funded by the US and
Canadian military respectively and are not commercially available. This leaves only
one clothed DHM, namely RAMSIS Defense, currently available on the market
(2.8.5). In the first step, the latter allows human models to be equipped with clothing
and equipment of the newly introduced soldier system of the German Army presented
in Section 6.4.1. The DHM also considers PPE-induced movement restrictions and
allows complex operations like vehicle ingress and egress to be simulated.
RAMSIS Defense is the result of a collaboration between Human Solutions, based in
Kaiserslautern, Germany, and the Technical-Test-Center of the German Armed Forces
in Trier (WTD 41), Germany. The motivation of WTD 41 for this cooperation was to
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make a state-of-the-art DHM available to the manufacturers of military vehicles for
the German Armed Forces, with which PPE induced space requirements and
movement restrictions can be considered in the design process. For Human Solutions,
the focus was on extending the range of applications for their DHM RAMSIS to user
populations wearing protective clothing and equipment. Thereby, a methodology was
to be developed, which facilitates a later extension of the clothing library to other user
groups such as firefighters, police or motorcyclists.
The collected data as well as the tools and evaluation methods presented in this thesis
were an essential prerequisite for this cooperation and constituted the first technical
application of the research.

7.5.2 Methodology and workshare
At the beginning of the collaboration, two workshops were held to define the work
packages constituting the joint project and to assign the responsibilities for their
implementation. This also included the development of functional requirements
describing the desired capabilities of the clothed DHM. The project started in 2015
and is due to be completed by the end of 2019. An overview of the RAMSIS Defense
development process is shown in Figure 7-21.
The project comprises the following main process steps:
a. WTD 41 and Human Solutions to assess the elements constituting the soldier
system of the infantry in a workshop. The aim is to categorise the equipment
according to its physical properties and to select items to be included in the
RAMSIS Defense clothing and equipment library.
b. WTD 41 to conduct a survey in three clothing configurations both in the
standing and seated posture to generate the database needed to develop a
family of clothed 3D human models and subsequently conduct a meaningful
validation.
c. WTD 41 to create 3D models of the selected clothing and equipment items
not exceeding the maximum data volume requirements defined by Human
Solutions.
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d. WTD 41 to determine in a small-scale survey the movement restrictions
caused by the ballistic vest and the combat boots as input for the RAMSIS
Defense kinematic model.
e. Human Solutions to develop a family of 3D human models that can be
equipped with the selected clothing and equipment items and meet jointly
defined functional requirements.
f. Human Solutions and WTD 41 to jointly validate the 3D models based on
the clothed scan data collected in the study and the space claim differences
between semi-nude and clothed configurations determined from it.

Figure 7-21: Process steps in the development of the DHM RAMSIS Defense

Even though the tools and methods presented in this thesis were a prerequisite for this
collaboration, the contents presented in the case study formed only partially part of the
PhD research. While process steps a. and b. were included, c. to f. did not form part of
the research, as they took place after the PhD student had left WTD 41 or staff other
than the PhD student were responsible for them.
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7.5.3 Categorisation of clothing and equipment
After the development process had been defined in terms of content and time, a
workshop took place in which the PGR student, staff of WTD 41 and Human Solutions
were familiarized with the individual elements of the soldier system in order to select
the elements to be modelled in the DHM. To this end, a member of the project
management team presented in detail the protective clothing and equipment
constituting the soldier system (Figure 7-22). Apart from explaining the properties and
functionality this also included a demonstration of how to put the clothing on and
check the correct fit.

Figure 7-22: Categorisation of clothing and equipment items constituting the soldier system of the
German Army

The individual elements of the protective clothing and protective equipment were
subsequently categorised with regard to their:
▪

physical properties, ranging between rigid, semi-flexible, flexible and
elastic as a subset of flexible

▪

relevance to the different roles to be performed in a military vehicle, i.e.
driver, operator or infantrymen

▪

relevance for modelling in RAMSIS Defense (priority 1 to 3)
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The results were documented in an EXCEL file (Appendix 7-1). The elements rated
priority 1 in terms of relevance for modelling and consequently selected for the
clothing and equipment library of RAMSIS Defense are depicted in Figure 7-23.
The results of the categorisation for these elements against the above criteria are
presented in Table 7-7.

Figure 7-23: Clothing and equipment selected for modelling in RAMSIS Defense: (a)
combat jacket, (b) combat trousers, (c) ballistic vest, (d) combat boots, (e) electronic
backpack, (f) helmet with cover (ES&T, 2020)
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Table 7-7: Results of the categorisation of the clothing and equipment selected for modelling

Combat jacket

X

X

X

X

X

Combat trousers

X

X

X

X

X

X

X

X

X

X

X

Braces (part of trousers)

X

X

Protector knees (part of trousers)

X

Protector elbows (part of jacket)

X

Basic helmet
Helmet cover (part of helmet)

Stepped
sizes

Diver suit

Modelling
strategy

One size

Infantrymen

Operator

Driver

Relevance to roles
in mil. vehicles

rigid

flexible

elastic

Clothing / equipment

Semiflexible

Physical
properties

X

X

X

Ballistic vest

X

Electronic backpack
Combat boots

X
X

X

X

X
X

X
X
X

The table also includes the strategy chosen for their modelling. Three different
strategies were applied:
a. Diving suit strategy
Combat jacket and trousers, as well as combat boots, are available in numerous
different sizes. For these, a modelling strategy is used, which has been proven
to be expedient for the already existing shoe library which contains a selection
of civilian shoe models in the DHM RAMSIS. The offset caused by the
clothing and boots is infinitely adjusted to the anthropometric dimensions of
the human model, similar to the skin of a diving suit.
b. Stepped sizes strategy
Helmets are available in three sizes and ballistic vests in four different sizes
respectively. These two pieces of equipment are modelled in all sizes. The user
of the DHM will get a recommendation of which size to choose for the human
model according to its anthropometric dimensions but also can decide to select
a different size.
c. One size strategy
The electronic backpack is only available in one size and therefore considered
in the library in its standard size.
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In this context, it needs to be noted that the braces, knee and elbow protectors, as well
as the helmet cover, were only categorised in terms of their physical properties. In all
other respects, they are regarded as part of the clothing to which they belong.

7.5.4 Provision of data for the development of the DHM
The clothing configurations CL1 and CL2 in the survey comprised of the clothing and
equipment elements shown above with the exception of combat boots. As explained
in more detail in Section 6.4.6, all semi-nude and clothed scans were taken in socks to
facilitate their subsequent alignment. Once the survey was completed, participants
representing the sample best were selected as set out in Section 7.3.3.3 and the
appropriate scan data provided to Human Solutions for development purposes.
The survey also included three RAMSIS-specific scans, which were taken semi-nude
in the standing and the seated posture. These were taken to allow 22 specific
anthropometric dimensions required to generate a RAMSIS human model to be
extracted. As with the scan data, the anthropometric data was provided for the
participants selected according to the methodology described in Section 7.3.3.3.
In line with the workshare agreement with Human Solution, WTD 41 generated
polygon models of the combat jacket, combat trousers, combat boots, helmet, ballistic
vest and electronic backpack and provided them to Human Solutions for modelling in
RAMSIS Defense. A more detailed description of the methodology applied to generate
the polygon models is at Appendix 7-2.
Apart from considering increased spatial requirements caused by clothing and
equipment, RAMSIS Defence is also expected to allow the simulation of complex
movements such as embarking and disembarking from vehicles. It is therefore
important that its kinematic model takes PPE-induced movement restrictions into
account in a realistic manner. To this end, the ergonomists at WTD 41 conducted a
small-scale study with seven male participants to determine the movement restrictions
related to ballistic vest, electronic backpack and combat boots. For more detail see
Appendix 7-3.
After the first data and study results were provided to Human Solutions, their design
team launched the development of RAMSIS Defense. Human Solutions and WTD 41
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had already agreed in the initial workshops on the essential functional requirements
that describe the expected performance spectrum of RAMSIS Defense. These were
limited to the additional requirements resulting from the consideration of protective
clothing and equipment and are shown in Appendix 7-4.

7.5.5 Validation
7.5.5.1 Qualitative validation
After the first release of RAMSIS Defense was available, Human Solutions provided
it to WTD 41 to start the validation. The validation of RAMSIS Defense constitutes
the final step in the development process. Given the complexity of the development
task based on the challenging set of functional requirements, it was agreed to perform
the validation as a two-step process comprising the qualitative and quantitative
validation.
The qualitative validation includes:
▪

Checking whether the functionality of the clothing and equipment library
allows individually clothing and equipping the 3D human models to the
desired extent

▪

Alignment of the 3D human models resembling the selected participants
(7.3.3.3) with their scans in the standing and seated posture as a prerequisite
for all subsequent validation steps

▪

Checking whether the positioning of clothing and equipment on the 3D
human models reflects the scan data

While the qualitative validation for the standing posture is already well advanced, it is
still to be done for the seated posture. Up to and including July 2019, the qualitative
validation led to the following findings:
▪

While the sizes for the ballistic vests were freely selectable in the clothing
and equipment library, the sizes of the helmets were automatically
determined by the software on the basis of the anthropometric data
underlying the human models. Human Solutions was asked to make also
the helmet sizes freely selectable. Once this had been done, the human
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models’ helmet sizes could be chosen to match the sizes of the helmets the
participants wore during the study. Following this change, the clothing and
equipment library fully complied with the respective functional
requirements. For more detail see Appendix 7-6.
▪

After a routine for the alignment was established by WTD 41, the human
models superimposed to the scans were visually inspected for any
deviations. RAMSIS uses 22 selected scan-extracted anthropometric
measures to generate the human model supposed to replicate the scanned
participant. These 22 measurements are not sufficient to create a human
model fully identical with the scan. Deviations were found in the shape of
the head as well as buttock, crotch and abdomen. See Appendix 7-5 for
more details.

▪

A prerequisite for a representative space claim analysis is that the selected
equipment for the human model is positioned at the same position on the
body as for the corresponding scans. To this end, the human models clothed
according to clothing configuration CL1 and CL2 were compared with the
corresponding scans of the selected participants in the standing posture.
Height differences were found for the trouser pockets, ballistic vest, helmet
and electronic backpack. For more detail see Appendix 7-7.

Since the observations described in the last bullet were made for all eight selected
participants, it was obvious that these deficiencies need to be eliminated before
continuing the qualitative validation for the seated posture. After the next release of
RAMSIS Defense, WTD 41 will continue the qualitative validation for the seated
posture. Apart from checking the posture-independent functionality of the clothing and
equipment library, this includes the same steps as for the standing posture.

7.5.5.2 Quantitative validation
After further deviations or deficiencies that may arise have been eliminated the
quantitative validation will be conducted. At this point, it is important to emphasize
that the quantitative validation has only become possible through the tools and
methods developed in the PhD research. This becomes apparent when looking at the
individual process steps constituting the quantitative validation:
335

CHAPTER 7 – METHODOLOGICAL APPROACH TO CLOTHED DATA
▪

Participants in both postures will be selected arbitrarily, avoiding those for
which the scan data had been provided to Human Solutions for
development purposes (7.3.3.3). The number of participants that will be
used for the validation should ideally be agreed between WTD 41 and
Human Solutions beforehand.

▪

The nine scans of the selected participants captured in the three clothing
configurations will be superimposed after they have gone through the
alignment process based on the reference object as set out in Section 7.3.2
has been completed.

▪

Horizontal sections will be taken through the anthropometric and
equipment-oriented landmarks selected based on the rationale explained in
Section 7.4.2.2.

▪

The human models replicating the selected participants will be generated
based on the 22 RAMSIS body dimensions extracted from the appropriate
scans.

▪

A human model of the selected participants will be aligned with the seminude scan in the standing posture and a second with the semi-nude scan in
the seated posture. It is important to note that the alignment procedure is
only required for the semi-nude data. The use of the positioning aids
ensures that the human model is also correctly aligned with the two scans
taken in the clothed configurations.

▪

The aligned human models representing the selected participants will be
equipped with the elements constituting clothing configurations CL1 and
CL2. Horizontal sections will be taken at precisely the same height at which
the sections through the superimposed scans were taken. It is essential that
the option combat boots is not selected to ensure that the human models
have the same footpoint as the participants who were also scanned without
boots.

▪

Measurements will be taken at the measurement points depicted in Figure
7-8 to determine the linear space claim differences. For the scans, the
outlier approach described in Section 7.4.2.3 will be applied since in total,
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nine scans are superimposed. Gauging the sections through the equipped
human models does not require special measures since clothing and
equipment items are attached to the semi-nude contour of the human model
resulting in unambiguous contours for the measurements.
▪

The results of the measurements based on the scan data constitute the
benchmark the results determined for the human models are compared
against.

Typically, anthropometric measurements on humans are characterised by a higher
variability than technical measurements. In clothed anthropometry, this variability is
increased by the individual way people wear clothing and equipment and by how the
contours of flexible and semi-flexible elements vary. This fact must be taken into
account when both parties agree on the pass-fail criteria prior to the start of the
quantitative validation. The set of pass-fail criteria needs to include but is not limited
to
▪

permissible deviations of the linear space claim differences between
clothing configurations determined on the basis of the scan data on the one
hand and the clothed human models on the other,

▪

permissible deviations of the position of the equipment on the body
between scan data and clothed human models,

▪

agreement on how to proceed if the permissible deviations of the linear
space claim analysis (a.) are exceeded because of an inconsistency in
equipment location within the permissible limits defined in b.

The quantitative validation of the DHM RRAMSIS Defense as first practical
application of the research presented in this thesis is expected to start end of 2019

7.6 Discussion
7.6.1 Scope
The subsequent sections discuss the methodological insights gained and limitations
observed in the preparation of the 3D data and the space claim analysis. As far as the
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case study is concerned, the elements that are an integral part of the doctoral research
are also discussed (7.5.2, a. and b.).

7.6.2 Alignment of scans
The precise alignment of scans is of utmost importance as it is essential for the space
claim analysis. The default coordinate system of the VITUSbodyscan laser scanning
system places the origin in the volumetric CG of the scanned person. The
superimposition of scans taken on different occasions or in different clothing
configurations leads to a misalignment since the CG varies greatly (Figure 7-1) and
variations in position on the scanner platform are not taken into account (5.5.1.3). It
was shown, that placing a reference object in the scanning volume provides a
workaround that leads to a precise superimposition by aligning scans to a reference
scan.
However, this method is very labour-intensive and consequently, time-consuming and
costly. Therefore, this method is not suitable for larger sample sizes. When formulating
the functional requirements for a scanning system, it is, therefore, vital to ensure that
a coordinate system is used that always places the origin in the scan volume at the
same position regardless of the scanned object (machine coordinate system). This
requirement should be given high priority by scanner developers to enable encumbered
anthropometry to be captured in the future.
Nevertheless, the use of a reference object in the form of a cone as set out in 6.3.1.2 is
recommended. It is the only way to check whether the alignment of the scans based on
the scanner-specific coordinate system achieves the desired precision. And even more
importantly, it is the last resort for aligning scans already taken in case the default
coordinate system of the scanner does not deliver the desired level of precision.

7.6.3 Best fit analysis
Prior to the space claim analysis, much effort was put into identifying the three bestfitting scans out of the three scans taken in each clothing configuration. For this
purpose, the distances in the longitudinal plane between all scans were measured at
four points distributed over the entire body, both in the standing posture and in the
sitting posture. However, the measurements showed that none of the scans was at more
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than two locations the best fit to a scan of a different clothing configuration. Hence,
three methods for selecting the relevant scans for the space claim analysis were
presented. Although it would have led to a reduction from three to only one scan for
each clothing configuration, the mathematical determination of the most suitable scans
was ruled out due to the extremely high workload involved. The best-case approach,
i.e. superimposing all nine scans taken in the three clothing configurations and
considering the most favourable combination for each measurement would have held
a high probability of underestimating the space claim differences. Therefore, the
outlier approach was chosen as the tool of choice for conducting the linear space claim
analysis.
This approach proved to be expedient because in most cases, the scan representing the
outlier in a clothing configuration could be visually identified without measuring
effort. Then the space claim differences between those remaining scans in each
clothing configuration were measured that are lying farthest apart. The outlier
approach proved to be simple to apply and generated only minimal measurement
effort. At the same time, it is regarded as a sensible compromise between a best-case
and worst-case approach, which with a high probability delivers results close to the
"true" space claim difference.
Even though this provides a useful method for determining the linear space claim
difference, the 3D space claim analysis described in Section 7.4.4.2, for example,
requires the definition of only one scan per clothing configuration. Therefore, the
aspiration remains to identify the three most suitable ones. This can only be achieved
by a mathematical approach as described in Section 7.3.4.3, which must, however, be
software-supported to overcome the disadvantage of the enormous workload that led
to its exclusion in this research. Software suites such as PolyWorks offer the option of
aligning scans in all three planes in order to reduce the spatial deviation between them
to a minimum. However, it is not known which algorithms underlie this functionality.
In addition, it is not possible to prevent the scans from being moved relative to each
other in any one axis which would be undesirable for this task. The solution of the
problem is therefore seen in the modification of existing software like PolyWorks or
the development of a bespoke piece of software as a stand-alone solution for the
application in clothed anthropometry.
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The most expedient approach, however, would be to arbitrarily select one of the three
scans in each clothing configuration for the space claim analysis. Such an approach
implies that the Mean Absolute Variability (MAV) between 8 mm and 10 mm, as
determined in Chapter 6 for the 4G-STPA and the SEPA respectively, is accepted as
the uncertainty of measurement. As shown in Table 7-2 and Table 7-3 this approach
would have led in the worst case to variations at the four body locations considered in
the study of 12 mm to 21 mm in the standing posture and 15 mm to 25 mm in the
seated posture. Considering that anthropometric measurements show higher variability
than technical measurements, which is further increased in clothed anthropometry by
the individual way PPE is worn, this is believed to be acceptable. Therefore, arbitrarily
selecting one of the three scans in each clothing configuration for evaluation is a
justifiable approach.

7.6.4 1D, 2D and 3D space claim analysis
7.6.4.1 Rationale
1D, 2D and 3D techniques were presented to characterise the space claim of different
clothing configurations. All these techniques have in common that the data comes from
the same 3D database, i.e. the data collected in the clothed anthropometry study. Thus,
the subsequent discussion must not be confused with the principle debate among
ergonomists over the value of 1D, 2D and 3D data for ergonomic analysis. In fact, it
is a matter of determining whether and what added value the individual techniques
offer for the analysis of the collected 3D data. Another difference is that the following
discussion will focus on the value of the 1D, 2D and 3D techniques for describing the
differences between clothing configurations only secondarily on their applicability to
specific design tasks and applications.

7.6.4.2 1D techniques
To determine the linear space claim difference, a 1D technique based on the outliers
approach discussed above has been presented, allowing the offset between different
clothing configurations to be determined. It was also shown that the aggregation of the
results of the linear space claim analysis and supplementing size information facilitates
the identification of dependencies and correlations beyond the pure offset between
clothing configurations. The presented 1D technique is expedient, quick and easy to
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use anywhere on the body and equipment. The results are distances between two points
or circumferences, which create even for non-experts an immediate picture of the
magnitude of the offset between clothing configurations. Therefore, 1D techniques are
considered to be essential for characterising and parameterising space claim
differences between clothing configurations.

7.6.4.3 2D techniques
The two examples presented in Section 7.4.3 for the application of 2D techniques have
a strong focus on design tasks where shape information of the clothed individual is
required as input. The focus on design applications rather than differences between
clothing configurations is because in contrast to 1D information 2D information is only
of limited value for characterising differences between clothing configurations.
Superimposition of sections taken in different clothing configurations provides a
visual impression of the differences in shape. The parameterisation of this difference
as an area measured in square meters is not beneficial because it does not characterise
the differences in shape. As proposed in 7.4.3.2, differences between sections could
be parameterised by providing 1D information in the form of maximum distances
spanned by the contour in lateral and longitudinal directions. However, this 1D
information is likely to be inappropriate to sufficiently describe the differences in
shape between clothing configurations for many applications.
It is believed that the added value offered by the 2D techniques is that the shape
information facilitates identifying locations on the body representing extremes of a
clothing configuration or when superimposing sections also maximum deviations
between clothing configurations.
Veitch et al. (2009) claimed with respect to design tasks that 2D information can
complement 3D data in the early design phase. It is very similar as far as characterising
clothing configurations are concerned. The 2D techniques generate shape information
that can complement information generated using 1D and 3D techniques. However,
for the characterisation and parameterisation of clothing configurations, they play a
subordinate role.
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7.6.4.4 3D techniques
In the past, it was not possible to utilise 3D scan data directly to characterise
differences between clothing configurations. This has changed with the development
of efficient positioning aids that reduce the postural and positional variability of
participants permitting scans taken in different clothing configurations to be accurately
superimposed. After scans of a participant in the three clothing configurations were
converted into watertight polygon models, the semi-nude scan served as reference
object the clothing configurations CL1 and CL2 were compared to. The differences in
space claim are given as a distance along the normal to the surface of the semi-nude
reference and the respective clothing configuration and visualized according to a
colour scale. In addition, the exact linear difference for any position of the surface can
be determined.
The volumetric difference in cubic meters is not given for the characterisation of the
differences between clothing configurations, as it does not describe where and to what
extent the clothing configurations differ. Like the area information in 2D techniques,
the spatial information in 3D techniques does not provide any added value in terms of
parameterisation.
The presented 3D technique constitutes a powerful tool for characterising and
parameterising the differences between any clothing configuration. The 3D technique
permits easy identification and quantification of locations on the body constituting
extremes or being particularly relevant to a specific design task. In the past, 2D
techniques were used for this purpose, whereby vertical sections had to be generated
first to localize extremes, followed by taking horizontal sections for their
quantification through a linear space claim analysis. It is believed that with the
introduction of this technique, 2D techniques further lose importance. To a certain
extent, this is also true for the 1D techniques since it is possible to quantify the linear
space claim difference between clothing configurations at any location. However,
using horizontal sections for the linear space claim analysis facilitates taking
measurements at precisely the same height, which is difficult with the 3D technique.
Furthermore, in contrast to the 3D technique, not only is the outer scan visible on the
section, but also the contour of the semi-nude scan used as a reference. The latter
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facilitates identifying where clothing is close to the body and where it is not and
therefore compressible.
It is worthwhile noting that this technique also permits making changes visible
between scans taken at different occasions in the same clothing configuration. This
could be particularly useful for applications where before and after intervention
situations need to be monitored like medical treatments or diets.
The introduction of effective positioning aids opened up the possibility of quickly and
reliably characterising and parameterising 3D space claim differences between
different clothing configurations. The presented 3D technique allows for the first time
using “true” 3D scan data to generate essential clothed anthropometric data and make
it available to the design process. Therefore, this tool is believed to have the potential
to become one of the predominant tools in clothed anthropometry.

7.6.5 Anthropometric vs non-anthropometric reference scheme
Anthropometric data of semi-nude individuals are used to facilitate the design of
workstations. Thereby, the anthropometric dimensions are taken into account, which
represent extremes and thus constitute a limiting or design determining factor. When
selecting sections for the linear space claim analysis (7.4.2.2), it became apparent that
in the case of individuals wearing PPE such extremes also occur at locations that are
entirely independent of anthropometric landmarks. Therefore, in addition to
anthropometric landmarks, also “equipment-oriented” landmarks were selected for
taking sections characterising the encumbered individual. The proposed combination
of the well-established anthropometric reference scheme and an equipment-oriented
non-anthropometric reference scheme raises the questions of whether one reference
scheme has advantages over the other and when to use one or the other.
As highlighted in the literature review (2.7.3), Jones at al. (Jones, Farrell and Keefe,
2013) were the first and so far the only ones who developed a protocol for encumbered
anthropometry. In this context, they recommended combining an anthropometric and
a non-anthropometric reference scheme for characterising different clothing
conditions. They proposed to measure depth and breadth at reference heights from
which an ellipse is created representing the 2D space claim. On the one hand, the
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reference heights were derived from selected anatomical landmarks determined seminude. On the other hand, the upper torso was divided into four segments, and at heights
of maximum bulk caused by the PPE in each segment also an ellipse was created
(Figure 2-18). The results indicated that combining both types of reference schemes
allows the effective parameterisation of encumbrance.
Deriving reference heights of anthropometric landmarks ascertained semi-nude to the
encumbered data set was proposed by Jones et al. to mitigate the difficulty of locating
and palpating anatomical landmarks accurately through combat clothing. Utilising
positioning aids as presented in this thesis even facilitates using the anthropometric
reference scheme without the workaround presented by Jones at al. Since the scans can
be precisely superimposed, the exact position of an anthropometric landmark in x, y
and z-direction can be projected from the semi-nude scan onto the encumbered scan.
This allows the unrestricted use of the anthropometric reference scheme as long as all
scans are taken either with or without footwear to ensure an identical footpoint.
The introduction of an additional reference scheme that uses maximum bulk as a
parameter to characterise encumbrance is also beneficial. However, the question arises
as whether maximum bulk in a predefined body segment is the only criterion? Mainly
when using protective equipment, interfering contours of the equipment may occur
and require special design measures where the bulk does not show a maximum in the
appropriate body segment. Therefore, an equipment-oriented reference scheme is
proposed that allows all locations on the encumbered body relevant for the workstation
design to be considered.
The practical insights gained in this PhD research support the view of Jones et al. that
the combination of an anthropometric and maximum bulk reference scheme is suitable
for characterising encumbered configurations. However, it might not be expedient in
all cases. The more lightly clad individuals are and the less rigid protective equipment
they wear, the more suitable the anthropometric reference scheme becomes.
Conversely, the more the contour of the PPE deviates from the human shape (e.g. suit
of a deep-sea diver), the more expedient it is to use an equipment-oriented reference
scheme instead of the anthropometric one. The transition from one reference scheme
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over a combination of both to the other is seamless and depends on the level of
encumbrance.
This principle is equally applicable to the question of whether an anthropometric or
equipment-oriented set of dimensions best describes encumbrance. However, here
another aspect is of crucial importance. Apart from describing and comparing
encumbered configurations, such a set of dimensions can also serve specific design
tasks. In the latter case, the design task determines which set of dimensions is actually
needed and whether anthropometric or equipment-oriented dimensions prevail. It can,
therefore, be assumed that there is no set of fixed dimensions that best describes
encumbrance. The composition of the set of dimensions is guided either by the type of
PPE or by the design task, depending on what it is used for.

7.6.6 Categorisation of clothing and equipment
The workshop held to categorise the clothing and equipment of the German soldier
system marked the beginning of the development of the clothed DHM RAMSIS
Defense. As explained in detail in Section 7.5.3, this included categorising clothing
and equipment according to their physical properties into flexible, semi-rigid and rigid
(Table 7-7). In this context, the implications of this categorization for the modelling
strategy and the consideration of elements in the clothing and equipment library were
explained. However, the question of whether the three different categories should be
treated differently in the analysis of the 3D data remained open.
After various techniques have been used to analyse clothed 3D data and experience
has been gained therefrom, this question can be answered with a clear yes. When
determining the space claim at elements that are rigid like the helmet or semi-rigid like
the ballistic vest, the measured space claim represents the true space claim. If,
however, they occur at flexible elements such as the jacket, this cannot be stated with
certainty. In this case, further analysis is required. Both the 3D colour map analysis,
as well as the linear space claim analysis, allow the identification of whether the
flexible element is in direct contact with the body and therefore also represents the true
space claim. If this is not the case, determining the space claim difference between
semi-nude and clothed quantifies the compressibility of the clothing. This permits
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deducting the compressibility in order to determine the true space claim at this
location.
Therefore, unlike rigid and semi-rigid elements, flexible elements require additional
analysis to determine the true space claim.

7.7 Conclusions
This chapter aimed to describe the preparation of the clothed 3D data collected in the
previous study for subsequent analysis and to present 1D, 2D as well as 3D techniques
for their evaluation. The knowledge and insights gained therefrom were expected to
answer the following research questions:
Q5: Which differential techniques (1D, 2D or 3D) support best the definition of
the relationship between semi-nude and clothed scans?
Q6: What set of dimensions best describes the relationship between semi-nude
and clothed measurements?
Q7: Would a non-anthropometric reference scheme provide practical advantages?
The case study included in this chapter describing the validation of a clothed DHM
provided the basis for answering the last two research questions postulated in
Section 1.3:
Q8: How can protective clothing and equipment (or parts of it) sensibly be
categorised to describe their physical properties e.g. in terms of
compressibility?
Q9: Should the different categories of clothing be treated differently when
analysing the scan data?
To address the research questions, the objectives pursued in the space claim analysis
and the subsequent case-study were:
▪

Identify an expedient methodology for precisely aligning multiple scans
ascertained semi-nude and clothed
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▪

Understand the context and criteria relevant to the selection of
representative participants from the overall sample in order to reduce the
amount of data required for the evaluation.

▪

Identify the most suitable options for determining the linear,
circumferential and spatial space claim differences

▪

Understand the implications of using a non-anthropometric reference
scheme instead of an anthropometric reference scheme and derive criteria
for deciding which should be used when

▪

Develop a methodology for validating a clothed DHM based on the
collected clothed 3D data

▪

Categorise the protective clothing and equipment in terms of their physical
properties and understand the implications for the validation of the DHM

The basis for the evaluation was created by precise alignment of the scans and reducing
the amount of data to be analysed by selecting those participants best-representing the
sample. Subsequently, 1D, 2D and 3D techniques were described to determine the
space claim differences between different clothing configurations. Finally, a case study
describing the validation of a clothed DHM was presented, constituting the first
technical application of the PhD research. From the insights gained, the following
conclusions can be drawn:
Preparation of clothed 3D data for analysis
a. It was shown that scans taken in different clothing configurations can be
precisely aligned using a reference cone placed in the scanning volume. This
is a precondition for conducting a meaningful space claim analysis. However,
the aligning process was found to be very laborious. Therefore, when
purchasing a scanner, attention should be paid that its default coordinate
system allows the superimposition of scans without a complex alignment
process.
b. To reduce the amount of data to be considered for the space claim analysis
the participants best representing the sample were identified using a bivariate
plot of height and weight in the standing posture and sitting height and weight
in the seated posture. The 95% confidence ellipse facilitated identifying the
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boundary cases representing the sample. Considering only the boundary cases
and an additional data set from the centre of the ellipse reduced the amount
of data to be analysed by 80% without losing validity.
Space claim analysis
c. The linear space claim analysis permitted to quickly and reliably quantify
space claim differences in the longitudinal and lateral plane. Aggregating
results of the 1D space claim analysis or providing supplementing
information leads to insights in dependencies and relations even beyond the
pure offset between clothing configurations.
d. 2D techniques were presented, the added value of which was the shape
information that can be provided to identify locations on the body
representing extremes or as input for design applications in the early design
phase. However, it can be concluded that compared to 1D and 3D methods
the 2D techniques play a subordinate role.
e. Utilising effective positioning aids opened up the possibility to use a 3D
technique for the space claim analysis based on true 3D scan data. The seminude scan served as reference the superimposed scans of clothing
configurations CL1 and CL2 were compared against. The space claim
differences were visualised using a colour scale. It was found that this
technique is superior to 2D techniques and partly also to 1D techniques. It
can be assumed, therefore, that this technique has the potential to become a
predominant tool in clothed anthropometry.
Case study – Validation of a clothed DHM
f. The categorisation of the clothing and equipment constituting the German
soldier system in terms of their physical properties and their implications for
the workstation design in military vehicles were the basis for selecting the
items to be modelled in the clothed DHM RAMSIS Defense. The three
categories flexible, semi-rigid and rigid were found to sufficiently precisely
describe physical properties of PPE for modelling.
g. Due to the complexity of the design task, the validation of the clothed DHM
takes place in two distinct steps, i.e. the qualitative and quantitative
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validation. The tools and methods developed in the course of the PhD
research form the basis for the validation. This includes the use of positioning
aids for data acquisition as well as the methodology for aligning scans and
conducting the section analysis. Overall, it seems appropriate to conclude that
a meaningful validation would hardly be possible if these methods were not
available for practical application.
h. To avoid irritations in the quantitative validation, it is crucial that Human
Solutions and WTD 41 agree on a set of clear pass-fail criteria. However,
when determining the permissible deviations, it must be borne in mind that
clothed anthropometry, even more than semi-nude anthropometry, is
characterised by inherent variability due to the flexibility of the clothing and
the individual way in which the equipment is worn.
The findings presented in this chapter answer to the research questions in the following
manner:
Q5: While 1D and 3D techniques are essential, 2D techniques should be seen as
complementing tools in describing space claim differences between seminude and clothed data.
Q6: A mixture of anthropometric and equipment-oriented dimensions, selected
according to the characteristics of the PPE and the design task, is best suited
to describe the relation between semi-nude and clothed measurements.
Q7: A combination of the anthropometric reference scheme and an equipmentoriented reference scheme is suitable to parameterise encumbrance, with the
transition from the predominant use of one to the predominant use of the other
being fluent and depending on the level of encumbrance.
The case study on the validation of the clothed DHM RAMSIS Defense addressed the
remaining two research questions in the following manner:
Q8: The physical properties of protective clothing and equipment can be
sufficiently precisely described using the categories rigid, semi-rigid and
flexible.
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Q9: Space claim determined at body parts covered with rigid and semi-rigid
elements can be regarded as true space claim. For flexible and thus
compressible elements, further analysis is necessary in order to quantify the
distance to the body and to correct the space claim accordingly.
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8.1 Summary
8.1.1 Development of a positioning aid
Mechanical positioning aids, electronic positioning aids and posture harmonisation
software were identified as options to potentially reduce postural variability. As a
result of a technical assessment of these options, the decision was taken to develop a
mechanical positioning aid. The overarching design goal was to effectively stabilise
the posture during the scanning process while ensuring that the positioning aid remains
invisible on the scans to maintain data integrity. The findings of the literature review
suggested that postural variability occurs especially in the area of the head, hip and
extremities. It was therefore assumed that a positioning aid needs to incorporate
fixtures for the head, arms, hip and feet. After the functional requirements for the
positioning aid had been defined, the process steps: prototype construction, usability
test and redesign were repeated until its design met the requirements. This iterative
design process was performed three times and led to the following results:
1.

The 1st generation positioning aid (1G-STPA) was built primarily from steel

components painted black to minimise light reflection. It turned out that the arm
fixtures remained partly visible on the scans. In addition, the head fixture prevented
the front of the head from being displayed.
2.

For the 2G-STPA, the black-coated steel components were systematically

replaced by Plexiglas components. This design measure eliminated the shortcomings
of the 1G-STPA. However, artefacts appeared on the scanned body resulting from light
refraction by the Plexiglas elements located too close to the body.
3.

The third design iteration focused on eliminating these artefacts This was achieved

by optimising the position for the Plexiglas components and by introducing an opaque
wire below the resolution of the scanner as an additional design element. Tests with
both, a laser scanner and a structured light scanner showed that the 3G-STPA is neither
visible on scans nor does it cause artefacts. Thus, the design goals were considered to
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be met and the design judged to be mature for a study to determine the effectiveness
of the 3G-STPA.

8.1.2 Effectiveness of the positioning aid
8.1.2.1 Analysis of the Mean Absolute Differences (MAD)
An anthropometric study was conducted to quantify the effectiveness, with which the
3G-STPA reduces postural variability. A sample of 15 participants was scanned three
times with and without positioning aid utilising a laser and a structured light scanner.
Ten repeated scans of a rigid mannequin were taken to determine the technical
variability of the scanner hardware and software. In the first step, the effectiveness was
rated based on the mean absolute differences (MAD) between automatically extracted
measurements from the repeatedly scanned participants. This well-established method
has been used in previous research to evaluate the impact of human variability on
manual and scan-extracted measurements as well as for the comparison of manual with
scan-extracted measurements. For the MAD analysis, a set of 73 equivalent
anthropometric dimensions was created from the differing portfolio of dimensions
offered by the measurement extraction software of the two scanning systems. The
MAD analysis revealed:
1.

The positioning aid reduced the MAD of 68 out of the extracted set of 73 body

dimensions with the laser scanner and of 64 with the structured light scanner. The
positioning aid in combination with the laser scanner effectively reduced the MAD
values for all body parts but the head. In combination with the structured light
scanner, it reduced the MAD for all body parts but the legs.
2.

The human variability was reduced by the positioning aid in combination with

the laser scanner by 42% and with the structured light scanner by 33%. In absolute
terms, the mean MAD with positioning aid amounted to 9.7 mm for the laser
scanner and 16.3 mm for the structured light scanner.
3.

The technical variability calculated from the scans taken of a rigid mannequin

amounted to 34% of the overall variability in case of the laser scanner and 43% for
the structured light scanner.
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4.

The comparison of the MAD values determined in this study with published

results of earlier research showed that they lie well in-between the reported levels
of precision.
5.

The MAD analysis also proved that the positioning aid did not adversely affect

the automatic measurement extraction from the scans.
6.

Statistically, the reductions in variability measured with the laser scanner were

found to be significant (p-value < .01) with a large effect size (d ≥ 0.8).

8.1.2.2 Analysis of the Mean Absolute Variability
The MAD analysis does not provide directional information, indicating to what extent
the variability manifests in longitudinal and lateral directions. This and the fact that
the MAD analysis includes the entire measuring chain for the automatic extraction of
anthropometric dimensions, of which the landmark detection portion is known to be
error-prone, called for a more direct analysis method. To this end, the mean absolute
variability (MAV) and mean maximum variability (MMV) were determined by
gauging sections of multiple superimposed scans. Seven horizontal sections taken
through the three superimposed scans of the participants with and without positioning
aid were analysed. The variability was measured in longitudinal (y) and lateral
directions (z) at nine body locations known to be particularly susceptible to postural
variability. The following results were observed:
1.

The reduction achieved in MAV across all body locations when using the

positioning aid was almost identical for both scanners in the y-direction (NX16,
72.6%; VITUS, 71.7%). In z-direction, a higher reduction was observed for the
VITUSsmart LC scanner (58.8%) than for the NX16 scanner (47.0%).
2.

In absolute terms, the MAV values with positioning aid observed for the laser

scanner did not exceed 9.1 mm and for the structured light scanner 8.4 mm at any
of the body locations.
3.

Irrespective of the scanning technology the positioning aid led to high

reductions in variability at the body locations head front and min leg girth. Only
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small reductions were achieved at the body locations upper arm and buttock girth
point.
4.

The MMV values observed with positioning aid were approximately 50%

greater than the corresponding MAV values.
5.

Twisted shoulders of participants observed in four cases for either of the

scanning technologies suggested that introducing a fixation element for the
shoulder might further reduce the variability.
6.

With a p-value < 0.001 and an effect size d ≥ 0.8, the statistical analysis proved

that the positioning aid reduced the variability significantly with a large effect size
with either scanning technology.
The section analysis was found to be to the preferred method for quantifying the
variability between multiple scans. The MAD analysis, however, constitutes an
important supplementary element of the evaluation of the positioning aid, for
identifying possible adverse effects on the automatic measurement extraction.

8.1.3 Adaption of the positioning aids to a high-resolution scanner
8.1.3.1 4th generation positioning aid and positioning aid for the seated posture
Specifically, for collecting clothed data, a laser body scanner (VITUSbodyscan) was
purchased allowing high-resolution scans to be captured in colour. The high resolution
required the redesign of the previously used positioning aid to ensure that it remains
invisible on scans. In addition, a positioning aid for the seated posture (SEPA) was
developed to allow the taking of scans as stipulated in ISO 7250-1. Again, an iterative
design process was applied:
1.

Tests with the 3G-STPA showed that parts of the arm fixture made of

Plexiglas tubes as well as the hip fixture made of steel wire became visible on
scans taken with the VITUSbodyscan scanner due to its high resolution. The iterative
redesign process led to the replacement of the steel wire by four thin nylon cords
as a design element for the hip fixture. While Plexiglas tubes remained as
predominant design elements for the remainder of fixtures, they were placed
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midway between the scanner columns, where they caused only little or no
artefacts. All fixtures and their adjustment elements were mounted outside the
scanning volume. This also applied to the shoulder fixture, which was introduced
as proposed in the previous study to prevent the participants from twisting their
shoulders. In this way, the 4G-STPA for the standing posture was created.
2.

The design principles and elements used for the 4G-STPA were reused for

the development of its equivalent for the seated posture. The SEPA featured
fixtures for the head, elbow, arm, hip, knees and feet. A shoulder fixture was
omitted in the seated posture because the elbow fixture was expected to also
stabilise the shoulder region.
3.

The two newly developed positioning aids were made more robust for

scanning military personnel with their equipment and offered significantly more
adjustment options.

8.1.3.2 Effectiveness of the positioning aids
To analyse the effectiveness of the 4G-STPA and the SEPA, semi-nude scans with and
without positioning aid were taken and analysed by gauging sections. As in the
previous study, the variability in longitudinal (y) and lateral directions (z) at nine body
locations in the standing and seven in the seated posture was determined:
1.

From the results, it became apparent that the 4G-STPA led to higher

reductions

in

MAV

values

(54.9% (y), 52.3% (z))

than

the

SEPA

(45.8% (y), 38.9% (z)). The different reduction rates resulted from the fact that
the variability without positioning aid, which represents the 100% mark against
which is measured, is correspondingly lower in the seated posture.
2.

In absolute values, the residual variability with positioning aid in the standing

posture (5.9 mm (y), 4.3 mm (z)) differs only marginally from that in the seated
posture (6.3 mm (y), 3.9 mm (z)). The MAV values with positioning aid did not
exceed at any of the body locations 7.8 mm in the standing posture and 9.9 mm in
the seated posture.
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3.

The analysis of the mean maximum variability (MMV) obtained with both

positioning aids confirmed the results of the previous study that the MMV values
are almost exactly 50% (± 1.3%) greater than the corresponding MAV values.
4.

The newly introduced shoulder fixture showed a positive effect and prevented

the participants from twisting their shoulders with one exception.
5.

Comparing the MAV values with those of the previous study showed that the

mean residual variability across both directions of the 4G-STPA (5.1 mm) is lower
than those achieved with the 3G-STPA in combination with the VITUSsmart LC
scanner (5.3 mm) and the NX16 scanner (6.0 mm).
6.

The technical variability of the VITUSbodyscan high-resolution scanner (0.3

mm) is significantly lower than that of the two scanners used in the previous study
(VITUSsmart LC, 1.5 mm; NX16, 2.2 mm).
7.

With a p-value < 0.001 and an effect size d ≥ 0.8, the statistical analysis

proved that both positioning aids reduced the variability significantly with a large
effect size.
The MAD index calculated from the scan extracted body dimensions was analysed to
identify possible adverse effects of the 4G-STPA on the automatic measurement
extraction. Although the software was able to reliably extract all body dimensions, the
MAD index increased compared to without positioning aid. The comparison with the
results of the previous study showed, however, that the MAD index with 4G-STPA is
within the range of the results achieved in the previous study.

8.1.4 Methodological approach to clothed data
8.1.4.1 Preparation of clothed 3D data for analysis
A study was conducted to collect semi-nude and clothed anthropometric data of
military personnel. 37 male participants were scanned in three clothing configurations,
i.e. semi-nude (CL0), wearing combat jacket, trousers and ballistic vest (CL1) and also
fully encumbered (CL2) (additionally equipped with a helmet and electronic
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backpack). 27 scans were taken of each participant in the standing and seated posture
with and without positioning aids leading to a total of 999 scans.
The clothed 3D data obtained this way were prepared for subsequent evaluation. This
specifically included the following process steps:
1.

Placing a reference cone in the scan volume allowed scans to be precisely

aligned in two distinct steps. First, the three scans taken in each clothing
configuration were aligned and then the set of scans taken in clothing
configuration CL1 and CL2 were aligned to the semi-nude set of scans. The
alignment process proved to be labour-intensive but was an indispensable
prerequisite for carrying out the space claim analysis.
2.

To reduce the amount of 3D data to be analysed, the data sets of the

participants representing the sample best were identified. Bivariate plots of the
participants’ height and weight in the standing posture and sitting height and
weight in the seated posture were created. Superimposing the 95% confidence
ellipse of these dimensions facilitated identifying the participants constituting the
boundary cases. Selecting those and an additional data set from the centre of the
ellipse reduced the data to be analysed by approximately 80%. It should be noted
that, depending on the application, it may be appropriate to use a different set of
body dimensions to identify the boundary cases.
3.

Since in each clothing configuration three scans were taken the question arose

which one to select for establishing the space claim differences. A best-fit analysis
conducted at four selected body locations showed that in the majority of cases
different scans constituted the best fit. Thus, the best-fit analysis proved to be
unsuitable for the selection of just one scan for each clothing configuration.
Subsequently, three methods for space claim analysis were presented and
compared. The outlier approach was chosen as the most viable option, which
disregards the outlier of the three scans in any clothing configuration. To
determine the space claim difference between two clothing configurations, the
maximum distance is determined between the two scans of the remaining four that
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are furthest apart. Thus, the outlier approach represents a reasonable compromise
between best-case and worst-case approach.

8.1.4.2 Analysis of claim space differences
1D, 2D and 3D techniques were presented allowing space claim differences between
clothing configurations to be determined.
1.

Determining the linear space claim in lateral and longitudinal directions based

on the outlier approach proved to be an essential and easy to use 1D technique for
quantifying differences between different clothing configurations.
2.

A combination of the well-established anthropometric reference scheme and

an equipment-oriented reference scheme was found to be suitable for
characterising different levels of encumbrance.
3.

It was shown that the analysis of aggregated results of the linear space claim

analysis or the addition of e.g. size information facilitates the identification of
correlations and dependencies between individual parameters.
4.

An easy-to-use tool was presented that can be used to determine

circumferences of a clothed individual at any location and thus further extending
the 1D space claim analysis.
5.

Two examples of 2D analysis techniques were provided showing that

valuable shape information supporting the design process can be generated.
Horizontal sections were used to evaluate ingress and egress through a vehicle
hatch in the two encumbered clothing configurations. In the second example, it
was shown that multiple equidistant sections in the longitudinal plane can provide
valuable shape information, e.g. for the seat design. However, overall 2D
techniques should be seen as complementary to 1D and 3D methods.
6.

The introduction of effective positioning aids allowed the use of true 3D scan

data for 3D space claim analysis. The semi-nude scan served as reference the
clothed scans were compared with. The differences in space claim were visualised
using a colour scale. This method generates a colour map on the surface of the
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outer scan characterising and at the same time parameterising the spatial space
claim differences between clothing configurations. Based on this 3D technique it
is simple to identify extremes or locations of particular relevance for specific
design tasks.

8.1.4.3 Case study – Validation of a clothed DHM
1.

A case study was presented describing the validation of the clothed DHM

RAMSIS Defense using the 3D data collected and the tools developed in the PhD
research. The development and validation of the clothed DHM are a cooperative
effort of Human Solutions as the developer and the technical-Test-Centre of the
German Armed Forces (WTD 41) being responsible for the validation. The
selection of the elements to be modelled in the clothed DHM was taken on the
basis of their relevance for the different roles to be carried out in a military vehicle.
The first release of the clothed DHM was made available to WTD 41 for
validation. The latter is divided into a qualitative and a quantitative part. The
qualitative validation essentially comprises checking the functionality of the
clothing and equipment library as well as the correct positioning of the PPE on
the human model. While the qualitative validation for the standing posture has
nearly been completed, it is still pending for the seated posture.
2.

The final step of the validation will be the quantitative validation. This part

of the validation, which is essential for the acceptance of the DHM by potential
customers, has only become possible through the use of the tools and methods
developed in the PhD research. Employing the newly developed positioning aids
in the data collection ensures that the scans of the different clothing configurations
can be precisely superimposed to determine the space claim differences. Applying
the methodology developed for determining the linear space claim differences
allows deviations between semi-nude and clothed scan data to be measured. This
way, the benchmark is created, the offset between standard and clothed human
models can be compared against. However, a clear set of pass-fail criteria and a
procedure for dealing with deficits is mandatory for the quantitative validation and
should be established jointly by WTD 41 and Human Solutions before its start. It
is envisaged to complete the validation by the end of 2019.
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8.2 Conclusions
Four positioning aids for the standing posture and one positioning aid for the seated
posture emerged from an iterative design process. The effectiveness of the 3G-STPA,
the 4G-STPA and the SEPA was evaluated in two studies in combination with three
different whole-body scanners. The second study also collected and evaluated 3D data
from 37 participants in three clothing configurations. Overall, the following
conclusions can be drawn from the findings and insights gained:
1.

For this research it was deemed that mechanical positioning aids possess a

higher potential to reduce human variability and at the same time meet the specific
requirements of clothed anthropometry compared to electronic positioning aids
and posture harmonization software. In two studies such mechanical positioning
aids have proven to be effective, thus. answering the research question Q1 how
postures can be accurately replicated between two scanning sessions.
2.

Due to their system inherent limitations, laser and structured light scanners

have difficulties to pick up components made of black coated, reflective and
translucent material and consequently to display them on scans. Support elements
made of black coated steel, however, were found to remain partially visible on
scans and can occlude parts of the body. In contrast, optimally placed support
elements made of translucent Plexiglas tubes and taught nylon cords neither
occlude relevant body parts, nor are they visible on scans.
3.

The scanner platform, with its self-supporting frame used for the tests in the

high-resolution scanner, offers a variety of options for mounting the support
elements of the positioning aids and the components for their adjustment outside
the scan volume. This has allowed the adjustment options of the positioning aid
to be enhanced and to harden it for scanning encumbered personnel. Based on
these advantages, it is suggested that a platform structure always forms an integral
part of the positioning aid. Therefore, if a scanner does not provide a suitable
platform from the outset or does not include one at all, a platform shall be designed
and built that meets the functional requirements set out in Section 6.3.1.2.
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Conclusions 2 and 3 answer the research question Q3 on what form mechanical
aids need to take to avoid significantly compromising the scan data.
4.

The effectiveness of the positioning aids was determined by evaluating the

MAD of scan-extracted body measurements and by determining the MAV through
gauging horizontal sections of superimposed scans. However, gauging sections
allows the extent to be determined to which postural variability manifests in
longitudinal and lateral directions. Therefore, and because of the shorter
measurement chain, the latter is considered to be the most appropriate
measurement method for determining postural variability.
5.

From the extent to which postural variability has been reduced across all body

parts, it can be concluded that positioning aids should incorporate support
elements for head, shoulder, arms, hips and feet in the standing posture and head,
elbow, arms, hips, knees and feet in the seated posture. This conclusion therefore
provides the answer to the research question Q2, what minimum amount of
positioning is required if mechanical positioning aids are used.
6.

The MAD analysis proved that irrespective of whether the positioning aid was

used in combination with the two laser scanners or the structured light scanner, it
did not impede the automatic extraction of measurements from scans. However,
while in the two lower resolution scanners, the positioning aid reduced the MAD
of the automatically extracted body dimensions compared to without, a moderate
increase was observed in the high-resolution scanner. It can be concluded
therefore that with the high-resolution scanner the scans for determining the body
dimensions should be taken without positioning aid.
7.

In the second study, the scans required to evaluate the effectiveness were

taken at the very beginning and at the very end of the test. An observation was
that at the end of the test the concentration of the participants was not as good as
at the beginning. This suggests that the scans required for the effectiveness tests
should be taken first to avoid a less proper use of the positioning aid potentially
leading to increased variability.
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8.

The participants were asked to keep their undershirts on to reduce the time

for changing into the encumbered clothing configurations. Despite the fact that
the underwear was stretch-like, folds occurred along the upper arm and belly in a
small number of cases. Inspection of the scans indicated that folds lead to
increased variability. It can be concluded, therefore, that asking the participants to
take their undershirts off leads to a more accurate result.
9.

The coordinate system used by the laser scanners was object-oriented and

thus unsuitable for superimposing scans taken in different clothing configurations.
To overcome this deficiency a reference cone was placed in the scanning volume.
While the reference-object allowed to precisely align the scans for subsequent
analysis, the alignment process proved to be time-consuming and consequently
costly. It is therefore proposed to preferably employ scanners for clothed
anthropometry the default coordinate system of which allows the superimposition
of scans without a complex alignment process.
10. To reduce the amount of data to be considered for the space claim analysis
the participants best representing the sample were identified using bivariate plots
of selected body dimensions. Superimposing the 95% confidence ellipse
facilitated identifying the boundary cases representing the sample. Limiting the
analysis to the boundary cases and an additional data set from the centre of the
ellipse reduced the amount of data by 80%. It can be inferred, therefore, that this
comparatively simple method effectively reduces the amount of data to be
analysed without adversely affecting the validity of the results.
11. To determine the space claim of different clothing configurations 1D, 2D and
3D techniques were compared. The 1D space claim analysis was found to be
essential for characterising and parameterising clothing configurations. 2D
techniques provide valuable shape information for design purposes but play only
a subordinate role for characterising clothing configurations. The 3D colour map
technique introduced to describe spatial differences between clothing
configurations is novel in that it allows to use true scan data for evaluation. Since
it makes 2D techniques redundant to a certain extent, it can, therefore, be inferred
that overall 2D tools should rather be seen as complementary to 1D and 3D
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methods. This answers research question Q5, which differential techniques (1D,
2D or 3D) support best the definition of the relationship between semi-nude and
clothed scans.
12. The physical properties of the clothing and equipment constituting the
German soldier system were categorised into flexible, semi-rigid and rigid. The
distinction between these three categories proved to be sufficiently precise both
for the modelling of clothing and equipment as well as for the analysis of clothed
data. Therefore, it is proposed to generally use the three categories for
characterising the physical properties of PPE in clothed anthropometry. This
conclusion thus answers research question Q8, how protective clothing and
equipment can sensibly be categorised to describe their physical properties.
13. When analysing the space claim at body parts covered with rigid and semirigid elements, the space claim was found to represent the true space claim. For
flexible and thus compressible elements it was concluded that further analysis is
required in order to quantify the distance to the body and to correct the space claim
accordingly. This answers research question Q9 as to whether the three different
categories of clothing and equipment need to be treated differently when analysing
the scan data.
14. From the practical insights gained in the space claim analysis, the conclusion
was drawn that a combination of an anthropometric and equipment-oriented
reference scheme is required depending on the level of encumbrance. Thereby the
general principle was derived that the more lightly clad individuals are and the
less rigid protective equipment they wear, the more suitable the anthropometric
reference scheme becomes. Conversely, the more the contour of the PPE deviates
from the human shape the more expedient it is to use an equipment-oriented
reference scheme. This principle was found to be equally applicable to the
question of whether an anthropometric or equipment-oriented set of dimensions
best describes encumbrance. These conclusions answer the research questions Q6
and Q7 as to what reference scheme and set of measurements respectively best
describe the relationship between semi-nude and clothed conditions.
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15. A process for the development and validation of a clothed DHM was
presented, comprising six different process steps. The validation of the clothed
DHM as one of these process steps is complex and therefore divided into a
qualitative and a quantitative part. Although the quantitative validation has not yet
started, it is already evident that the process is expedient. It can, therefore, be
concluded that the process as presented can be used as a model for future
validations of clothed DHM.
16. Given the nature of the deficiencies identified in the qualitative validation, it
is predictable that in the quantitative validation, deviations between scan data and
DHM are to be expected. It can, therefore, be concluded that agreeing clear passfail criteria and the process for dealing with deficits is important to avoid
irritations between Human Solutions and WTD 41. When determining the
permissible deviations, it must be taken into account that clothed anthropometry,
even more than semi-nude anthropometry, is characterised by increased
variability due to the flexibility of the clothing and the individual way in which
the equipment is worn.

8.3 Contribution to knowledge
The insights gained and results obtained in the PhD research expand the knowledge
base through theoretical, methodological and application-related contributions:
1.

For the first time, positioning aids were developed to stabilise not only

individual body parts but the entire body during the scanning process. It was shown
that in the standing posture head, shoulder, arms, hips and feet and in the seated
posture head, elbows, arms, hips, knees and feet must be effectively restrained in
order to successfully reduce human variability.
2.

The design of the fixation elements as well as the material selection to avoid

adverse effects on data integrity is dependent on the scanning technology and needs
to be tailored to the specific type of whole-body scanner employed for the data
capture.
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3.

So far, predominantly, the mean absolute differences (MAD) between multiple

automatically extracted body dimensions from scans were used to quantify human
variability during the scanning process. In this thesis gauging horizontal sections
taken through superimposed scans and determining the mean absolute variability
(MAV) was introduced as a novel and more direct measuring method. Gauging
sections has the advantage over the MAD analysis that the error-prone landmark
detection does not form part of the measuring chain and that it makes directional
information in the form of the longitudinal and the lateral variability available.
4.

It has been shown that effective positioning aids reduce the mean absolute

variability across all body parts and both directions (MAV LyzSwith) in the standing
posture to 5.1 mm and to 5.2 mm when seated. The mean maximum variability
observed across all body parts and both directions (MMV LyzSwith) did not exceed
7.7 mm in the standing posture and 7.8 mm in the seated posture. From the results
that occurred at individual body locations in either direction, 10 mm for the mean
absolute variability (MAV LSwith) and 15 mm for the mean maximum variability
(MMV LSwith) were derived as suitable precision levels for the replication of
postures in the standing and seated posture. This level of residual variability
constitutes the first benchmark for the evaluation of future positioning aids or other
means to reduce human variability during the scanning process. This answers
research question Q4, as to what a suitable definition of the precision is with which
postures can be replicated.
5.

The introduction of effective positioning aids allowed scans to be

superimposed taken in different clothing configurations to conduct a 3D space
claim analysis. The differences in space claim between any clothing configuration
can be determined and quantified using a colour scale. This way, for the first time,
it was possible to utilise “true” 3D scan data for characterising and parameterising
different levels of encumbrance.
6.

A novel methodology for the validation of a clothed DHM has been presented

incorporating the methods and techniques developed in the PhD research.
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8.4 Directions for future research and applications
The results of the studies carried out and methods for the analysis of clothed 3D data
presented in this thesis provide impulses for future research in the following areas:
1.

Although the 4G-STPA achieved the lowest absolute residual variability of all

positioning aids evaluated in this research, it showed in relative terms the highest
potential for further optimisation (43%) when used in combination with a highresolution scanner. This indicates that it would be worthwhile considering a further
design iteration. An observation during the tests was that the four tightly tensioned
nylon cords against which the test persons leaned with their back to stabilise the hip
provided less force feedback than the tightly taut steel cable used for the 3G-STPA.
An objective of a further design iteration with the 4G-STPA could therefore be the
improvement of the force feedback. Alternatively, it could be explored whether
moving the hip fixation in front of the participants where they are more susceptible
to force feedback leads to an improvement. If so, relocating the hip fixation should
also be considered for the SEPA. Furthermore, the shoulder fixation was identified
as the potential cause for high variability in shoulder slope when automatically
extracting body dimensions from scans. Therefore, a design optimised to stabilise
the shoulder without adversely affecting the software-supported extraction would
be desirable and therefore, could be another focus of future research.
2.

An important research objective was to ensure that the newly developed

positioning aids do not compromise data integrity and adversely affect the
automatic extraction of body dimensions from scans. A guiding criterion that had
to be met to achieve this objective was that the positioning aid was no longer visible
on the scans after the noise filtering process of the software. As a result, a trade-off
between optimal stabilisation of body parts and visibility on the scan had to be
accepted. A very promising option to overcome such compromises would be to
collaborate with the developer of the visualisation software of the scanner. If the
noise filtering software included algorithms for identifying and removing the
specific shape of the fixtures, the design goal for the fixation elements could be
shifted away from invisibility on scans towards stabilisation of body parts. It is
believed that such an interdisciplinary approach has a high potential to further
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reduce human variability. In addition, collaboration with a scanner manufacturer
could help to make positioning aids more widely available and commercially
successful.
3.

With structured light and laser technology, the design of the newly developed

positioning aids has been optimised for two of the three predominant body scanning
technologies available on the market. The use of positioning aids in combination
with multi-view camera systems as the third relevant technology has not yet been
analysed. Possibilities to use positioning aids also in this type of scanner seems
worthwhile, especially in combination with the interdisciplinary approach proposed
above and would round off the research on the use of positioning aids in scanners.
4.

Although not intended, only men participated in the encumbered

anthropometry study. In order to identify possible gender-specific differences in the
application of the tools and methods developed for the collection and analysis of
clothed data, conducting a study with a mixed-gender sample would be a logical
extension of the research presented in this thesis.
5.

The focus of the PhD research was on the development of tools and methods

for the analysis of clothed anthropometric data captured from military personnel.
This way a toolbox was created that facilitates the capture of clothed data of other
user groups in order to quantify the bulk caused by their specific protective clothing
and equipment. This applies to police, firefighters, offshore workers, astronauts and
divers to name a few. The results of such studies can immediately be used to
improve workstation design and equipment for these user groups. In this way, e.g.
the number of fatal accidents due to the incompatibility of today's vehicles for
police and firefighters encumbered by PPE (Oron-Gilad et al., 2005; Peterson,
Amandus and Wassell, 2009; Tiesman et al., 2010; Jones, Ebert-Hamilton and
Reed, 2016) can potentially be reduced and health hazards caused by ergonomically
inadequate equipment mitigated.
6.

To limit the applicability of the research described in this paper only to

specialised user groups would be too restrictive. A large part of the world's
population lives in regions where it is necessary to wear warm and multi-layered
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clothing in winter. These are also worn in vehicles without adequate consideration
in the design of the seats and restraint systems. Against the background of the
increasing number of passenger vehicles worldwide and the associated potential for
optimisation, it is particularly worthwhile to also investigate this aspect in future
studies.
7.

The positioning aids developed as part of this research open up fields of

application that go far beyond clothed anthropometry. Positioning aids and the
methods for 3D data analysis could be used wherever changes in posture or changes
in body shape need to be periodically monitored. This is the case, for example, if a
condition is to be compared before and after medical intervention or if muscle gain
or weight loss is to be monitored. This way, the results presented in this thesis offer
possibilities for application in other research fields like health care, sports and
lifestyle.
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(2002)

Design

Main aim

Author(s)
x Large and representative
sample
x Measurement method
appropriate (MAD of scanextracted measurements))
x Quantifies two of the
three factors affecting
human variability
x High validity
x Conversion MAD from cm
to inch incorrect (Table VII
and Table VIII)
(****)
x Small sample size
x Sample not well described
x Measurement method for
body sway robust (SD
measured with force
plate) leading to reliable
findings
x Findings with regard to
respiration and hip
abduction based on one
subject only
(**)
x Small sample size
x Robust measurement
method providing high
reliability (physical
measurement with
electric means)
x Results highly reliable and
of relevance to answer
research questions
(***)
x Respiration and foot placement
have a significant effect on body
scan data
x Continuing breathing normally
results in the highest level of
precision
x Foot span no greater than
10.6 cm (4 in) leads to the
highest level of precision
x Variations in hip-abduction
considerably contributed to the
postural variability
x Lateral body sway negligible,
x Pointer on the head reduced the
SD of the longitudinal body sway
by 53%
x Variations in hip-abduction
found (only 1 subject)
x Differences in torso volume
caused by different inhalation
levels can be expected (only 1
subject)

144 subjects aged
between 18 and 65 years:
x Experimental group: 24
males, 48 females
x Control group:
23 males, 49 females

x Effects of body sway:
11 subjects (7 males,
4 females)
x Effects of respiration
and hip abduction:
1 subject

10 male subjects aged
between 24 and 36

x In quiet respiration the change in
chest circumference is about 1.2
cm when the subjects are erect
x In deep respiration the change in
chest circumference is between
5 and 11 cm

Critique (score)

Main finding

Sample

Appendix 2-1 – Systematic review - Human variability

20 male subjects aged
between19 and 23 years

32 female participants
aged between18 and 64

xQuantitative
randomised
xDependent
measures design

xQuantitative
randomised
Dependent measures
design

Investigate the effect of
arm posture on the
scan-derived
measurements

Investigate impact of
wearing a scan garment
over the underwear on
scan derived
measurements

Kim et al.
(2014)

Sample

Lu, Wang
and Mollard
(2010)

Design

Main aim

Author(s)

x Small sample size
x Sample very well defined
x Limited age range
x Measurement method
appropriate (MAD of scanextracted measurements)
x Findings are highly reliable
x Limited relevance to
research questions
(***)
x Large and representative
sample
x Sample well defined
x Measurement method
appropriate (MAD of
software extracted
measurements)
x Findings are highly reliable
and relevant to research
questions
x (****)
x Palms facing inwards and
backwards do not lead to
differences for most body
dimensions except for the upper
torso
x Palms facing backward led to
smaller differences between the
scan-derived measurements and
the manual measurements and
the better image quality
x Scan garment significantly
affected the body scan data in
that most body measurements
were large than w/o
x Measurements in the bust area
were affected most

Critique (score)

Main finding
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Appendix 2-2 – Overview of anatomical landmarks
(adapted from Simmons, 2001b)
Landmark
Abdominal
Extension
(Front High-Hip)

Acromion
(Shoulder Point)

Ankle
(Lateral Malleolus)

Armpit
(Axillary Fold)

Bicep Point

Symbol

Definition

A

Viewed from the side, it is the measure of
the greatest protrusion from one imaginary
side seam to the other imaginary side seam
usually taken at the high hip level (ASTM,
1999).
The point of intersection of the lateral
border of the acromial process and a line
running down the middle of the shoulder
from the neck to the tip of the shoulder
(Hotzman et al., 2011).
The most lateral point of the right lateral
malleolus (the ankle bone on
the outside of the foot) (Hotzman et al.,
2011).

Figure
A2-1-3
B
Figure
A2-1-1
C
Figures
A2-1-1,
A2-1-2,
A2-1-3
D
Figures
A2-1-1,
A2-1-2
E
Figure
A2-1-1

Bust Point

Buttock (Seat)

Calf
(Gastrocnemius)

Cervicale (Vertebra
Prominous)

F
Figure
A2-1-3
G
Figure
A2-1-3
H
Figures
A2-1-1,
A2-1-2,
A2-1-3
I
Figures
A2-1-2,
A2-1-3

The highest point of the right and left
axillary folds on the back (Hotzman et al.,
2011).
*See Scye.
Point of maximum protrusion of the bicep
muscle, the brachii, as viewed when elbow
is flexed 90 degrees, fist clenched and
bicep strongly contracted (Gordon et al.,
1988).
Most prominent protrusion of the bra cup
(Gordon et al., 1988).
Level of
maximum
protrusion
as
determined by visual inspection (Gordon et
al., 1988).
A point on the side of the calf at the level
of the maximum circumference of the right
calf (Gordon et al., 1988).

The superior palpable point of the spine of
the seventh cervical vertebra (Gordon et
al., 1988).
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Landmark
Clavicale Point

Crotch Point

Top of head
(Vertex)
Elbow
(Olecranon)

Gluteal Furrow
Point

Hip Bone
(Greater
Trochanter)
Iliocristale

Kneecap
(Midpatella)

Neck

Symbol

Definition

J

The superior point of the lateral ends of the
clavicale (Gordon et al., 1988).

Figure
A2-1-1
K
Figures
A2-1-1,
A2-1-2
L
Figure
A2-1-1
M
Figures
A2-1-1,
A2-1-2,
A2-1-3
N
Figures
A2-1-2,
A2-1-3
O
Figures
A2-1-1,
A2-1-3
P
Figures
A2-1-1,
A2-1-3
Q
Figures
A2-1-1,
A2-1-3
R
Figures
A2-1-1,
A2-1-2

Infrathyroid
(Adam’s Apple)

S
Figure
A2-1-3

The point at the level of the lower edge of
the pubis bone of the os coxa (Hotzman et
al., 2011).
The highest point on the head when the
head is in the Frankfort plane (Gordon et
al., 1988).
The lowest and rearmost points of the right
elbow with the elbow flexed 90 degrees
(Gordon et al., 1988).

The lowest point of the lowest furrow or
crease formed at the juncture of the thigh
and buttock (Gordon et al., 1988).
The superior point of the greater trochanter
of the right femur of a standing subject
(Gordon et al., 1988).
Highest palpable point of the iliac crest of
the pelvis ½ the distance between the front
(anterior) and back (posterior) upper
(superior) iliac spine (Gordon et al., 1988).
The anterior point halfway between the top
and and the bottom of the right patella
(Gordon et al., 1988).

Front (anterior) and side (lateral) points at
the base of the neck (Gordon et al., 1988).

The bottom (inferior), most prominent point
in the middle of the thyroid cartilage found
in the center front of the neck (Gordon et
al., 1988).
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Landmark

Symbol

Definition

Shoulder Blade
(Scapula)

T
Figures
A2-1-2,
A2-1-3

Large, triangular, flat bones situated in the
back part of the chest (thorax) between the
2nd and 7th ribs.

Scye

U
*See
Armpit

Top of the
Breastbone
(Suprasternal)
Tenth Rib

V
Figure
A2-1-1
W
Figures
A2-1-1,
A2-1-3
X
Figure
A2-1-2
Y
Figure
A2-1-2

Points at the folds of the juncture of the
upper arm and torso associated with a setin sleeve of a garment (Gordon et al.,
1988).
Bottom most (inferior) point of the jugular
notch of the breastbone (sternum) (Gordon
et al., 1988)
Lower edge point of the lowest rib at the
bottom of the rib cage (Gordon et al.,
1988).

7th Thoracic
Vertebra
Waist
(Natural
indentation)
Waist
(Omphalion)
Wrist
(Carpus)

Z
Figure
A2-1-3
AA
Figures
A2-1-1,
A2-1-2

The 7th vertebra of A2-1-1 of the thoracic
type which covers from the neck to the
lower back.
Point of greatest indentation on the profile
of the torso or ½ the distance between the
10th rib [W] and iliocristale [P] landmarks
(Gordon et al., 1988).
Centre of navel (umbilicus) (Gordon et al.,
1988).
Distal ends (toward the fingers) of the ulna
(the innermost bone) and radius (the outer
most bone) of the lower arm (Gordon et
al., 1988).
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Figure A2-1-1: Anatomical points used in locating body landmarks on the front of the body
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Figure A2-1-2: Anatomical points used in locating body landmarks on the back of the body
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Figure A2-1-3: Anatomical points used in locating body landmarks on the back of the body
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Appendix 2-3 – Principle planes used in anthropometry
(Tortora and Derrickson, 2014)
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Appendix 5-1 – Information sheet & Consent form Study 1
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APPENDIX 5-1 – INFORMATION SHEET & CONSENT FORM STUDY 1
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APPENDIX 5-1 – INFORMATION SHEET & CONSENT FORM STUDY 1
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APPENDIX 5-1 – INFORMATION SHEET & CONSENT FORM STUDY 1
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APPENDIX 5-1 – INFORMATION SHEET & CONSENT FORM STUDY 1
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Appendix 5-2 - Balanced set of body dimensions
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APPENDIX 5-2 - BALANCED SET OF BODY DIMENSIONS
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APPENDIX 5-2 - BALANCED SET OF BODY DIMENSIONS
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APPENDIX 5-2 - BALANCED SET OF BODY DIMENSIONS
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APPENDIX 5-2 - BALANCED SET OF BODY DIMENSIONS
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Appendix 5-3 – MAV –VITUS LC - PolyWorks
w/o positioning aid
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APPENDIX 5-3 – MAV – VITUS LC - POLYWORKS
with positioning aid
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Appendix 5-4 – MAV –NX16 - PolyWorks
w/o positioning aid

417

APPENDIX 5-4 – MAV – NX16 - POLYWORKS
with positioning aid
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Appendix 5-5 – MMV –VITUS LC - PolyWorks
w/o positioning aid

419

APPENDIX 5-5 – MMV – VITUS LC - POLYWORKS
with positioning aid
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Appendix 5-6 – MMV –NX16 - PolyWorks
w/o positioning aid
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APPENDIX 5-6 – MMV – NX16 - POLYWORKS
with positioning aid

422

Appendix 5-7 – MMV –VITUS LC - Anthroscan
w/o positioning aid
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APPENDIX 5-7 – MMV – VITUS LC - ANTHROSCAN
with positioning aid
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Appendix 6-1 - Information sheet & Consent form
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APPENDIX 6-1 - INFORMATION SHEET & CONSENT FORM
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APPENDIX 6-1 - INFORMATION SHEET & CONSENT FORM
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APPENDIX 6-1 - INFORMATION SHEET & CONSENT FORM
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Appendix 6-2 - Overview of postures
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Appendix 6-3 – MAV –4G-STPA
Y-direction (forth-back) - w/o positioning aid
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APPENDIX 6-3 – MAV – 4G-STPA
Z-direction (left-right) - w/o positioning aid
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APPENDIX 6-3 – MAV – 4G-STPA
Y-direction (forth-back) - with positioning aid
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APPENDIX 6-3 – MAV – 4G-STPA
Z-direction (left-right) - with positioning aid
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Appendix 6-4 – MAV –SEPA
Y-direction (forth-back) - w/o positioning aid
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APPENDIX 6-4 – MAV – SEPA
Z-direction (left-right) - w/o positioning aid
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APPENDIX 6-4 – MAV – SEPA
Y-direction (forth-back) - with positioning aid
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APPENDIX 6-4 – MAV – SEPA
Z-direction (left-right) - with positioning aid
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Appendix 6-5 – MMV –4G-STPA
Y-direction (forth-back) - w/o positioning aid
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APPENDIX 6-5 – MMV – 4G-STPA
Z-direction (left-right) - w/o positioning aid

441

APPENDIX 6-5 – MMV – 4G-STPA
Y-direction (forth-back) - with positioning aid
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APPENDIX 6-5 – MMV – 4G-STPA
Z-direction (left-right) - with positioning aid
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APPENDIX 7-3 EQUIPMENT INDUCED MOVEMENT RESTRICTIONS

Figure A8-3-1: Postures for determining the movement restrictions caused by the ballistic vest and
the electronic backpack in vertical, transversal and sagittal axis

.
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APPENDIX 6-6 – MMV –SEPA
Z-direction (left-right) - w/o positioning aid

445

APPENDIX 6-6 – MMV –SEPA
Y-direction (forth-back) - with positioning aid
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APPENDIX 6-6 – MMV –SEPA
Z-direction (left-right) - with positioning aid
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Appendix 7-1 – Results categorisation clothing and equipment
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Appendix 7-2 – Scan data of the clothing and equipment
In line with the workshare agreement with Human Solution (7.5.2), WTD 41 generated
polygon models of the clothing and equipment selected to be modelled in RAMSIS
Defense. For the helmet and the electronic backpack, the four-step approach depicted
in the figure below was applied. First, high-resolution monochrome scans were taken
with a handheld creaform scanner. The texture, however, had to be scanned separately
with an ARTEC EVA scanner, which generates lower resolution scans but in colour.
In a second step, the high-resolution scan data was converted into a CAD model in
order to simplify the shape of the helmet and thus reduce the data volume. After the
CAD model was converted back into a polygon mesh, but now with a residual data
volume 100 times smaller than that of the raw scan, the texture was superimposed to
create a realistic appearance.

Figure A7-2-1: Transition from the scan to a polygon mesh with texture: (a) raw scan; (b) conversion
into a CAD model; (c) Reduction of the data volume of the polygon mesh;
(d) superimposition of texture

The scans of the ballistic vest and the clothing were taken in the VITUSbodyscan scanner
worn by subjects of the appropriate size. In this way, the shape of the clothing and the
ballistic vests during the scanning process corresponded to what can be expected in
reality. In order to maintain the realistic appearance of the clothing, e.g. wrinkles, a
conversion into a CAD model was not useful in this case. Instead, various meshoptimisation and modelling tools were used to reduce the data volume. In accordance
with the selected modelling strategy (Table 7-7), WTD 41 generated single models for
the combat jacket, trousers, boots and the electronic backpack. Four models of the
ballistic vest, one for each size, were provided to Human Solutions for integration in
the DHM and three for the available helmet sizes
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Appendix 7-3 – Equipment induced movement restrictions
Apart from considering increased spatial requirements caused by clothing and
equipment, RAMSIS Defence is also expected to allow the simulation of complex
movements such as embarking and disembarking from vehicles. It is therefore
important that its kinematic model takes PPE-induced movement restrictions into
account in a realistic manner. To this end, the ergonomists at WTD 41 conducted a
small-scale study with seven male subjects. A pre-test showed that the ballistic vest
and the ballistic vest in combination with the electronic backpack mainly cause
movement restriction at the
▪

shoulder joint, i.e. the rotation around the vertical and sagittal axis,

▪

spine, i.e. the rotation around the vertical, transversal and sagittal axis.

From this, the twelve postures depicted in Figure A7-3-1 were derived for the study.
In order to determine the movement limits, the subjects had to adopt these postures in
three clothing configurations, i.e. in normal streetwear, with the ballistic vest and with
the ballistic vest in combination with the electronic backpack. Scans were taken with
a mobile structured light scanner, from which the critical angles were determined using
a CAD software suite.
In addition, the restriction of the movement by the combat boots was determined with
a sample of three males and one female. The maximum achievable angles for raising
and lowering the foot (dorsi and plantar flexion) and raising and lowering the outer
side of the foot (eversion and inversion) were determined with a manual goniometer.
A workshop was held specifically to present the rationale and the results of the two
studies to Human Solutions.
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APPENDIX 7-3 – EQUIPMENT INDUCED MOVEMENT RESTRICTIONS

Figure A8-3-1: Postures for determining the movement restrictions caused by the ballistic vest and
the electronic backpack in vertical, transversal and sagittal axis

.
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Appendix 7-4 – Functional requirements for the clothed DHM
Human Solutions and WTD 41 agreed a set of functional requirements that describe
the expected performance spectrum of RAMSIS Defense. These were limited to the
additional requirements resulting from the consideration of protective clothing and
equipment:
▪

Consideration of the jointly selected pieces of equipment and clothing of
the German soldier system in terms of their space claim, physical properties
and movement restrictions (must).

▪

Consideration of the equipment-induced deformation of the body surface
of the 3D human models (desirable).

▪

Possibility of individual selection of clothing and equipment elements for
a 3D human model including the option to select different configurations
if more than one 3D human model is used in an ergonomics assessment
(must).

▪

Taking into account PPE-induced movement restrictions in the calculation
of postures, movement simulations and reach spaces (must).

▪

Consideration of the movement and deformation of clothing and equipment
depending on the posture (desirable).

▪

Provision of collision and penetration indication between the 3D human
model as well as equipment and vehicle geometry (must).

▪

Possibility of excluding self-penetration, equipment penetration as well as
penetration of surrounding workspace in an assessment (must).
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Appendix 7-5 – Alignment of 3D human models to scans
In order to allow a meaningful validation, the 3D human models resembling the
subjects selected in Section 7.3.3.3 have to be aligned with their respective scans. In a
first step, this was done for the standing posture. After a routine for the alignment was
established, the human model superimposed to the scan were visually inspected for
any deviations. RAMSIS uses 22 selected scan-extracted anthropometric measures to
generate the human model supposed to replicate the scanned subject. These 22
measurements are not sufficient to create a human model fully identical with the scan.
Furthermore, RAMSIS uses a standard head form and the anthropometric measures to
generate the hands are taken from the “size Germany” anthropometric survey. As a
consequence, there are deviations between human model and scan in any case. An
example is shown in Figure A7-5-1, where the human model in the standard RAMSIS
colours blue and grey is superimposed with the scan in red. Across the eight subjects
selected for the standing posture, deviations were found in the area of the crotch and
buttock (Figure A7-5-1, a). Furthermore, deviations were found as far as the shape of
the belly was concerned (Figure A7-5-1, b).

Figure A7-5-1: Deviations between the RAMSIS human models (blue-grey) and the corresponding
scans (red) (a) at buttock and crotch as well as (b) at the belly
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Such deviations were to be expected because the 22 extracted measurements for
creating the human model are core measurements that only ensure that the human
model is very similar to the scan. Far more anthropometric dimensions would be
required to reproduce the scan with higher accuracy. The latter, however, is not a
priority for a DHM. In fact, families of boundary human models are to be generated
with a DHM that are representative of the target population.
The

possibility

to

automatically

extract

with

Anthroscan

anthropometric

measurements from a scan in order to generate a human model replicating the scanned
individual is an add-on offered by RAMSIS due to the fact that they are the developer
of both software. Therefore, the identified deviations do not justify demanding
corrective measures. However, before starting the quantitative validation, the
deviations between the semi-nude scan and the human model need to be determined at
the locations selected for the validation. The 3D colour map analysis presented in
Section 7.4.4.2 would quickly and clearly show where the deviations occur and how
large the deviations are.
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Appendix 7-6 – Clothing and equipment library
After the first release of RAMSIS Defence was provided to WTD 41, the conformity
of the clothing and equipment library with the functional requirements as set out in
Appendix 7-4 was verified. The library menu consists of the two separate windows
shown in Figure A7-6-1. The window on the right allows the selection of clothing and
equipment from three separate tabs for helmets, boots and clothing and equipment.
The window on the left depicts which equipment and clothing items have been selected
for the human model. A test showed that it is straightforward to equip human models
according to clothing configuration CL1 (Figure A7-6-1) and CL2 (Figure A7-6-2).
If more than one human model is generated for an ergonomics evaluation, it is possible
to equip the human models individually with any combination of clothing and
equipment in the library. However, this did not apply to the selection of helmet sizes.
While the sizes for the ballistic vests were freely selectable in the clothing and
equipment library, the sizes of the helmets were automatically determined by the
software on the basis of the anthropometric data underlying the human models.

Figure A7-6-1: Selection from the Clothing and Equipment Library to create a human model wearing
clothing configuration CL1
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Figure A7-6-2: Selection from the Clothing and Equipment Library to create a human model wearing
clothing configuration CL2

The comparison of the sizes actually worn by the A2-1-1 representative subjects
selected for the development (7.3.3.3) and the sizes determined on the basis of their
head circumference by the RAMSIS software is revealing in two ways:
▪

As shown in Table A7-6-1, only five out of twelve subjects had the correct
helmet size. This poses a problem for the validation, as the helmet size
significantly influences the space claim difference and the scan data forms
the basis for the validation.

▪

The analysis of aggregated linear space claim data presented in Section
7.4.2.4 hypothesised that most likely criteria other than anthropometric
dimension were decisive for the selection of the helmet size. Table A7-6-1
proves that this assumption was correct.
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Table A7-6-1: Comparison between the helmet sizes worn by the subjects and the helmet sizes
calculated by RAMSIS based on the anthropometric dimensions of the subjects
Subject

Helmet size worn

Helmet size RAMSIS

2

S/M

L/XL

5

S/M

M/L

8

S/M

L/XL

10

S/M

L/XL

11

L/XL

L/XL

13

L/XL

L/XL

16

L/XL

L/XL

24

S/M

M/L

27

M/L

M/L

29

M/L

L/XL

31

S/M

M/L

36

L/XL

L/XL

Human Solutions was therefore asked to make the helmet sizes in the clothing and
equipment library freely selectable. Once this had been done, the human models’
helmet sizes could be chosen to match the sizes of the helmets the subjects wore during
the study. Following this change, the clothing and equipment library fully complied
with the respective functional requirements as set out in Appendix 7-4.
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Appendix 7-7 – Positioning of clothing and equipment on DHM
A prerequisite for a representative space claim analysis is that the selected
equipment for the human model is positioned at the same position on the body as
for the corresponding scans. To this end, the human models clothed according to
clothing configuration CL1 and CL2 were compared with the corresponding scans
of the selected subjects in the standing posture. As shown in Figure A7-7-1, height
differences were found for the trouser pockets, ballistic vest, helmet and electronic
backpack.

Figure A7-7-1: Positional deviations between scans and RAMSIS human models at (a) trouser
pockets, (b) ballistic vest, (c) helmet, (d) electronic backpack
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APPENDIX 7-7 – POSITIONING OF CLOTHING AND EQUIPMENT ON DHM
Since these observations were made for all eight selected subjects, it was obvious that
these deficiencies need to be eliminated before continuing the qualitative validation
for the seated posture. At present, Human Solutions is undertaking a further design
iteration to make appropriate adjustments to the software.
In this context, it needs to be noted that full consistency between scan and human
model will be difficult to achieve as there are differences from person to person in the
way equipment is worn. Nevertheless, some degree of consistency needs to be ensured.
After optimising the software and before starting the quantitative validation, Human
Solutions and WTD 41 must, therefore, agree on the permissible deviations.
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